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Disclaimer

These are slides that I’ve prepared for some lectures at the CERN-Latin American 
School of High Energy Physics last March in Ecuador.

There is partial overlap with what I covered during my blackboard lectures at IFIC even 
though some parts are missing in these notes.

Do not hesitate to contact me by email if you have any comments or questions.
And please, report any typo/mistake that you might find in these notes.
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To help you reading these notes...
Some exercises

do them by yourself!

... or ask the discussion leaders to help you

Some hyperlinks

➲ and               to navigate through the pdf

text written in ”red” (in particular all the references)

Your work, as PhD 
students, is to 

question all what you 
are listening during 

the lectures...

➲➲

➲
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Lecture Outline
First Lecture ➲

 Standard Model and EW symmetry breaking ➲ 
 Higgs mechanism - custodial symmetry  ➲ 
 Goldstone equivalence theorem  ➲
 What is the Higgs boson the name of?  ➲
 SM Higgs @ colliders  ➲
 UV behavior of the Higgs boson (triviality, stability, naturality)  ➲
 Symmetries for a natural EWSB ➲

Second Lecture ➲
 Implications for SUSY ➲
 Composite Higgs models  ➲
 Precision Higgs couplings  ➲
 Future Higgs channels:

 Boosted and off-shell channels  ➲ 
 Multi-Higgs  ➲ 
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Standard Model & EW Symm. Breaking 
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the  strong, weak and electromagnetic interactions of the 
elementary particles are described by gauge interactions 

SU(3)CxSU(2)LxU(1)Y

The Standard Model

Gargamelle collaboration, ’73Fig. 14: First νµe elastic scattering event observed by the Gargamelle Collaboration [10] at CERN. Muon neutrinos enter the

Freon (CF3Br) bubble chamber from the right. A recoiling electron appears near the center of the image and travels toward the

left, initiating a shower of curling branches.

By analogy with the calculation of theW -boson total width (2.43), we easily compute that

Γ(Z → νν̄) =
GFM3

Z

12π
√

2
,

Γ(Z → e+e−) = Γ(Z → νν̄)
[
L2

e + R2
e

]
. (2.47)

The neutral weak current mediates a reaction that did not arise in the V − A theory, νµe → νµe,
which proceeds entirely by Z-boson exchange:

νµ

νµ

e

e

This was, in fact, the reaction in which the first evidence for the weak neutral current was seen by the

Gargamelle collaboration in 1973 [10] (see Figure 14).

To exercise your calculational muscles, please do

Problem 3 It’s an easy exercise to compute all the cross sections for neutrino-electron elastic scattering.

Show that

σ(νµe → νµe) =
G2

FmeEν

2π

[
L2

e + R2
e/3

]
,

σ(ν̄µe → ν̄µe) =
G2

FmeEν

2π

[
L2

e/3 + R2
e

]
,

σ(νee → νee) =
G2

FmeEν

2π

[
(Le + 2)2 + R2

e/3
]

,

σ(ν̄ee → ν̄ee) =
G2

FmeEν

2π

[
(Le + 2)2/3 + R2

e

]
. (2.48)

19

νµ e- → νµ e-

e- e-

νµ νµ

Z
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the  strong, weak and electromagnetic interactions of the 
elementary particles are described by gauge interactions 

SU(3)CxSU(2)LxU(1)Y

e+e- → W+W-

e+

e-

W+

W -
ν

e+

e-

W+

W -

Z, γ

The Standard Model

7
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a mass term for the gauge field isn’t 
invariant under gauge transformation

 

the  strong, weak and electromagnetic interactions of the 
elementary particles are described by gauge interactions 

SU(3)CxSU(2)LxU(1)Y

the masses of the quarks, leptons and gauge bosons 
don’t obey the full gauge invariance 

is a doublet of SU(2)L but

spontaneous breaking of gauge symmetry

The Standard Model and the Mass Problem

8
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�e

e

⇥

m�e � me

�Aa
µ = ⇤µ⇥

a + gfabcAb
µ⇥

c
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The longitudinal polarization of massive W, Z

symmetry breaking: new phase with more degrees of freedom

polarization vector grows with the energy

a massless particle is never at rest: always possible to distinguish  
(and eliminate!) the longitudinal polarization

c! c! c!

the longitudinal polarization is physical for a massive spin-1 particle

v! !0

(pictures: courtesy of G. Giudice)
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The longitudinal polarization of massive W, Z

symmetry breaking: new phase with more degrees of freedom

polarization vector grows with the energy

a massless particle is never at rest: always possible to distinguish  
(and eliminate!) the longitudinal polarization

c! c! c!

the longitudinal polarization is physical for a massive spin-1 particle

v! !0

(pictures: courtesy of G. Giudice)
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�
|⌃p|
M

,
E

M

⌃p

|⌃p|

⇥

3=2+1 Guralnik et al ’64
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Higgs Mechan%m. Cu"o&al symmetry
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Higgs Mechanism
Symmetry of the Lagrangian Symmetry of the Vacuum

Higgs Doublet Vacuum Expectation Value

Gauge boson spectrum

electrically charged bosons

electrically neutral bosons

Weak mixing angle

11

SU(2)L � U(1)Y

H =

�
h+

h0

⇥

U(1)e.m.

⇥H⇤ =
�

0
v�
2

⇥
with v � 246 GeV

DµH = �µH � i

2

⇤
gW 3

µ + g⇤Bµ

⇤
2gW+

µ⇤
2gW�

µ �gW 3
µ + g⇤Bµ

⌅
H with W±

µ = 1⌅
2

�
W1

µ ⇥W2
µ

⇥

|DµH|2 = 1
4 g

2v2 W+
µ W�µ + 1

8

�
W 3

µ Bµ

⇥⇤ g2v2 �gg⇥v2

�gg⇥v2 g⇥2v2

⌅⇤
W 3µ

Bµ

⌅

M2
W = 1

4g
2v2

Zµ = cW 3
µ � sBµ

�µ = sW 3
µ + cBµ

c = g�
g2+g�2

s = g��
g2+g�2

M2
Z = 1

4 (g
2 + g�2)v2

M� = 0
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Rho parameter

Consequence of an approximate global  symmetry of the Higgs sector

Custodial Symmetry

2x2 matrix explicitly invariant under

Higgs doublet = 4 real scalar fields

is invariant under the rotation of the four real components

12

⇥ � M2
W

M2
Z cos2 �w

=
1
4g

2v2

1
4 (g

2 + g�2)v2 g2

g2+g�2

= 1

H =

�
h+

h0

⇥

V (H) = �

�
H†H � v2

2

⇥2

SO(4) ⇥ SU(2)L � SU(2)R

SU(2)L

SU(2)R

�
i�2H� H

⇥
= �

�†� = H†H

�
1

1

⇥

V (H) = �
4

�
tr�†�� v2

⇥2

SU(2)L � SU(2)R

Sikivie et al, ’80

http://inspirebeta.net/record/152399
http://inspirebeta.net/record/152399
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Custodial Symmetry
Higgs vev

The hypercharge gauge coupling and the Yukawa couplings break the custodial SU(2)V,  
which will generate a (small) deviation to ρ = 1  at the quantum level.

ρ = 1

unbroken symmetry in the broken phase

13

�H⇥ =
�

0
v�
2

⇥
��⇥ = v�

2

�
1

1

⇥

SU(2)L � SU(2)R ⇥ SU(2)V

�
W 1

µ ,W
2
µ ,W

3
µ

⇥
transforms as a triplet

(Zµ �µ)

⇤
M2

Z 0
0 0

⌅⇤
Zµ

�µ

⌅
=

�
W 3

µ Bµ

⇥⇤ c2M2
Z �csM2

Z
�csM2

Z s2M2
Z

⌅⇤
W 3µ

Bµ

⌅

The SU(2)V symmetry imposes the same mass term for all W i thus c2M2
Z = M2

W

Sikivie et al, ’80

http://inspirebeta.net/record/152399
http://inspirebeta.net/record/152399
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The BEH mechanism: “VL=Goldstone bosons”
At high energy, the physics of the gauge boson becomes simple

mW ⌧ E ⌧ 4⇡v =
8⇡mW

g

In other words, LEP established a simple description of EWSB in the energy range

The goal of the LHC was/is to understand what comes next

W+

t
b

�(t ! bWT ) =
g2

64⇡

2(m2
t �m2

W )
2

m3
t

�(t ! bWL) =
g2

64⇡

m2
t

m2
W

(m2
t �m2

W )
2

m3
t

democratic decay at threshold
at high energy (mt>>mW), WL dominates the decay

Goldstone equivalence theorem
W±L, ZL ≈ SO(4)/SO(3)

t
b

π+mt>>mW

LEP already established the BEH mechanism
The pending question was: how it is realized?

Via a fundamental EW doublet? A la technicolor? 
Is there a Higgs boson in addition to the 3 Goldstone bosons?
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Precision Higgs physics 
& New Physics

4

What % ( SM Higgs boson?

➲➲

➲

Homer Simpson has a famous quote: 

 

If something’s hard to do, then it’s not  

worth doing. 

 

 

 

My version: 

 

If something’s hard to measure, then it’s worth measuring at a 

100 TeV collider! 

 

Nobel Prize® and the Nobel Prize® medal design mark 
are registrated trademarks of the Nobel Foundation

8  OCTOBER 2013

Scienti!c Background on the Nobel Prize in Physics 2013

T H E B E H-M E C H A N I S M,

I N T E R AC T I O N S W I T H S H O R T R A N G E F O RC E S

A N D

S C A L A R PA R T I C L E S 

Compiled by the Class for Physics of the Royal Swedish Academy of Sciences

THE ROYAL SWEDISH ACADEMY OF SCIENCES has as its aim to promote the sciences and strengthen their influence in society.

BOX 50005 (LILLA FRESCATIVÄGEN 4 A), SE-104 05 STOCKHOLM, SWEDEN 
TEL +46 8 673 95 00, INFO@KVA.SE � HTTP://KVA.SE
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The UV behavior of the weak Goldstone
symmetry breaking: new phase with more degrees of freedom

UV behavior of these Goldstone’s? ➾➾

massive W±, Z: 3 physical polarizations=eaten Goldstone bosons SU(2)LxSU(2)R

SU(2)V

Goldstone of
SU(2)LxSU(2)R/SU(2)V

Lmass = m2
WW+

µ Wµ� +
1

2
m2

ZZµZ
µ =

v2

4
Tr

�
Dµ�

†Dµ�
⇥ � = ei⇥

a�a/v

17

the behavior of this amplitude is not consistent above 4πv (≈1÷3TeV) 

Lee, Quigg & Thacker  ’77

�a

�b

contact interaction growing with energy

Lmass =
1

2
(⇤µ�

a)2 � 1

6v2
�
(�a⇤µ�

a)2 � (�a)2(⇤µ�
a)2

⇥
+ . . .

A
�
⇥a⇥b � ⇥c⇥d

⇥
= A(s, t, u)�ab�cd +A(t, s, u)�ac�bd +A(u, t, s)�ad�bc

A(s, t, u) =
s

v2

�c

�d Weinberg’s LET

http://inspirebeta.net/record/119348?ln=en
http://inspirebeta.net/record/119348?ln=en
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A QCD antecedent
QCD pions are Goldstone bosons associated to SU(2)LxSU(2)R/SU(2)V

kinetic terms for U  ⇔ interaction terms for πa 

contact interaction growing with energy

unitarity bound

rho meson (m=770 MeV) is restoring unitarity
18

U = ei�
a⇥a/f�

�
0
f��
2

⇥

L = |⇤µU |2 =
1

2
(⇤µ�

a)2 � 1

6f2
⇥

�
(�a⇤µ�

a)2 � (�a)2(⇤µ�
a)2

⇥
+ . . .

A
�
⇥a⇥b � ⇥c⇥d

⇥
= A(s, t, u)�ab�cd +A(t, s, u)�ac�bd +A(u, t, s)�ad�bc

A(s, t, u) =
s

f2
�

f� = 93 MeV ⇥
s � 4

⇥
�f� = 660 MeV

�a

�b

�c

�d    
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a massive 
spin 1 particle has 

3 physical polarizations:
with

Longitudinal polarization of a massive spin 1

2 transverse:

1 longitudinal:

( in  the R-ξ gauge, the time-like polarization (                                    ) is arbitrarily massive and decouple )

Bad UV behavior for 
the scattering of the longitudinal 

polarizations

19

Aµ = �µ eikµx
µ

�µ�µ = �1 kµ�µ = 0

kµ = (E, 0, 0, k)

kµk
µ = E2 � k2 = M2

�
�µ1 = (0, 1, 0, 0)
�µ2 = (0, 0, 1, 0)

�µ� = ( k
M , 0, 0, E

M ) � kµ

M +O( E
M )

�µ�µ = 1 kµ�µ = M

WL

WL WL

WL
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Why do we need a Higgs ?

Bad UV behavior for 
the scattering of the longitudinal polarizations

violations of perturbative unitarity around E ~ M

20

A = g2
E4

4M4
W

A = �µ� (k)�
⇥
�(l) ig

2(2⇥µ⇤⇥⇥⌅ � ⇥µ⇥⇥⇤⌅ � ⇥µ⌅⇥⇥⇤) �
⇤
�(p)�

⌅
� (q)

kµ

l�

p�

q�

WL

WL WL

WL
The W and Z masses are inconsistent with the 
known particle content!  Need more particles 
to soften the UV behavior of massive gauge 

bosons.

NO LOSE THEOREM
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++

Why do we need a Higgs ?

Lewellyn Smith ‘73
Dicus, Mathur ‘73

Cornwall, Levin, Tiktopoulos ’73
Lee, Quigg, Thacker ’77

The Higgs boson unitarize the W scattering 
(if its mass is below  ~ 1 TeV)

WL scattering = pion scattering
Goldstone equivalence theorem 

21

εµεµ = −1 kµεµ = 0

Aµ = εµ eikµxµ

εµ
⊥ = ( k

M , 0, 0, E
M ) ≈ kµ

M + O( E
M )

{
εµ
1 = (0, 1, 0, 0)

εµ
2 = (0, 0, 1, 0)

kµk
µ = E2 − k2 = M2

kµ = (E, 0, 0, k)

Aµ → Aµ + ∂µε

A = g2

(
E

MW

)2

A = −g2

(
E

MW

)2

A = g2

(
MH

2MW

)2

34

εµεµ = −1 kµεµ = 0

Aµ = εµ eikµxµ

εµ
⊥ = ( k

M , 0, 0, E
M ) ≈ kµ

M + O( E
M )

{
εµ
1 = (0, 1, 0, 0)

εµ
2 = (0, 0, 1, 0)

kµk
µ = E2 − k2 = M2

kµ = (E, 0, 0, k)

Aµ → Aµ + ∂µε

A = g2

(
E

MW

)2

A = −g2

(
E

MW

)2

A = g2

(
MH

2MW

)2

34

εµεµ = −1 kµεµ = 0

Aµ = εµ eikµxµ

εµ
⊥ = ( k

M , 0, 0, E
M ) ≈ kµ

M + O( E
M )

{
εµ
1 = (0, 1, 0, 0)

εµ
2 = (0, 0, 1, 0)

kµk
µ = E2 − k2 = M2

kµ = (E, 0, 0, k)

Aµ → Aµ + ∂µε

A = g2

(
E

MW

)2

A = −g2

(
E

MW

)2

A = g2

(
MH

2MW

)2

34

W+ W+

W-W-

h0

W-

W+ W+

W-

h0

W+ W+

W-W-

W+ W+

W-W-

W-

W+ W+

W-

γ, Z0
γ, Z0

http://inspirebeta.net/record/83747
http://inspirebeta.net/record/83747
http://inspirebeta.net/record/334983
http://inspirebeta.net/record/334983
http://inspirebeta.net/record/89348
http://inspirebeta.net/record/89348
http://inspirebeta.net/record/119348
http://inspirebeta.net/record/119348
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Higgs as UV moderator

massive W, Z

massless W, Z gauge invariance

non sense

low energy
large distance

high energy
small distancePuzzle:

compatibility between 
high and low energy

22

A � g2E2/M2
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Higgs as UV moderator

massive W, Z

massless W, Z gauge invariance

non sense

low energy
large distance

high energy
small distance

Higgs

mechanism

23

A � g2E2/M2
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Unitarity Bound
Lee, Quigg, Thacker ‘77
Chanowitz, Gaillard ‘85

24

d�

d⌦
=

1

64⇡2s
|A|2

� =
16⇡

s

1X

l=0

(2l + 1)|al|2

Im (al) = |al|2 (Im (al)� 1/2)2 + (Re (al))
2 = 1/4

|Re (al) |  1/2

p
s = 2E  4

p
⇡v ⇡ 1.7 TeV

Stronger Bound
scattering2W+W� + ZZ

mh  4
p
⇡/3v ⇡ 1.0 TeV

Partial wave amplitude decomposition:

A = 16⇡
1X

l=0

(2l + 1)Pl(cos ✓) al

P0(x) = 1, P1(x) = x, P2(x) = 3x2
/2� 1/2 . . .

al =
1

32⇡

Z +1

�1
d(cos ✓)Pl(cos ✓)A

Z 1

�1
dxPl(x)Pl0(x) =

2

2l + 1
�ll0

Optical theorem:
� = Im

�
A|✓=0

�
/s

W+ W- → W+ W- A = A(s) +A(t)

SM without a Higgs a0 =
s

8⇡v2A(s) = s/v2

SM with a Higgs a0 =
m2

h

16⇡v2A(s) = (s� s2/(s�m2
h))/v

2
mh  2

p
2⇡v ⇡ 1.2 TeV
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A single scalar degree of freedom neutral under SU(2)LxSU(2)R/SU(2)V 

‘a’, ‘b’ and ‘c’ are arbitrary free couplings

growth cancelled for 
a = 1

restoration of 
perturbative unitarity
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Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
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Figure 1: The Standard Model predicts that the Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are pro-
portional to the square of the boson masses. Left: the CMS fit to the current Higgs data,
showing good consistency with this prediction, from [8]. Right: the expected improvement
in the precision in the measurement of the Higgs couplings at the ILC, from [1].

that any new physics that screens the Higgs mass from large quantum corrections
generically leads to deviations in the Higgs couplings to photons and gluons at least
as large as 1%. Supersymmetric and composite Higgs models are prime examples of
this general pattern.

However, the size of deviations in the Higgs couplings is limited by LHC exclusions
of new particles and by precision weak interaction measurements. The deviations
predicted in all of the models above are small, at the level of about 5%, varying as
m2

h/M
2, where M is the mass of the new particles predicted in the model.

At the LHC, the uncertainties in the Standard Model predictions for the rates of
Higgs processes are of the order of 5%, and systematic errors on detection probabilities
are of the same order. In addition, only a subset of the Higgs decays can be observed
directly. Because not all Higgs decays are observed, there are further ambiguities,
discussed below. Thus, the goal for Higgs boson experiments, the measurement of
the individual Higgs couplings to accuracies of better than 1%, can be met only by
experiments at an electron-positron collider. The improvement expected from the
ILC over the current measurements is shown in Fig. 1(b) [1].
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)p
s (GeV) 14,000 14,000 250/500 250/500 250/500/1000 250/500/1000 350/1400/3000 240/350

R Ldt (fb�1) 300/expt 3000/expt 250+500 1150+1600 250+500+1000 1150+1600+2500 500+1500+2000 10,000+2600

� 5� 7% 2� 5% 8.3% 4.4% 3.8% 2.3% �/5.5/<5.5% 1.45%

g 6� 8% 3� 5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%

W 4� 6% 2� 5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Z 4� 6% 2� 4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

` 6� 8% 2� 5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

d = b 10� 13% 4� 7% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

u = t 14� 15% 7� 10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%
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Higgs group @ Snowmass ’13

~ Is this fit theoretically consistent? ~
can you generate a 500% deviations 

in the bottom coupling without generating other coupling 

structures not taken into account in the fit?
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Figure 1: The Standard Model predicts that the Higgs couplings to fundamental fermions
are linearly proportional to the fermion masses, whereas the couplings to bosons are pro-
portional to the square of the boson masses. Left: the CMS fit to the current Higgs data,
showing good consistency with this prediction, from [8]. Right: the expected improvement
in the precision in the measurement of the Higgs couplings at the ILC, from [1].

that any new physics that screens the Higgs mass from large quantum corrections
generically leads to deviations in the Higgs couplings to photons and gluons at least
as large as 1%. Supersymmetric and composite Higgs models are prime examples of
this general pattern.

However, the size of deviations in the Higgs couplings is limited by LHC exclusions
of new particles and by precision weak interaction measurements. The deviations
predicted in all of the models above are small, at the level of about 5%, varying as
m2

h/M
2, where M is the mass of the new particles predicted in the model.

At the LHC, the uncertainties in the Standard Model predictions for the rates of
Higgs processes are of the order of 5%, and systematic errors on detection probabilities
are of the same order. In addition, only a subset of the Higgs decays can be observed
directly. Because not all Higgs decays are observed, there are further ambiguities,
discussed below. Thus, the goal for Higgs boson experiments, the measurement of
the individual Higgs couplings to accuracies of better than 1%, can be met only by
experiments at an electron-positron collider. The improvement expected from the
ILC over the current measurements is shown in Fig. 1(b) [1].
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Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (u ⌘ t = c, d ⌘ b = s, and ` ⌘ ⌧ = µ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e�, e+) polarizations of (�0.8, 0.3) at 250 and 500 GeV and (�0.8, 0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers
assume polarizations of (�0.8, 0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.
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Higgs group @ Snowmass ’13

~ Is this fit theoretically consistent? ~
can you generate a 500% deviations 

in the bottom coupling without generating other coupling 

structures not taken into account in the fit?

Y. Soreq FCC-ee 9

combining all constraints

16

Soreq @ TLEP-9, Pisa ’15

missing information to complete the picture

° width measurement?

° couplings to light particles?
inclusive (e.g. c-tagging) or exclusive (h → J/Ψ+γ)

° coupling to top?
known indirectly (gg→h) or via difficult tth channel

http://arxiv.org/abs/1310.8361
http://arxiv.org/abs/1310.8361
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
https://agenda.infn.it/getFile.py/access?contribId=26&sessionId=3&resId=0&materialId=slides&confId=8830
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Higgs and Flavor
In SM, the Yukawa interactions are the only source of the fermion masses

yij f̄LiHfRj =
yijvp

2
f̄LifRj +

yijp
2
hf̄LifRj

mass higgs-fermion interactions

both matrices are simultaneously diagonalizable 

no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like partners  or for non-SM Yukawa 

yij

✓
1 + cij

|H|2

f2

◆
f̄LiHfRj =

yijvp
2

✓
1 + cij

v2

2f2

◆
f̄LifRj +

✓
1 + 3cij

v2

2f2

◆
yijp
2
hf̄LifRj

(*) e.g. Buras, Grojean, Pokorski, Ziegler ’11 

(*) 

Look for SM forbidden Flavor Violating decays h → µτ and t→hc

weak indirect constrained by flavor data (e.g. µ→ eγ): BR<10%
ATLAS and CMS have the sensitivity to set bounds O(1%)
ILC/CLIC/FCC-ee can certainly do much better 

 Blankenburg, Ellis, Isidori ’12

Harnik et al ’12
Davidson, Verdier ’12

CMS-PAS-HIG-2014-005

http://arXiv.org/abs/1105.3725
http://arXiv.org/abs/1105.3725
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://arXiv.org/abs/1211.1248
http://arXiv.org/abs/1211.1248
http://arXiv.org/abs/1209.1397
http://arXiv.org/abs/1209.1397
http://arXiv.org/abs/1202.5704
http://arXiv.org/abs/1202.5704
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|Y

-410
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1  = 8 TeVs, -119.7 fbCMS preliminary

B
R

<0.1%

B
R

<1%

B
R

<10%

B
R

<50%

ττ→LHC h

observed

expected
τµ→h

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

Figure 6: Constraints on the flavor violating Yukawa couplings, |Yµt|, |Ytµ|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! µt) from
the present analysis. The diagonal Yukawa couplings are approximated by their SM values.
The black dashed lines are contours of B(H ! µt) for reference. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green).
The orange diagonal line is the theoretical naturalness limit YijYji  mimj/v2. The yellow line
is the limit from a reinterpretation, by a theoretical group [8], of an ATLAS H ! tt search.

Off-diagonal Higgs couplings can reveal the origin of flavor
The interesting models of flavor (Yij≈√(mimj/v2)) start being probed by the experimental data

CMS-PAS-HIG-2014-005

by the way:
2.3σ excess!

http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
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Precision Higgs physics 
& New Physics

5

SM Higgs @ colliders
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(SM) Higgs Production
3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

Higgs-strahlung

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

Vector boson fusion

QQ associated 
production

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

∝1/s: Tevatron, LHC
forward jet tagging

central jet veto 
 small hadronic activity

Gluon fusion

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

single final state
large NLO enhancement

(see for instance A. Djouadi, hep-ph/0503172)

3. Higgs production at LHC: main processes

Production mechanisms Cross sections at the LHC

There are also subleading processes, gg → HH, etc...

ISSCSMB ’08, Mugla, 10–18/09/08 Higgs Physics – A. Djouadi – p.23/47

Higgs production @ LHC
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http://arXiv.org/abs/hep-ph/0503172
http://arXiv.org/abs/hep-ph/0503172
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(SM) Higgs Decays
Higgs couples proportionally to masses: 

it decays into the heaviest particle available by phase space
4. Higgs at the LHC: decay modes

f=t,b,c,τ

f̄
•

H

V=W,Z

V
•

H

f

f̄

V=W,Z

V∗•
H

g/γ

g/γ
t•

H

Higgs decays in the SM:

• H decays into the heaviest particle
available by phase space: g ∝ m.

• MH <∼ 130 GeV,H → bb̄

–H → cc, τ+τ−,gg = O(few %)

–H → γγ = O(0.1%)

• MH >∼ 130 GeV,H → WW,ZZ

– below threshold decays possible

– decays into tt̄ for heavy Higgs.

• Total Higgs decay width:
– very small for a light Higgs

- comparable to mass for heavy Higgs.

Orsay, 19/12/08 The Higgs and origin of mass – A. Djouadi – p.16/25

light Higgs

heavy Higgs

decay into VV below threshold

4. Higgs at the LHC: decay modes

f=t,b,c,τ

f̄
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H

V=W,Z

V
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H

f
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V∗•
H

g/γ

g/γ
t•

H

Higgs decays in the SM:

• H decays into the heaviest particle
available by phase space: g ∝ m.

• MH <∼ 130 GeV,H → bb̄

–H → cc, τ+τ−,gg = O(few %)

–H → γγ = O(0.1%)

• MH >∼ 130 GeV,H → WW,ZZ

– below threshold decays possible

– decays into tt̄ for heavy Higgs.

• Total Higgs decay width:
– very small for a light Higgs

- comparable to mass for heavy Higgs.

Orsay, 19/12/08 The Higgs and origin of mass – A. Djouadi – p.16/25

decay into massless particles (γ, gluons) at 1-loop

4. Higgs at the LHC: decay modes

f=t,b,c,τ

f̄
•

H

V=W,Z

V
•

H

f

f̄

V=W,Z

V∗•
H

g/γ

g/γ
t•

H

Higgs decays in the SM:

• H decays into the heaviest particle
available by phase space: g ∝ m.

• MH <∼ 130 GeV,H → bb̄

–H → cc, τ+τ−,gg = O(few %)

–H → γγ = O(0.1%)

• MH >∼ 130 GeV,H → WW,ZZ

– below threshold decays possible

– decays into tt̄ for heavy Higgs.

• Total Higgs decay width:
– very small for a light Higgs

- comparable to mass for heavy Higgs.

Orsay, 19/12/08 The Higgs and origin of mass – A. Djouadi – p.16/25

BRs

31
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(SM) Higgs Searches @ Tevatron

 Low Mass Higgs

49

SM Low Mass Higgs

95%CL Limits at mH = 115 GeV 

Key issues:

• Lepton identification

• B-tagging performance

• Dijet mass resolution

• Background modeling

• W/Z+heavy-flavor jets

• Multijets (ZH bb)

• All analyses use multivariate 
techniques for signal-to-bckg 
discrimination.

1 high pT lepton

MET

2 b-jets

2 high pT leptons

2 b-jets

High MET

2 b-jets

ZH bb (CDF)

Best individual channels have expected limits ~5-6xSM

Analysis Lum

(fb-1)

Limit ( /SM)

Exp. Obs. 

WH l bb (CDF) 2.7 4.8 5.6

WH l bb (DØ) 2.7 6.4 6.7

ZH bb (CDF) 2.1 5.6 6.9

ZH bb (DØ) 2.1 8.4 7.5

ZH l+l-bb (CDF) 2.7 9.9 7.1

ZH l+l-bb (DØ) 2.3 12.3 11.0

1 high pT lepton
ET

2 b-jets

 Higg Mass Higgs

Issues:
 lepton identification
 b-tagging performance
 dijet mass resolution

50

SM High Mass Higgs

• Highest sensitivity channel for  mH>130 GeV.

• Main backgrounds:

• mH~160 GeV: WW

• mH~130 GeV: W+jets

• Low (l,l) because of spin-0 Higgs. 

• Capitalize on improvements in lepton 
identification and multivariate techniques.

ee, , e

Analysis Lum

(fb-1)

Higgs

Events

Limit ( /SM)

Exp. Obs. 

CDF 3.0 17.2 1.6 1.7

DØ 3.0 15.6 1.9 2.0

95%CL Limits at mH = 165 GeV 

Both experiments approaching SM sensitivity!

8.4 signal events

At early stage of selection:

After full selection:

32

2 high pT leptons/high ET 
2 b-jets
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(SM) Higgs Searches @ the LHC
The Main Production Modes at the LHC   

- Gluon fusion process : 

- Vector Boson Fusion : 

- W and Z Associated Production : 

Dominant process known at 
NNnLO 

Distinctive features with two forward 
jets and a large rapidity gap 

known at NLO TH uncertainty ~O(5%) 

Very distinctive feature with a Z or W 
decaying leptonically 

known at NNLO TH uncertainty ~O(5%) 

- Top Associated Production : 

Quite distinctive but also quite crowded 

known at NLO TH uncertainty ~O(15%) 

* TH uncertainty mostly from scale variation and PDFs,  PDF-s~8-10% and  Scale~  7-8% 

TH uncertainty ~O(10%) 

~0.5 M events produced! 

~40 k events produced! 

~20 k events produced! 

~3 k events produced! sl
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(SM) Higgs Searches @ the LHC
Decay Modes 

- Dominant decay mode b (57%) 

- The channel (6.3%) 

- The channel (0.2%) 

Very large backgrounds, associated 
production W,Z H and Boost! 

Discovery channel, high mass resolution 
(High stat, and backgrounds)  

- The WW Channel (22%) 
- Subsequent lvlv very sensitive channel 
- lvqq sensitive mostly at high mass 

- The ZZ Channel (3%) 
- Subsequent all leptons decays (low statistics): 
 golden channel 
- llqq and llvv sensitive mostly at high mass  

VBF, VH, but also ggF with new mass 
reconstruction techniques 

- The channel (0.02%) and Z (0.2%) 

- The cc channel (3%) 
Low statistics from the low branching in  or both the low branching and subsequent decay in leptons (Z)  

Very difficult 

W(H  bb) 

Z(H  bb) 

VBF(H  ) 
H   

H ZZ llll 

H WWlvlv 
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Statistical Interpretation 
How to read Higgs Search Plots 

Hypothesis testing using the Profile likelihood ratio… 
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Relate to Higgs 
mass hypothesis 

Excess 
Deficit 

Expected 
Signal 

Expected 
Background 

Not a measurement of mass 

Not a measurement of cross section 

The Higgs discovery @ the LHC
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The Higgs discovery @ the LHC
gg → H → ZZ* → 4lLooking for gg → h → ZZ* → 4f :

44
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probability 
to observe a 
background 
fluctuation 
instead of 
the signal

Higgs Discovery Reloaded
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Combined Higgs Boson Mass
MH - the only parameter not fixed in the Standard Model 
Most precisely determined with H→γγ and 4 lepton channels.
δMH  precision below 0.3% level (PDG2014: δMW~190ppm, δMZ~23ppm, δMtop~0.5%).

 ATLAS:  MH = 125.36 ± 0.37 (stat.) ± 0.18 (syst.) = 125.02 ± 0.41 GeV      
 CMS:      MH = 125.02 ± 0.27 (stat.) ± 0.15 (syst.) = 125.02 ± 0.30 GeV

8

➭ Fixes                .� = M2
H

v2
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 ZZ taggedAH 

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

 ZZA + H aa A H 

Towards Higgs measurements

/ Nuclear Physics B Proceedings Supplement 00 (2015) 1–10 5

Experiment H ! �� H ! ZZ⇤ ! 4` combined

ATLAS 125.98±0.42(stat.)±0.28(syst.) 124.51±0.52(stat.)±0.06 (syst.) 125.36±0.37(stat.)±0.18 (syst.)

CMS 124.70±0.31(stat.)±0.15(syst.) 125.59±0.42(stat.)±0.17(syst.) 125.02±0.27(stat.)±0.15(syst.)

Table 1: ATLAS and CMS fits of the Higgs mass (in GeV) in the H ! �� and H ! ZZ⇤ ! 2`+2`� channels and their combination. From
Refs. [24].

5.1. The Higgs profile as a probe of new physics
A dedicated study of the Higgs boson properties and

couplings o↵ers a way to infer what the structure of
physics beyond the Standard Model can be. Natural
models trying to give a rationale for why/how the Higgs
mass is screened from high energy corrections at the
quantum level generically predict some deviations in the
Higgs couplings compared to the SM predictions of the
order 1% to 100%. The current Higgs data accumulated
at the LHC by the ATLAS and CMS collaborations al-
ready constrain the Higgs couplings to massive gauge
bosons and to fermions not to deviate by more than 20–
30% from the SM predictions [24, 29].

In general, new physics can deform the SM in
many ways but most of these deformations are already
severely constrained by electroweak precision measure-
ments or flavor data. Assuming flavor universality
among the couplings between the Higgs boson and the
SM fermions, it was shown [30, 31] that eight directions
among the leading CP-conserving deformations of the
SM can be probed, at tree-level, only in processes with
a physical Higgs boson. These deformation induce de-
viations in the Higgs couplings that respect the Lorentz
structure of the SM interactions, or generate simple new
interactions of the Higgs boson to the W and Z field
strengths, or induce some contact interactions of the
Higgs boson to photons (and to a photon and a Z boson)
and gluons that take the form of the ones that are gen-
erated by integrating out the top quark. In other words,
the Higgs couplings are described, in the unitary gauge,
by the following e↵ective Lagrangian [32, 33]

L = 3
m2

H

2v
H3 + Z

m2
Z

v
ZµZµH + W

2m2
W

v
W+µW�µH

+g
↵s

12⇡v
Ga
µ⌫G

aµ⌫H + �
↵

2⇡v
Aµ⌫Aµ⌫H

+Z�
↵

⇡v
Aµ⌫Zµ⌫H

+VV
↵

2⇡v

⇣
cos2 ✓WZµ⌫Zµ⌫ + 2 W+µ⌫W

�µ⌫⌘H

�
0
BBBBBB@t
X

f=u,c,t

m f

v
f̄L fR + b

X

f=d,s,b

mf

v
f̄L fR

+⌧
X

f=e,µ,⌧

mf

v
f̄L fR + h.c.

1
CCCCCCAH. (10)

In the SM, the Higgs boson does not couple to massless
gauge bosons at tree level, hence g = � = Z� = 0.
Nonetheless, the contact operators are generated radia-
tively by loops of SM particles. In particular, the top
quark gives a contribution to the 3 coe�cients g, �, Z�
that does not decouple in the infinite top mass limit. For
instance, in that limit � = g = 1 [34, 35].

The coe�cient for the contact interactions of the
Higgs boson to the W and Z field strengths is not in-
dependent but obeys the relation

(1 � cos4 ✓W )VV = sin 2✓W Z� + sin2 ✓W �. (11)

This relation is a general consequence of the so-called
custodial symmetry [36]. When the Higgs boson is part
of an SU(2)L doublet, the custodial symmetry could
only be broken by a single operator at the level of
dimension-6 operators and it is accidentally realized
among the interactions with four derivatives, like the
contact interactions considered. Custodial symmetry
also implies Z = W , leaving exactly 8 free cou-
plings [30, 31]. Out of these 8 coe�cients, only V can
be indirectly constrained by EW precision data at a level
comparable from the direct constraints from LHC Higgs
data [37, 38, 39].

The e↵ective Lagrangian of Eq. (10) can be amended
by 6 extra Higgs couplings that break the CP symmetry

L = ̃g
↵s

12⇡v
Ga
µ⌫G̃

aµ⌫H + ̃�
↵

2⇡v
Aµ⌫Ãµ⌫H

+̃Z�
↵

⇡v
Aµ⌫Z̃µ⌫H

�i

0
BBBBBB@̃t
X

f=u,c,t

m f

v
f̄L fR + ̃b

X

f=d,s,b

mf

v
f̄L fR

+̃⌧
X

f=e,µ,⌧

mf

v
f̄L fR + h.c.

1
CCCCCCAH, (12)

where F̃µ⌫ = ✏µ⌫⇢�F⇢� is the dual field-strength of Fµ⌫.
It is certainly tempting to consider new sources of CP
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The Higgs program
“With great power comes great responsibility”

Voltaire & Spider-Man

“With great discoveries come great measurements”
BSMers desperately looking for anomalies 

(true credit: F. Maltoni)

which, in particle physics, really means

Higgs properties
1

JPC
Important & nice to see progresses but 
“this question carries a similar potential 
for surprise as a football game between 

Brazil and Tonga” Resonaances

Higgs couplings
2

BSM implications
3

LBSM =?

The Higgs has access to EW coupled New Physics 
which is less constrained by direct searches than strongly coupled NP

http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
http://resonaances.blogspot.jp/2012/10/higgs-new-deal.html
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UV behavi*r of ( Higgs boson

40

(triviality,  stability, hierarchy)

6

➲➲

➲

Why is the Higgs mass just right to keep the 
universe on the verge of a cosmic catastrophe? 
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Quantum Behavior of the Higgs4 Coupling (I)

41

λ increases with Q: IR-free coupling

Large mass (λ dominated RGE)

16⇥2 d�

d lnQ
= 24�2

�(Q) =
m2

H

2v2 � 3
2�2m2

H ln(Q/v)

V (h) = � 1
2µ

2h2 + 1
4�h

4

vev: v2 = µ2/� mass: m2
H = 2�v2

Higher loops
Small Yukawa

=

16⇥2 d�

d lnQ
= 24�2 � (3g�2 + 9g2 � 12y2t )�+ 3

8g
�4 + 3

4g
�2g2 + 9

8g
4 � 6y4t+
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Quantum Behavior of the Higgs4 Coupling (I)

42

Higher loops
Small Yukawa

No microscopic description: for              , trivial theory (λ=0)

Landau pole

Large mass (λ dominated RGE)

for mH fixed, upper bound on Λ
for Λ fixed, upper bound on mH

New physics should appear before that point to restore stability

16⇥2 d�

d lnQ
= 24�2 � (3g�2 + 9g2 � 12y2t )�+ 3

8g
�4 + 3

4g
�2g2 + 9

8g
4 � 6y4t+

V (h) = � 1
2µ

2h2 + 1
4�h

4

�(Q) =
m2

H

2v2 � 3
2�2m2

H ln(Q/v)

�

Q

v v e4�
2v2/3m2

H

m2
H

2v2

� � v e4�
2v2/3m2

H

� � ⇥

Triviality bound

Wilson ’71
Wilson, Kogut ’74

http://inspirebeta.net/record/67610
http://inspirebeta.net/record/67610
http://inspirebeta.net/record/81239
http://inspirebeta.net/record/81239
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Quantum Behavior of the Higgs4 Coupling (II)
Higher loops
Small Yukawa

Small mass (yt dominated RGE)

λ decreases with Q.

Higher loops
Small Yukawa
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Quantum Behavior of the Higgs4 Coupling (II)
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Only a light Higgs (130 GeV<mH<170 GeV) allows for 
the absence of New Physics at low energy

Figure 6: Summary of the uncertainties connected to the bounds on MH . The up-

per solid area indicates the sum of theoretical uncertainties in the MH upper bound

when keeping mt = 175 GeV fixed. The cross-hatched area shows the additional

uncertainty when varying mt from 150 to 200 GeV. The upper edge corresponds to

Higgs masses for which the SM Higgs sector ceases to be meaningful at scale Λ (see

text), and the lower edge indicates a value of MH for which perturbation theory is

certainly expected to be reliable at scale Λ. The lower solid area represents the the-

oretical uncertaintites in the MH lower bounds derived from stability requirements

[30, 31, 32] using mt = 175 GeV and αs = 0.118.
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Hambye, Riesselmann ’97
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Solving exactly the RG equation, we obtain the maximum domain of validity of the SM 
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Only a light Higgs (130 GeV<mH<170 GeV) allows for 
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would

3

blow-up

collapse

metastable

survival
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Ellis, Espinosa, Giudice, Hoecker & Riotto ’09

Solving exactly the RG equation, we obtain the maximum domain of validity of the SM 
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... and for mH=125GeV

Can the SM  (without new physics)
be valid up to MPl and remain weakly coupled?

Buttazzo et al ’13

http://arXiv.org/abs/1002.1011
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http://arxiv.org/abs/arXiv:1307.3536
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Stability vs Metastability

Life time of the EW vacuum?
delicate computation!

exp(-bounce action)
prefactors also matter

needs to control all cosmological history of the Universe
thermal fluctuations?

Degrassi et al ’12

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
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Stability vs Metastability: a question of precision!
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Are we living at a edge of the phase diagram?
Degrassi et al ’12
Bezrukov et al ’12

Buttazzo et al ’13
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The fate of the EW vacuum

Bezrukov et al ’12

It is almost certain (>4σ) that mH > Mmestability  and totally certain that mH < MLandau 
(even though this certainty might by questioned by threshold effects at the Planck scale Holthausen, Lim and Lindner ’12)

Not totally clear yet if mH is above Mstability, but rather important question since
 if mH > Mstability, the Higgs could serve as an inflaton

 if mH = Mstability the SM is asymptotically safe, ie consistent up to arbitrary high energy

h3

need precise Higgs&top mass/couplings (and αs) measurements (ILC, µ coll.)
and better understanding of pole vs MS top mass Alekhin, Djouadi, Moch ’12

6 8 10

0 50 100 150 200
0

50

100

150

200

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

LI=104GeV
5
6
7 8

910
12 14

16
19

Instability

N
on-perturbativity

Stability

Met
a-st

abil
ity

107 108
109

1010

1011

1012
1013

1014

1016

120 122 124 126 128 130 132
168

170

172

174

176

178

180

Higgs pole mass Mh in GeV

To
p
po
le
m
as
sM

t
in
G
eV

1017

1018

1019

1,2,3 s

Instability

Stability

Meta-stability

Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Buttazzo et al ’13
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Many of my theory colleagues started wild speculations/extrapolations

But these implications are based on the assumptions 
(1) that the 126 GeV particle observed is *exactly* the SM Higgs

 (2) that the Dark Matter sector is decoupled from the weak sector

EWSB determined by Planck physics? MPl calculable from weak scale non-gravitational quantities?
absence of new energy scale between the Fermi and the Planck scale?

Anthropic vs. natural EWSB...

From the EW scale to MPl... and return 

Is the Higgs potential vanishing potential at MPl?
Froggatt, Nielsen, Takanishi  ’01

Arkani-Hamed et al ’08
Shaposhnikov, Wetterich ’09
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Figure 1: Renormalisation of the SM gauge couplings g1 =
p

5/3gY , g2, g3, of the top, bottom
and ⌧ couplings (yt, yb, y⌧), of the Higgs quartic coupling � and of the Higgs mass parameter m.
All parameters are defined in the ms scheme. We include two-loop thresholds at the weak scale
and three-loop RG equations. The thickness indicates the ±1� uncertainties in Mt,Mh,↵3.

Planck mass, we find the following values of the SM parameters:
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All Yukawa couplings, other than the one of the top quark, are very small. This is the well-
known flavour problem of the SM, which will not be investigated in this paper.

The three gauge couplings and the top Yukawa coupling remain perturbative and are fairly
weak at high energy, becoming roughly equal in the vicinity of the Planck mass. The near
equality of the gauge couplings may be viewed as an indicator of an underlying grand unification
even within the simple SM, once we allow for threshold corrections of the order of 10% around
a scale of about 1016 GeV (of course, in the spirit of this paper, we are disregarding the acute
naturalness problem). It is amusing to note that the ordering of the coupling constants at
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is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)
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respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
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Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
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All Yukawa couplings, other than the one of the top quark, are very small. This is the well-
known flavour problem of the SM, which will not be investigated in this paper.

The three gauge couplings and the top Yukawa coupling remain perturbative and are fairly
weak at high energy, becoming roughly equal in the vicinity of the Planck mass. The near
equality of the gauge couplings may be viewed as an indicator of an underlying grand unification
even within the simple SM, once we allow for threshold corrections of the order of 10% around
a scale of about 1016 GeV (of course, in the spirit of this paper, we are disregarding the acute
naturalness problem). It is amusing to note that the ordering of the coupling constants at
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Buttazzo et al ’13
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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How robust is the conclusion?
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Solution to the Higgs4 Coupling Instabilities
find a symmetry such that 

the Higgs quartic will inherit the good UV asymptotically free 
behavior of the gauge coupling

supersymmetry 

gauge-Higgs unification: the Higgs is identified as a component of 
the gauge field along some extra-dimensions.

Examples of such symmetry:

54
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Quantum Instability of the Higgs Mass
so far we looked only at the RG evolution of the Higgs quartic coupling (dimensionless 

parameter). The Higgs mass has a totally different behavior: it is higly dependent on the 
UV physics, which leads to the so called hierarchy problem 

= Higher loops
Smaller Yukawa+

55

h h

h W± Z

h h

top

h h

�
d4k

(2�)4
1

k2 �m2
⇥ �2

�
d4k

(2�)4
k2

(k2 �m2)2
⇥ �2

�m2
H =

�
2m2

W +m2
Z +m2

H � 4m2
t

� 3GF⇤2

8
p
2⇡2

m2
H ⇠ m2

0 � (115 GeV)2
✓

⇤

700 GeV

◆2

Weisskopf ’39
‘t hooft ’79

http://prola.aps.org/abstract/PR/v56/i1/p72_1
http://prola.aps.org/abstract/PR/v56/i1/p72_1
http://inspirebeta.net/record/144074
http://inspirebeta.net/record/144074


Christophe Grojean Higgs Physics IFIC, May 11-14, 2o1556

Λ2  from the Coleman-Weinberg Potential

in agreement with the loop computation

h dependent masses away from the true vacuum
(for h=v, we recover the usual expression 

for the Higgs mass 
and the Goldstone are massless)
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Quantum Instability of the Higgs Mass

= Higher loops
Smaller Yukawa+
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Quantum Instability of the Higgs Mass

= Higher loops
Smaller Yukawa+
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Playing with Λ2: Veltman throat
�m2

H =
�
2m2

W +m2
Z +m2

H � 4m2
t

⇥ 3GF�2

16
⇥
2⇥2

People taking the Λ2 terms literally would say it is possible to cure the hierarchy pb if

m2
H = 4m2

t � 2m2
W �m2

Z ⇡ (320 GeV)2

This is a too naive interpretation 
 in the absence of any symmetry, there is no reason to use the same cutoff for all particles
 the throat doesn’t survive at higher loop order
 it would anyway require a very particular value of the Higgs mass that it is not dictated by any 

symmetry
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What the hell is the meaning of Λ2 ?
It is often argued that Λ2 terms have no meaning since they are put to 0 in dim. reg.

hence the believe that there is no hierarchy pb!
THIS IS TRUE IN THE SM

the hierarchy pb exists only when multiple scales are present

The hierarchy pb can be seen when dealing with the renormalized running Higgs mass 

100 105 108 1011 1014 1017 1020
100

105

108

1011

1014

1017

1020

MêGeV

H mr

GeV
L2

Figure 1. The running Higgs mass squared versus the scale M in the SM with the inclusion of a
particle of mass MH = 1010 GeV and a gauge invariant dimensionless coupling to the Higgs boson
of strength �H = 1. In general the jump involved at M ⇡ MH is of size (�HMH)2/(16⇡2).

The traditional way to state the naturalness problem of the Fermi scale is in terms of the
radiative corrections to the Higgs boson mass, cuto↵ at a scale ⇤: in the SM

�m2
h ⇡ (125 GeV )2(

⇤

500 GeV
)2 (2.1)

with the normalization of 125 GeV chosen to match the measured value by ATLAS and
CMS. Values of ⇤ higher than 1 TeV or so lead therefore to large corrections to the Higgs
boson mass, perhaps too large to be tolerated. Although perfectly sensible in an e↵ective
field theory approach, this way of stating the problem may require some clarification2. After
all - one says sometimes - aren’t we supposed to talk only of physical renormalized quantities,
with all divergences suitably reabsorbed? Not to mention the celebrated absence at all of
quadratic divergences, like the one in Eq. (2.1), in the dimensional regularization scheme.
Indeed a neater way to state the naturalness problem is in terms of the renormalized

running Higgs boson mass. (See, e.g., Ref. [11]). Fig. 1 shows the behavior of the Higgs mass
squared versus the scale M in the SM with the inclusion of a particle of mass MH >> mh,
coupled in a gauge invariant way to the Higgs boson through a dimensionless coupling
�H . The features in Fig. 1 are: i) a jump at the threshold M ⇡ MH of approximate size
(�HMH)2/(16⇡2); ii) a logarithmic behaviour of the running Higgs mass below and above the
jump3. The key point in Fig. 1 is that the ”initial condition” on m2

r at some short distance
scale, M >> MH , has been chosen with great accuracy, of relative order (mh/MH)2, in
order to reproduce at M = mh the observed physical Higgs mass. While this is technically
possible, it is against the notion that the physics at the Fermi scale should not depend on
details of what happens at shorter distances, here at 1/MH . The quadratic divergence of the
Higgs mass is not the problem per se, but the sign of the sensitivity of the Higgs mass to
any threshold encountered at higher energy scales, like the one at MH in Fig. 1.

2At the risk of being repetitive, after more than three decades of discussion on the issue.
3The quadratic dependence on MH of the jump is there irrespective of the nature of the particle coupled
to the Higgs boson. For a J = 1/2 particle the jump is on the negative side and for a J = 0 state the
dependence on �H is linear. Some minor details of Fig. 1 depend on the precise definition of the running
Higgs mass.

3

finite threshold correction O((λ*M*)2/16π2)
induced by a new particle of mass M* 

with a coupling λ* to the Higgs

innocuous 
Log running

innocuous 
Log running

Need to tune O((mh/M*)2) the value of mH at high scale to reproduce mH(EW)
UV sensitivity

e.g. Barbieri ’13

http://arxiv.org/abs/1309.3473v1
http://arxiv.org/abs/1309.3473v1
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Symmet!es for a natural EWSB
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How to Stabilize the Higgs Potential

spontaneously broken global symmetry massless scalar

a particle of spin s:
2s+1 polarization states

...with the only exception of a particle moving at the 
speed of light

... fewer polarization states

... but the Higgs has sizable non-derivative 
couplings

... but the Higgs is a spin 0 particle

m=0
Spin 1 Gauge invariance no longitudinal polarization

Chiral symmetry only one helicitySpin 1/2

Goldstone’s Theorem

The spin trick

62
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‘t Hooft naturality: a number is naturally small when the symmetry 
of the theory increases as the parameter is set to zero 

Spin 1

iff m = 0, 
invariant under

invariant 
under

if m = 0, 
also invariant 

under

Spin 1/2
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Naturalness
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Symmetries to Stabilize a Scalar Potential

Supersymmetry

fermion ~ boson

Higher Dimensional 
Lorentz invariance

4D spin 1 4D spin 0

These symmetries cannot be exact symmetry of the Nature. 
They have to be broken. We want to look for a soft breaking in 

order to preserve the stabilization of the weak scale.

gauge-Higgs 
unification models
➾

[Manton ’79, Fairlie 79, Hosotani ’83 +...]

64

Aµ � A5
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http://inspirebeta.net/record/141387
http://inspirebeta.net/record/140280
http://inspirebeta.net/record/140280
http://inspirebeta.net/record/188768
http://inspirebeta.net/record/188768


Christophe Grojean Higgs Physics IFIC, May 11-14, 2o15

Ghost symmetry

SM particle ~ ghost

It was known since Pauli-Villars that ghosts can soften the UV 
behavior of the propagators. But they are unstable per se.

Lee-Wick in the 60’s proposed a trick to stabilize the ghosts (at 
the price of of a violation of causality at the microscopic scale).

Grinstein, O’Connell, Wise ’07

Other symmetries?

65

http://arXiv.org/abs/arXiv:0704.1845
http://arXiv.org/abs/arXiv:0704.1845
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What amount conformal invariance?
SM is nearly scale invariant classically

and scale invariance will forbid any Higgs mass term
SM mass and running couplings break conformal invariance

but maybe conformal symmetry is only “softly” broken and restored at high energy
Bardeen ’95

U(1)Y and gravity grow in the UV ⇒ large conformal breaking

one needs a transition between SM and Conformal Field Theory behavior

w/o particles @ transition scalew/ particles @ transition scale

usual hierarchy pb it was shown that the anomalous dimensions 
of the operators coupled to the Higgs 

change at the threshold
and this reintroduces a fine-tuning

unless the threshold is around the weak scale

Marques Tavares, Schmaltz, Skiaba  ’13

Not totally impossible scenario but requires some unknown dynamics
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EWSB might be unnatural

 cosmological constant problem...
 multiverse...
 landscape of vacua...
 laws of physics are environmental...
 anthropic solution...
 end of reductionism...

nothing to say but the usual words:

will be tested to an unprecedented level (10-4)

if we lose naturalness, 
what should be the guiding principle towards our 

understanding of physics at higher and higher energies?
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Disclaimer

These are slides that I’ve prepared for some lectures at the CERN-Latin American 
School of High Energy Physics last March in Ecuador.

There is partial overlap with what I covered during my blackboard lectures at IFIC even 
though some parts are missing in these notes.

Do not hesitate to contact me by email if you have any comments or questions.
And please, report any typo/mistake that you might find in these notes.
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Lecture Outline
1

➲1 ➲2

2

First Lecture ➲
 Standard Model and EW symmetry breaking ➲ 
 Higgs mechanism - custodial symmetry  ➲ 
 Goldstone equivalence theorem  ➲
 What is the Higgs boson the name of?  ➲
 SM Higgs @ colliders  ➲
 UV behavior of the Higgs boson (triviality, stability, naturality)  ➲
 Symmetries for a natural EWSB ➲

Second Lecture ➲
 Implications for SUSY ➲
 Composite Higgs models  ➲
 Precision Higgs couplings  ➲
 Future Higgs channels:

 Boosted and off-shell channels  ➲ 
 Multi-Higgs  ➲ 
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For the first time in the history of physics,
we have a *consistent* description of the fundamental constituents of matter and their 
interactions and this description can be extrapolated to very high energy (up MPlanck?)

My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills

3

MLM@Aspen’14

We all have a Post higgs Depression

Where and how does the SM break down?
Which machine(s) will reveal this breakdown?

https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
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see G. Perez’s talk

72

HEP with a Higgs boson
“If you don’t have the ball, you cannot score”

See FR,Pomarol,Gupta’14

I think this is a....

Messi-Goal!!!

http://livepage.apple.com/
http://livepage.apple.com/
https://indico.cern.ch/event/315626/session/12/contribution/28/material/slides/0.pdf
https://indico.cern.ch/event/315626/session/12/contribution/28/material/slides/0.pdf
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Now with the Higgs boson in their hands, 
particle physicists can... play as well as the Barça players

see G. Perez’s talk

Why going for HL-LHC? To gain more statistics! 
The winners are the channels that

1) are very rare: σ * L < O(1) @ 300/fb but σ * L > O(1) @ 3/ab 
2) do not saturate the statistical uncertainties, such that S/√B still scales like √L

(need to reduce the theoretical uncertainties as much as possible)

72

HEP with a Higgs boson
“If you don’t have the ball, you cannot score”

Higgs as a target Higgs as a tool

• observe it in as many channels as 
possible to measure its properties

• check of the coupling structure of 
the SM and its deformations

• interpret deviations of Higgs 
couplings as a sign of NP

• a portal to New Physics

• in initial states: rare decays (BSM 
Higgs decays)

e.g., h → µτ, h → J/Ψ+γ
• in final states as an object that 
can be reconstructed and tagged
(BSM Higgs productions)

e.g., t → h+c, H → hh 

Profound change in paradigm: 
missing SM particle ➪ tool to explore SM and venture into physics landscape beyond
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1

Implications for SUSY

➲➲

➲
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Is SUSY/MSSM Natural?
The Higgs mass is calculable in the MSSM

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

(125 GeV)2 (≥ 87GeV)2

substantial loop contribution from stops
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, m
˜t1 , with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 126 GeV Higgs mass for
m

˜t1 in the range of 500–800 GeV, while the two lower lines are for zero top squark mixing and
do not yield a 126 GeV Higgs mass for m

˜t1 below 3 TeV. Here we have taken tan � = 20. The
shaded regions highlight the di↵erence between the Suspect and FeynHiggs results, and may be
taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � ⇥ 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m2

h = M2

Z cos2 2� + �2v2 sin2 2� + �2t , (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t � 32 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

126 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1 – 2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 126 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but is still of concern.

2

large mixing 
heavy stops

1 Introduction

The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson

with a mass of ⇠ 126 GeV [1, 2]. The �� channel yields excesses at the 2–3 � level for ATLAS

and CMS, insu�cient for a clear discovery. Yet the concordance between the ATLAS and CMS

excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study

the implications for natural electroweak breaking in the context of weak-scale supersymmetry.

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter

than about 135 GeV, depending on top squark parameters (for a review with original references,

see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [4]. A Higgs

mass of 126 GeV naively seems perfect, lying midway between the experimental lower bound and

the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness

problem of the weak scale and therefore we take the degree of fine-tuning [5, 6, 7, 8, 9] as a

crucial tool in guiding us to the most likely implementation of a 126 GeV Higgs. In this regard

we find that increasing the Higgs mass from its present bound to 126 GeV has highly significant

consequences. In the limit of decoupling one Higgs doublet the light Higgs mass is given by

m2

h = M2

Z cos2 2� + �2t (1)

where �2t arises from loops of heavy top quarks and top squarks and tan � is the ratio of elec-

troweak vacuum expectation values. At large tan �, we require �t ⇡ 87 GeV which means that

a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise

the Higgs mass to 126 GeV.

The Higgs mass calculated at two loops in the MSSM is shown in Figure 1 as a function of

the lightest top squark mass for two values of the top squark mixing parameter Xt. The red/blue

contours are computed using the Suspect [10] and FeynHiggs [11] packages, which have di↵ering

renormalization prescriptions and the spread between them, highlighted by the shading, may

be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs

mass, such as 126 GeV, large top squark mixing leads to lower and more natural top squark

masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact,

stop mixing is required to raise the Higgs mass to 126 GeV without multi-TeV stops. Even at

maximal mixing, we must have
p
mQ3mu3 � 700 GeV (which, for degenerate soft masses, results

in squark masses hundreds of GeV heavier than have been directly probed by existing LHC

searches [12, 13]) and, as we will discuss in the next section, this implies that fine-tuning of at

least 1% is required in the MSSM, even for the extreme case of an ultra-low messenger scale of

10 TeV. Hence we seek an alternative, more natural setting for a 126 GeV Higgs.

In the next-to-minimal model (NMSSM, for a review with references, see [14]) the supersym-

metric Higgs mass parameter µ is promoted to a gauge-singlet superfield, S, with a coupling to

1

fine-tuning ≥ 1%

➾ ➾

Hall, Pinner, Ruderman ’11
+ many similar analyses

�2t ⇡ 3

p
2GFM4

t

16⇡2

"
log

M2
t̃

M2
t

+

X2
t

M2
t̃

 
1� X2

t

12M2
t̃

!#

Mt̃

Xt

stop mass (degenerate)

stop mixing

http://arXiv.org/abs/arXiv:1112.2703
http://arXiv.org/abs/arXiv:1112.2703
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→  Dermisek/H. D. Kim ’06

maximal mixing 
requires 

engineering
� generically |At/mt̃|  1

Fermisek, Kim ’06
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Towards precise prediction of MSSM Higgs mass

further improved predictions (full 2-loop QCD corrections)

[plot from J. Padro Vega and G. Villadoro, ‘to appear]

Bagnaschi et al ’14
Degrassi et al ’14

Pedro Vega, Villadoro ‘to appear

requires 
even heavier stops
to accommodate 
a 125GeV Higgs

http://arxiv.org/abs/1407.4081
http://arxiv.org/abs/1407.4081
http://arxiv.org/abs/1410.3432
http://arxiv.org/abs/1410.3432
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Saving SUSY

SUSY is Natural
but not plain vanilla

 CMSSM
 pMSSM
 NMSSM
 Hide SUSY, e.g. smaller phase space

 reduce production (eg. split families)

 reduce MET (e.g. R-parity,   compressed 
spectrum)

 dilute MET (decay to invisible particles 
with more invisible particles)

 soften MET (stealth susy, stop -top 
degeneracy)

Mahbubani et al

Csaki et al

LHC100fb-1 will tell!
Good coverage of 

hidden natural susy

 mono-top searches (DM, flavored 

naturalness - mixing among different squark 

flavors-, stop-higgsino mixings)

 mono-jet searches with ISR 

recoil (compressed spectra)

 precise tt inclusive measurement+ 
spin correlations

 multi-hard-jets (RPV, hidden valleys, long 
decay chains)

Fan et al

                        (stop → top + 
very soft neutralino)  

http://arxiv.org/abs/arXiv:1105.5135
http://arxiv.org/abs/arXiv:1105.5135
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Composite Higgs models
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Why should you care about compositeness?
Higgs compositeness means new fundamental interactions

	�

38 years rule = new forces of nature are 
discovered every 38 years for the last 150 yrs 

1.  1860s – first papers of Maxwell on EM. Light is EM excitation. 
E & M unification.  

2.  1897 – Becquerel discovers radioactivity – first evidence of 
weak charged currents (in retrospect). 

3.  1935 – Chadwick gets NP for his discovery of neutron with 
subsequent checks that there exists strong n-p interaction. Strong 
force is established. 

4.  1973 – Gargamelle experiment sees the evidence for weak 
neutral currents in nu-N scattering 

5.  2011/2012 Discovery of the Higgs, i.e. new Yukawa force.  
6.  Prediction: Discovery of a new dark force – 2050?  
 
(+/- 2 years or so).  
 

Pospelov’s 38 years rule...

M. Pospelov, SHiP collab. meeting, Naples ’15

https://indico.cern.ch/event/355048/session/6/contribution/6/material/slides/1.pdf
https://indico.cern.ch/event/355048/session/6/contribution/6/material/slides/1.pdf
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Why should you care about compositeness?
All SM shortcomings are intimately linked to the Higgs elementary nature

triviality/stability
of EW vacuum mass and mixing 

hierarchy
flavour & CP:

no FCNC, small CP

LHiggs = V0 � µ2H†H + �
�
H†H

⇥2
+
�
yij⇤̄Li⇤RjH + h.c.

⇥

vacuum energy
cosmological constant
V0 ⇥ (2� 10�3 eV)4 ⇤ M4

PL

hierarchy problem
mH � 100 GeV ⇥ MPl

}well described 
experimentally by CKM

(up to a few exceptions: AFB, ∆ACP...)
tt c

String?

}
SUSY?

TeV New Physics?

}
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Why should you care about compositeness?
All SM shortcomings are intimately linked to the Higgs elementary nature

triviality/stability
of EW vacuum mass and mixing 

hierarchy
flavour & CP:

no FCNC, small CP

LHiggs = V0 � µ2H†H + �
�
H†H

⇥2
+
�
yij⇤̄Li⇤RjH + h.c.

⇥

vacuum energy
cosmological constant
V0 ⇥ (2� 10�3 eV)4 ⇤ M4

PL

hierarchy problem
mH � 100 GeV ⇥ MPl

All these problems because the Higgs 
boson would be the first elementary 
particle whose interactions are not 

endowed with a gauge structure

Higgs = Elementary or Composite?
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Which composite scenario?
Minimal Composite Higgs

PNGB Higgs 
(g*, f) (g, g’, yt )

g2  /g*SMStrong sectorStrong sector SMSMSILH
⇠ =

v2

f2
⌧ 1

Higgs

" <EW>~0
(g*, f) (g, g’, yt )

g2  /g*SMStrong sectorStrong sector SMSM
Partly Composite Higgs

⇠ =
v2

f2
⌧ 1

Higgs

" <EW>~f
(g*, f) (g, g’, yt )

g2  /g*SMStrong sectorStrong sector SMSM
Bosonic Technicolor

Induced EWSB

" =
f

v
⌧ 1

ex: SO(5)/SO(4)
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Which composite scenario?
Minimal Composite Higgs

SILH
⇠ =

v2

f2
⌧ 1

Partly Composite Higgs

⇠ =
v2

f2
⌧ 1

Bosonic Technicolor
Induced EWSB

" =
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⌧ 1
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Patterns of Higgs coupling deviations

hff hVV hγγ hγZ hGG h

MSSM √ √ √ √
NMSSM √ √ √ √ √

PGB Composite √ √ √ √
SUSY Composite √ √ √ √ √ √

SUSY partly-composite √ √ √ √
“Bosonic TC” √

Higgs as a dilaton √ √ √ √

Expected largest corrections to Higgs couplings:
expected largest relative deviations 

A. Pomarol, Naturalness ’15

3
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Light composite Higgs from “light” resonances

Impossible to compute the details of the potential from first principles 
but using general properties on the asymptotic behavior of correlators

 (saturation of Weinberg sum rules with the first few lightest resonances)
it is possible to estimate the Higgs mass  

The interactions 
between the strong 
sector and the SM 

generate a potential 
for the Higgs

m2
h ⇡ 3

⇡2

m2
tm

2
Q

f2
G/H

where we have used the fact that the physical top mass is given by

m
t

=
|M t

1(0)|q
2⇧tL

0 (0)⇧̃tR
0 (0)

hs
h

c
h

i . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule lim
p!1 M t

1(p) = 0. This can be

achieved with just one resonance, ����
M t

1(p)

M t

1(0)

���� =
m2

Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m2
h

� N
c

⇡2

m2
t

f 2
m2

Q

, (22)

that provides an upper bound for the resonance mass:

m
Q

. 700 GeV
⇣ m

h

125 GeV

⌘✓160 GeV

m
t

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, lim
p!1 pn⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |FL,R

Q4
|2 (m2

Q4
�m2

Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M t

1(p) = |FL

Q4
FR ⇤
Q4

|mQ4mQ1(mQ4 �m
Q1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p2

m
Q4mQ1

m
Q1 �m

Q4e
i✓

m
Q4 �m

Q1e
i✓

◆
, (24)

where we have defined FL

Q4
FR ⇤
Q4

= ei✓|FL

Q4
FR ⇤
Q4

| and set by a field redefinition FL

Q1
FR

Q1
to be real.

Eq. (24) together with Eq. (20) gives 3

m2
h

' N
c

⇡2

"
m2

t

f 2

m2
Q4
m2

Q1

m2
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�m2
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log
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Q4

!
� 1

!#
, (25)

where �F 2 = |FL

Q4
|2 � 2|FR

Q4
|2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for m
Q4 ! m

Q1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F 2, meaning that the condition ↵ < �

requires small values for �F 2. In this limit, the Higgs mass comes entirely from the first term

of Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

fermionic resonances below ~ 1 TeV
vector resonances ~ few TeV (EW precision constraints)

~ for a natural (<20% fine-tuning) set-up ~

Pomarol, Riva ’12 Marzocca, Serone, Shu ’12
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Light composite Higgs from “light” resonances

5 of SO(5)

Contino, Da Rold, Pomarol  ’06 De Curtis, Redi, Tesi ’11

Matsedonskyi, Panico, Wulzer ’12 Marzocca, Serone, Shu ’12

for similar results, see also

&

true spectrum in explicit realizations

Nice AdS/CFT interpretation

M = 1/2 $ dim[O ] = 3/2 $ light free field decoupled from CFT
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Rich phenomenology of the top partners

[Contino, Servant ’08]Search in same-sign di-lepton events

T5/3

T̄5/3

W+
W+

l+ � �l+

q
q̄

t

t̄

b

b̄W�

W�
discovery potential (LHC14TeV) 

M5/3=500 GeV (σxBR≈100/fb) → 56 pb-1

M5/3=1 TeV (σxBR≈2/fb) → 15 fb-1

 tt+jets is not a background [except for charge mis-ID and fake e-]
 the resonant (tW) invariant mass can be reconstructed
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5

single prod.
pair prod.

[Contino, Servant ’08]

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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Single production (model dependent)

Fermionic Resonances

The T5/3 and the B can be pair or singly produced
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ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from
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either from the resonant production of a Z boson (tZ) or
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the final-state particles in the above processes are exactly the
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distribution in mbb̄ is peaked around the Z mass, while for
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"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on
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that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
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III%. In this case the amplitude is dominated by the exchange
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We study the production of the Higgs boson in association with a single top quark at hadron colliders. The
cross sections for the three production processes (t channel, s channel, and W associated" at both the Fermilab
Tevatron and the CERN Large Hadron Collider !LHC" are presented. We investigate the possibility of detect-
ing a signal for the largest of these processes, the t-channel process at the LHC, via the Higgs boson decay into
bb̄ . The QCD backgrounds are large and difficult to curb, hindering the extraction of the signal. Extensions of
our analysis to the production of supersymmetric Higgs bosons are also addressed. The cross section is
enhanced for large values of tan # , increasing the prospects for extracting a signal.

DOI: 10.1103/PhysRevD.64.094023 PACS number!s": 13.85.Qk, 12.38.Bx, 14.65.Ha, 14.80.Bn

I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.

PHYSICAL REVIEW D, VOLUME 64, 094023

0556-2821/2001/64!9"/094023!12"/$20.00 ©2001 The American Physical Society64 094023-1

: 

may be easier channel to look at



Christophe Grojean Higgs Physics IFIC, May 11-14, 2o15

Farina, Grojean, Maltoni, Salvioni, Thamm ’12

90

Top partners & Higgs physics
direct measurement of top-higgs coupling

htt is important but challenging channel

|AW �At|2

|AW +At|2
⇡ 13@mH=125GeV

look at final states: 

ground is the largest of all, but it is removed by the require-
ment on the minimum bb̄ invariant, since the !mistagged" cs
pair comes from W decay.11
Although each background in the 4b-tag analysis is com-

parable to the signal, there are only a few signal events with
30 fb!1. Therefore, there is little hope of observing a signal
in this channel, unless significantly more than 30 fb!1 can
be delivered while maintaining the same detector perfor-
mance. At high luminosity (L"1034/cm2/s), it is anticipated
that the minimum pT for jets must be raised to 30 GeV. In
Table V we study the signal and backgrounds in this scenario
!the b-tagging efficiency is also lowered to 50%". After all
cuts, the t t̄ bb̄ backgrounds are now each twice as large as
the signal, because these backgrounds involve missing a jet,
which is more likely with the increased jet pT threshold. The
number of signal events in 300 fb!1 is about 10, with about
55 background events. Significantly more integrated lumi-
nosity would be needed to see a signal in this channel.

IV. PRODUCTION OF SUPERSYMMETRIC HIGGS
BOSONS

It is interesting to ask whether there could be an enhance-
ment in the signal when the production of nonminimal Higgs
bosons is considered. With this aim we have investigated the
production of a light CP-even !h" and a CP-odd !A" Higgs
boson in the MSSM.
The Higgs boson sector of the MSSM is the same as the

2HDM presented in Appendix A except that it depends !at
tree level" on only two free parameters, which can be chosen
to be mA and tan# . The tree-level relations between the
Higgs boson masses are modified by radiative corrections
that involve the supersymmetric particle spectrum, mainly of
the top sector $3–5%. Since the analytical form of the correc-
tions is quite involved !see Ref. $39%" we used HDECAY $38%
to evaluate the Higgs boson masses and the mixing param-
eter & , given mA , tan# , and information on the top-squark
mixings and masses.

For large mA , the masses of the heavy Higgs bosons ap-
proximately coincide, mA!mH!mH#, while the CP-even
Higgs boson remains light. This is the so-called decoupling
limit, where the standard-model couplings and particle con-
tent are recovered. In the case of large tan# and small mA ,
one finds that mh!mA and the Higgs boson couplings to the
vector bosons and to the fermions are different from those
predicted by the standard model. In particular, there is a
strong enhancement of the bottom-quark coupling to both the
h and the A, which can give rise to interesting signatures at
the colliders $6,40–42%. We focus our attention in this area of
the parameter space, which is not excluded by the measure-
ments from the CERN e$e! collider LEP $2%, choosing
mA%120 GeV and 10%tan#%50.
In Fig. 13 we show the cross section for production of the

CP-even Higgs boson h and CP-odd Higgs boson A in as-
sociation with single top as a function of mA and tan# .
These are calculated using tree-level matrix elements gener-
ated by MADGRAPH $32% !and checked against those obtained
by COMPHEP $33%" convoluted with the parton distribution
function set CTEQ5L $34%, and with the renormalization and
factorization scales set equal to the Higgs boson mass. We
assume a simplified scenario where the third generation di-
agonal soft-supersymmetry-breaking squark masses are de-
generate, with a common value MSUSY"1 TeV, and the
mixing between the top squarks maximal, Xt"At!' cot#
"!6MSUSY , with '"!200 GeV !for an extensive discus-
sion on the other possible choices, see Ref. $6% and refer-
ences therein".
As shown in Fig. 13, for tan#&30, the cross sections are

indeed enhanced with respect to that for a standard-model
Higgs boson. However, the increase is never very large. This
is basically due to two reasons. First, from the arguments
presented in Sec. II and Appendix A, unitarity imposes large
cancellations among the various diagrams, even in the
MSSM Higgs boson sector. In this respect, the production of
the CP-odd state A is particularly instructive. Because of its
CP quantum numbers, this state cannot couple to two W’s
and therefore the contribution from the second diagram in
Fig. 1 vanishes. One might guess that the destructive inter-

11In actuality, some of this background will remain due to jet
resolution.

FIG. 11. Example of a Feynman diagram contributing to the
signal in the 4b-tag analysis.

FIG. 10. Reducible backgrounds in the 3b-tag analysis coming
from the production of a t t̄ pair and jets. The c quark coming from
the decay of a W is misidentified as a b quark. In t t̄ production !a"
the s quark is the forward jet while in t t̄ j production !b" the s-quark
jet is missed.
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The region !q2!MW
2 dominates, in analogy to single top

production "23–25#. Since we also assume that the charge of
the b jet is not measured, the signature for this processes is

3b"1fwd jet"l#"p” T. $3%

In order to estimate the number of events in the detector, we
have chosen the acceptances as shown in Table II, corre-
sponding to low-luminosity running (L$1033/cm2/s). With
30 fb!1 we expect around 120 events. When the b-tagging
efficiency (&b$60%) and lepton efficiency (& l$90%) are
included, the number of expected events goes down to 23.7
Although the final tally is low, this is more than half of the
number of events expected for the t t̄ h process after branch-
ing ratios and reconstruction efficiencies are taken into ac-
count "30#. However, the impact of the backgrounds is more
severe for a Higgs boson plus a single top, as we discuss in
the following.
The largest sources of irreducible background are from

single top production in association with a bb̄ pair, coming
either from the resonant production of a Z boson (tZ) or
from a higher-order QCD process, such as the emission of a
gluon subsequently splitting into a bb̄ pair (tbb̄). Although
the final-state particles in the above processes are exactly the
same as in the signal, the typical invariant mass mbb̄ of the
b’s in the final state is quite different. Let us study the ide-
alized case where the t is reconstructed with 100% efficiency,
such that we know which b comes from top decay. For tZ the
distribution in mbb̄ is peaked around the Z mass, while for
tbb̄ it is largest at small invariant mass. We require that the
invariant mass of the bb̄ pair lies in a window mh#2' ,
where '$11 GeV is the expected experimental resolution
"7#. Assuming a Gaussian distribution, we estimate that 40%
of the events coming from tZ fall in this range $for mh
$115 GeV), decreasing quickly for larger Higgs boson
masses. The cross sections for the signal and these two irre-
ducible backgrounds are given in Table III with the cut on

the invariant mass of the bb̄ applied $second row%. We see
that the backgrounds are comparable to the signal after this
cut.
An important reducible background comes from the pro-

duction of a t t̄ pair "with t t̄→(W"→l"()(W!→ c̄s)bb̄#, as
shown in Fig. 10$a% $fourth column of Table III%.8 This pro-
cess contributes to the background when the c quark coming
from the hadronic decay of one of the W’s is misidentified as
a b quark and the s quark is the forward jet. A mistag prob-
ability &c$10% is included in the cross sections quoted in
Table III.9 Even in the idealized case where one top quark is
reconstructed with 100% efficiency, the number of back-
ground events is very large. This background is drastically
reduced by requiring the presence of the forward jet $third
row of Table III%, but it is still large compared with the sig-
nal. To reduce this background further one can exploit the
fact that the forward jet and the bc that fake the Higgs boson
signal all come from top decay, so their invariant mass is
nominally 175 GeV. We therefore require that the invariant
mass of the forward jet and the bb̄ pair exceed 250 GeV
$fourth column of Table III%. This essentially eliminates the
t t̄ background,10 while maintaining most of the signal.
There is a related background, t t̄ j "shown in Fig. 10$b%#,

of which one cannot so easily dispose $fifth column of Table
III%. In this case the amplitude is dominated by the exchange
of a gluon in the t channel and the jet is naturally produced

7The efficiencies are taken from Ref. "7#.

8Other sources of reducible background come from the production
of a W in association with four jets of which three are $or are
misidentified as% b quarks.
9The mistag probability quoted in Ref. "7# is &c$14%, but no
specific effort was made to minimize it. We assume that it can be
reduced to 10% while maintaining high b-tagging efficiency.
10In actuality some of the background will pass the cut due to jet
resolution.

FIG. 9. Rapidity distributions for the final-state particles $the
lepton and the b from the top quark, the b’s from the Higgs boson,
and the jet% in the t channel at the LHC.

FIG. 8. Example of a Feynman diagram contributing to the sig-
nal with three b tags. The final-state particles are explicitly shown.
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I. INTRODUCTION

The discovery of the Higgs boson as the culprit for elec-
troweak symmetry breaking !EWSB" is one of the most chal-
lenging goals of present and future high-energy experiments.
Within the standard model !SM", the mass of the Higgs bo-
son is basically unconstrained with an upper bound of mh
!600"800 GeV $1%. However, present data from precision
measurements of electroweak quantities favor a moderate
mass (113 GeV#mh!200"230 GeV) $2%. In addition, the
minimal supersymmetric version of the SM !MSSM", which
is one of its most popular extensions, predicts a Higgs boson
with an upper mass bound of about 130 GeV $3–5%. Thus the
scenario with an intermediate-mass Higgs boson (113 GeV
#mh!130 GeV) is both theoretically plausible and well
supported by the data.
Detailed studies performed for both the Fermilab Tevatron

and the CERN Large Hadron Collider !LHC" !see, for ex-
ample, Refs. $6% and $7%, respectively" have shown that there
is no single production mechanism or decay channel that
dominates the phenomenology over the intermediate-mass
range for the Higgs boson. Associated production of Wh or
Zh $8% and t t̄ h $9,10%, with the subsequent decay h→&&
$11–13% and h→bb̄ $14–18%, are presently considered the
most promising reactions to discover an intermediate-mass
Higgs boson at both the Tevatron and the LHC. In this case
one of the top quarks or the weak boson present in the final
state can decay leptonically, providing an efficient trigger.
The major difficulties in extracting a reliable signal from
either of these two channels are the combination of a small
signal and the need for an accurate control of all the back-
ground sources. In this respect, it would be useful to have
other processes that could raise the sensitivity in this range
of masses.
In this paper we re-examine the production of a Higgs

boson in association with a single top quark (th production"
at hadron colliders $19–22%.1 This process can be viewed as
a natural extension of the single top production processes
$23–28%, where a Higgs boson is radiated off the top or off

the W that mediates the bottom-to-top transition. As in the
usual single-top production, the three processes of interest
are characterized by the virtuality of the W boson in the
process: !i" t channel !Fig. 1", where the spacelike W strikes
a b quark in the proton sea, promoting it to a top quark; !ii"
s channel !Fig. 2", where the W is timelike; !iii" W associated
!Fig. 3", where there is emission of a real W boson.
There are two reasons a priori that make the above pro-

cesses worthy of attention. The first one is that, based on
simple considerations, one would expect Higgs boson plus
single top production to be relevant at the Tevatron and at the
LHC. While top quarks will be mostly produced in pairs via
the strong interaction, the cross section for single top, which
is a weak process, turns out to be rather large, about one-
third of the cross section for top pair production $29,30%. If a
similar ratio between '(th) and '(t t̄ h) is assumed, it is
natural to ask whether th production could be used together
with Wh , Zh , and t t̄ h as a means to discover an
intermediate-mass Higgs boson at the LHC. With this aim,
the t-channel process has been previously considered when
the Higgs boson decays into a pair of photons, with the result
that too few events of this type would be produced, even at
high-luminosity runs, at the LHC $20–22%. Since the domi-
nant decay mode of the Higgs boson in this mass region is
into bb̄ pairs, this suggests searching for it using one or more
b tags, in the same way as the t t̄ h analysis is conducted. This
possibility is pursued in the present paper.
The second reason for considering Higgs boson plus

single top quark production is that it gives a rather unique
possibility for studying the relative sign between the cou-
pling of the Higgs boson to fermions and to vector bosons
$22,31%. Measurements of Wh and t t̄ h production rates test,

1We always understand th to include both top quark and top an-
tiquark production.

FIG. 1. Feynman diagrams contributing to the t-channel produc-
tion of a Higgs boson plus a single top quark.
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Figure 2: Constraints on the oblique EW parameters bS and bT [43]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV.
The red lines show the contributions which arise in composite Higgs models as explained in the
main text. The IR contribution corresponds to the corrections due to non-linear Higgs dynamics,
approximately given in eqs. (3.2) and (3.7), and is obtained fixingm⇤ ⇠ 3 TeV. The UV contribution
is due to the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these e↵ects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly a↵ect the result and lead to new important e↵ects.

The

bS parameter

At tree level the bS parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [11]

�bS ' g2

g2⇤
⇠ ' m2

w

m2
⇤
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to bS (or at least
that the other contributions to bS are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m⇤ & 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the bS parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-
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Figure 6: Constraints on the corrections to the Z boson couplings to the bottom quark. The ellipses
show the exclusion contours at 68% and 95% confidence level [49]. The vertical band shows the
expected size of the corrections to the gbR coupling.

at zero momentum [50]. The tree-level corrections induced at non-zero momentum are related to
operators of the form DµF

µ⌫qL�⌫qL and their size can be estimated as

�gbL
gSMbL

⇠ y2Lf
2

m2

m2
z

m2
⇤
' 8 · 10�4 f

m

✓
4⇡

g⇤

◆2

⇠ , (3.14)

where m is the mass scale of the composite fields mixed with the bottom, which in our scenario
correspond to the charge �1/3 state inside the 4-plet  4.

Notice that in our e↵ective Lagrangian we did not include an elementary bR state. For this reason
the bottom is massless in our theory. In a more complete scenario a chiral field corresponding to
the bR will be present together extra composite fermions which are needed to generate the bottom
mass. In this case the elementary qL doublet has additional mixing terms with the new resonances
and a tree-level correction to the ZbLbL vertex could be generated. For instance this happens in
the case in which the additional bottom partners are contained in a 5 of SO(5) with U(1)X charge
�1/3. The contribution to the ZbLbL vertex coming from these states can be estimated as

�gbL
gSMbL

' (ybLf)
2

m2
B

⇠ , (3.15)

where we denoted by ybL the mixing of qL to the new multiplet and by mB the typical mass scale
of the new bottom partners. We can relate ybL to the bottom Yukawa by assuming that ybL ' ybR,
in this case (ybL)

2 ' (ybR)
2 ' ybmB/f . The correction in eq. (3.15) becomes

�gbL
gSMbL

' yb
f

mB
⇠ ' 2 · 10�2 f

mB
⇠ . (3.16)
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higher-order mixing gives an extra power of the momentum). However the coe�cient of the kinetic
mixing, following our power counting in eq. (2.5), is suppressed by the UV cut-o↵, m⇤, so that the
final contribution is finite. Even though these diagrams can not give a logarithmically divergent
contribution, they induce a correction which is not suppressed by powers of the cut-o↵, thus they
can contribute at leading order to the ZbLbL vertex.

Notice that the presence of unsuppressed contributions of this kind also implies a non-decoupling
of the fermionic resonances. Even if we send the mass of a resonance to the cut-o↵, it can generate
a higher-order e↵ective operator in the low-energy Lagrangian which breaks the selection rule and
gives a sizable contribution to the ZbLbL vertex. We will discuss an example of this e↵ect in the
next section.

The above discussion clearly shows that, even in the absence of logarithmically divergent contri-
butions, the ZbLbL vertex is highly sensitive to the UV dynamics of the theory and can be reliably
computed in a low-energy e↵ective approach only if the logarithmically divergent contributions
dominate or if we assume that the contributions coming from the UV dynamics are (accidentally)
suppressed.

To conclude the general analysis of the ZbLbL vertex corrections we derive an estimate of the
size of the contribution due to the fermion loops. The logarithmically divergent contribution can
be estimated as

�gbL
gSMbL

' y2L
16⇡2

y2L4f
2

m2
4 + y2L4f

2
⇠ log

✓
m2

⇤
m2

4

◆
. (3.19)

Notice that we explicitly included a factor y2L4f
2/(m2

4 + y2L4f
2) which corresponds to the mixings

between the bL and the BL which appears in the external legs of the logarithmically divergent
diagrams. Using the relation between yL,R and the top Yukawa we get

�gbL
gSMbL

' y2t
16⇡2

⇠ log

✓
m2

⇤
m2

4

◆
' 2 · 10�2 ⇠ , (3.20)

where for the numerical estimate we set m⇤ ' 3 TeV and m4 ' 700 GeV. In the case in which the
logarithmically divergent contribution is not present or is suppressed the estimate becomes

�gbL
gSMbL

' y2L
16⇡2

y2Lf
2

m2
⇠ ' y2t

16⇡2
⇠ ' 6 · 10�3 ⇠ , (3.21)

with m the mass of the lightest top partner.
The corrections in eqs. (3.19) and (3.21) are typically larger than the tree-level contribution

generated at non zero momentum given in eq. (3.14). This is especially true if the mass of the
resonances is not too small, m & f , and the strong coupling is large, g⇤ & 5. The corrections due
to the bottom partners estimated in eq. (3.16) can in principle be comparable to the ones coming
from fermion loops if the scale of the bottom partner is relatively small mB ⇠ f . These corrections
crucially depend on the quantum numbers of the bottom partners. In minimal scenarios (bottom
partners in the fundamental representation of SO(5)) they are positive and some cancellation seems
required to pass the present bounds. For simplicity, in our explicit analysis we will neglect both
tree-level corrections.
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Figure 2: Constraints on the oblique EW parameters bS and bT [43]. The gray ellipses correspond
to the 68%, 95% and 99% confidence level contours for mh = 126 GeV and mt = 173 GeV.
The red lines show the contributions which arise in composite Higgs models as explained in the
main text. The IR contribution corresponds to the corrections due to non-linear Higgs dynamics,
approximately given in eqs. (3.2) and (3.7), and is obtained fixingm⇤ ⇠ 3 TeV. The UV contribution
is due to the EW gauge resonances (see eq. (3.1)).

ysis. As we will see, these corrections are typically large and including them is essential in order to
obtain a reliable fit of the EW parameters. Although these e↵ects have been already considered in
the literature, most of the previous analyses did not take into account the full non-linear structure
of the composite Higgs Lagrangian. Our analysis will show that the non-linearities are relevant and
their inclusion can significantly a↵ect the result and lead to new important e↵ects.

The

bS parameter

At tree level the bS parameter receives a correction due to the mixing of the elementary gauge fields
with the composite vector bosons. An estimate of this correction is given by [11]

�bS ' g2

g2⇤
⇠ ' m2

w

m2
⇤
. (3.1)

The UV dynamics can lead to deviations with respect to the above formula. However those devia-
tions are typically small and eq. (3.1) is usually in good agreement with the predictions of explicit
models. Assuming that the correction in eq. (3.1) is the dominant contribution to bS (or at least
that the other contributions to bS are positive), a rather strong upper bound on the mass of the
EW gauge resonances is found, m⇤ & 2 TeV (see the fit of the oblique parameters in fig. 2).

The other contributions to the bS parameter arise at loop level due to the non-linear Higgs
dynamics and to the presence of fermion resonances. The leading contribution due to the non-

8

tree-level contribution

linear Higgs dynamics is given by [22]

�bS =
g2

192⇡2
⇠ log

✓
m2

⇤
m2

h

◆
' 1.4 · 10�3 ⇠ . (3.2)

where g denotes the SM SU(2)L gauge coupling. In the above formulae we identified the cut-o↵
with the mass scale of the EW gauge resonances and we chose m⇤ ⇠ 3 TeV and mh = 126 GeV to
derive the numerical estimate.

The contribution in eq. (3.2) arises from one-loop diagrams with gauge bosons and Goldstone
virtual states. The diagrams contributing to bS are superficially logarithmically divergent. However,
in the SM the logaritmic divergence exactly cancels due to the physical Higgs contribution. This
is no longer true when the Higgs couplings are modified and in composite Higgs models a residual
logarithmic dependence on the cut-o↵ scale is present. 3 As can be seen from the numerical estimate
the contribution in eq. (3.2) is much smaller than the absolute bounds on bS (compare fig. 2) and
is typically negligible.

Let us finally consider the contribution due to loops of fermionic resonances. The general
expression for the corrections to bS due to an arbitrary set of new vector-like fermion multiplets has
been derived in Ref. [45]. The final formula contains a divergent contribution to bS given by

�bSdiv
ferm =

Ncg
2

96⇡2
Tr

h
U †
LYL + U †

RYR

i
log(m2

⇤) , (3.3)

where UL,R and YL,R are the matrices of the couplings of left- and right-handed fermions to the W 3
µ

and to the Bµ gauge bosons respectively and Nc is the number of QCD colors. In a renormalizable
theory in which the couplings of the gauge bosons to the fermions are just given by the usual
covariant derivatives it is easy to see that the trace appearing in eq. (3.3) vanishes, so that no
logarithmically divergent contribution to bS is present. 4 This is no longer true when the Higgs
is a Goldstone boson. In this case higher order interactions of the gauge bosons mediated by the
Higgs are present in the Lagrangian. Interactions of this kind are contained in the eµ term in the
covariant derivative of the composite 4-plet  4 and in the dµ-symbol term. After EWSB a distortion
of the gauge couplings to the fermions is induced by these operators and a logarithmically divergent
contribution to bS is generated. The presence of a logarithmically enhanced contribution can be also
understood in simple terms as a running of the operators related to the bS parameter. We postpone
a discussion of this aspect to the end of this subsection.

The logarithmically divergent correction can be straightforwardly computed:

�bSdiv
ferm =

g2

8⇡2
(1� 2c2) ⇠ log

✓
m2

⇤
m2

4

◆
. (3.4)

It is important to notice that this contribution is there only if at least one SO(4) 4-plet is present in
the e↵ective theory. In fact, as we said, the only terms in the e↵ective Lagrangian that can lead to

3A more detailed analysis of the corrections to the bS parameter related to the Goldstone nature of the Higgs has
been presented in Ref. [44].

4To prove this one can notice that the sum of the W 3
µ couplings to the fermions in each SU(2)L multiplet is zero.

After EWSB the gauge couplings of the fermion mass eigenstates are obtained by unitary rotations of the initial
coupling matrices. These rotation clearly cancel out in the trace in eq. (3.3), so that the divergent term vanishes.
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Figure 5: Schematic structure of a fermion loop diagram contributing to the bT parameter at leading
order in the y expansion.

the mixings yL4,1 of the qL elementary doublet with the composite fermions.
The main correction due to the hypercharge coupling breaking comes from the IR contribution

associated to the Goldstone nature of the Higgs. This e↵ect is analogous to the one we already
discussed for the bS parameter. The leading logarithmically enhanced contribution is given by [22]

� bT = � 3g02

64⇡2
⇠ log

✓
m2

⇤
m2

h

◆
' �3.8 · 10�3 ⇠ . (3.7)

Di↵erently from the analogous contribution to bS which was negligible due to accidental suppression
factors, the contribution in eq. (3.7) gives a sizable correction to bT . In particular, if we assume
that this is the dominant correction to bT and that the shift in bS is non negative, a very stringent
bound on ⇠ is obtained, ⇠ . 0.1 (see fig. 2). 8

The second correction comes from fermion loops. As already noticed, in order to induce a con-
tribution to bT the corresponding diagrams must contain some insertions of the symmetry breaking
couplings yL4,1. Under SU(2)L ⇥ SU(2)R the yL4,1 mixings transform in the (1,2) representation,

thus at least 4 insertions are needed to generate a shift in bT [11]. This minimal number of insertions
guarantees that the fermion one-loop corrections to bT are finite. A typical diagram contributing at
leading order in the y expansion is shown in fig. 5.

It is straightforward to estimate the corrections to bT at leading order in the elementary–
composite mixing [11]:

� bT ' Nc

16⇡2

y4Lf
2

m2
⇠ , (3.8)

where we denoted by m the mass scale of the lightest top partners in our e↵ective Lagrangian. To
get a quantitative estimate we can extract the value of the yL mixing from the top mass. If we
assume that the elementary–composite mixings have comparable sizes, yL4 ' yL1 ' yR4 ' yR1 ' y,
the top Yukawa can be estimated as yt ' y2f/m. By using this expression we get the estimate

� bT ' Nc

16⇡2
y2t ⇠ ' 2 · 10�2 ⇠ . (3.9)

Notice that this contribution is usually dominant with respect to the one given in eq. (3.7). More-
over, as we will see in the next section with an explicit calculation, the sign of the fermion contri-
bution can be positive, so that it can compensate the negative shift in eq. (3.7). Notice that, if bS

8A similar bound has been derived in Ref. [24], where the phenomenological impact of the IR corrections to bS and
bT on the fit of the Higgs couplings has been analyzed.
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bution can be positive, so that it can compensate the negative shift in eq. (3.7). Notice that, if bS
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�
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|H|2|DµH|2

|H|6

|H|2f̄LHfR + h.c.

How many of these effects can we have? 

 As many as parameters in the SM: 8
(assuming CP-conservation)
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%) up to a flat direction 
between between the top/gluon/photon couplings
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Higgs/BSM Primaries

(f=t,b,!)

htt, hbb, h!!

GGh coupling

hγγ coupling

hVV*

In the third class of operators, Oi3 , we have the CP-even operators

OBB = g02|H|2Bµ⌫B
µ⌫ , OGG = g2s |H|2GA

µ⌫G
Aµ⌫ , (6)

OHW = ig(DµH)†�a(D⌫H)W a
µ⌫ , OHB = ig0(DµH)†(D⌫H)Bµ⌫ , (7)

O
3W =

1

3!
g✏abcW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3G =
1

3!
gsfABCG

A ⌫
µ GB

⌫⇢G
C ⇢µ , (8)

and the CP-odd operators

OB eB = g02|H|2Bµ⌫
eBµ⌫ , OG eG = g2s |H|2GA

µ⌫
eGAµ⌫ , (9)

OHfW = ig(DµH)†�a(D⌫H)fW a
µ⌫ , OH eB = ig0(DµH)†(D⌫H) eBµ⌫ , (10)

O
3

fW =
1

3!
g✏abcfW

a ⌫
µ W b

⌫⇢W
c ⇢µ , O

3

eG =
1

3!
gsfABC

eGA ⌫
µ GB

⌫⇢G
C ⇢µ , (11)

where eF µ⌫ = ✏µ⌫⇢�F⇢�/2. There are two more CP-even operators involving two Higgs fields and
gauge bosons, OWB = g0gH†�aHW a

µ⌫B
µ⌫ and OWW = g2|H|2W a

µ⌫W
µ⌫ a (and the equivalent

CP-odd ones), but these can be eliminated using the identities 5

OB = OHB +
1

4
OBB +

1

4
OWB , (12)

OW = OHW +
1

4
OWW +

1

4
OWB . (13)

The operators O
3W and O

3G (and the corresponding CP-odd ones) have three field-strengths
and then their corresponding coe�cients should scale as c

3W ⇠ g2/g2⇤ and c
3G ⇠ g2s/g

2

⇤ respec-
tively.

Let us now examine d = 6 operators involving SM fermions, considering a single family to
begin with. Operators of the first class involving the up-type quark are

Oyu = yu|H|2Q̄L
eHuR ,

Ou
R = (iH†

$
DµH)(ūR�

µuR) ,

Oq
L = (iH†

$
DµH)(Q̄L�

µQL) ,

O(3) q
L = (iH†�a

$
DµH)(Q̄L�

µ�aQL) , (14)

where eH = i�
2

H⇤, and in operators / Q̄LuR we include a Yukawa coupling yu (mu = yuv/
p
2)

as an order parameter of the chirality-flip. We also understand, here and in the following,
that when needed the Hermitian conjugate of a given operator is included in the analysis. In
the first class we have, in addition, the four-fermion operators:

Oq
LL = (Q̄L�

µQL)(Q̄L�
µQL) , O(8) q

LL = (Q̄L�
µTAQL)(Q̄L�

µTAQL) ,

Ou
LR = (Q̄L�

µQL)(ūR�
µuR) , O(8)u

LR = (Q̄L�
µTAQL)(ūR�

µTAuR) ,

Ou
RR = (ūR�

µuR)(ūR�
µuR) , (15)

5For CP-odd operators the identities are 4OH eB + OB eB + OW eB = 0 and 4O
HfW + O

WfW + OW eB = 0.
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yet to be measured
at the LHC

Pomarol, Riva ’13
Elias-Miro et al  ’13

Gupta, Pomarol, Riva  ’14

the 6 others have been measured (~15%) up to a flat direction 
between between the top/gluon/photon couplings

Almost a 1-to-1 correspondence
with the 8 κ‘s in the Higgs fit

Coupling!fit!I!
• VH(>bb!included!in!ATLAS!
• Comparable!numbers!for!κW,κZ,!κt,!and!κγ!between!the!experiments!
• Couplings!can!be!determined!with!2(7%!precision!at!3000Z(1!!for!CMS!
Scenario!2!

!

10/17/14! 6!

ATLAS!ProjecDon!

Atlas projection

With some important differences:
1) width approximation built-in

2) κW/κZ is not a primary 
(constrained by ∆ρ and TGC)

3) κg, κγ, κZγ do not separate UV and IR 
contributions
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The parameter ‘a’ controls the size of the one-loop 
IR contribution to the LEP precision observables 

Barbieri, Bellazzini, Rychkov, Varagnolo ’07

Don’t forget LEP!
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The parameter ‘a’ controls the size of the one-loop 
IR contribution to the LEP precision observables 

Barbieri, Bellazzini, Rychkov, Varagnolo ’07
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EW fit: 
0.98  a2  1.12

Ciuchini et al ’13
see also Grojean et al ’13

Elias-Miro et al ’13

The LEP indirect constraints on the other 
BSM primaries are not competitive

/ Nuclear Physics B Proceedings Supplement 00 (2014) 1–7 5

68% 95%
V 1.025 ± 0.021 [0.985, 1.069]

Table 7: Fit results for the scale factor V at 68% and 95% probabili-
ties.
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Figure 4: Left: Probability distribution for the scale factor V . Right:
Two-dimensional probability distributions for V and ⇤. The dark and
light regions correspond to 68% and 95% probabilities, respectively.

4. Constraints on the Higgs-boson couplings from
the Higgs-boson and electroweak precision data

In this section we fit the Higgs-boson couplings to
the data for the Higgs-boson signal strengths and the
EWPO, where the former are taken from Refs. [31, 53]
for H ! ��, Refs. [54, 55] for H ! ZZ, Refs. [56, 57]
for H ! W+W�, Refs. [58, 59] for H ! ⌧+⌧�, and
Refs. [60–64] for H ! bb̄ (see also Ref. [65]). We
consider the scale factors V and  f for the Higgs-boson
couplings to the EW vector bosons and to fermions, re-
spectively, and do not introduce new couplings that are
absent in the SM. For the SM loop-induced couplings
(Hgg, H��, and HZ�) we assume that there is no contri-
bution from new particles in the loop. For the relations
between the scale factors and the Higgs-boson signal
strengths, we refer the reader to Ref. [66].

In Table 8 we summarize the fit results for V and  f

from the Higgs-boson signal strengths. Note that the-
oretical predictions are symmetric under the exchange
{V ,  f } $ {�V , � f }. In the left plot in Fig. 5, we
present two-dimensional probability distributions for V
and  f at 68%, 95%, 99%, and 99.9%, where only the
parameter space with positive V is presented. The re-
gion with negative  f is disfavored in the fit. The right
plot in Fig. 5 shows constraints from the individual de-
cay channels. The constraints from H ! bb̄ are weaker
than that from H ! ⌧+⌧� and are not presented for sim-
plicity. It is noted that because of the presence of flat
directions in the fit, the detailed shapes of the individual
constraints depend on the choice of the allowed ranges
of the scale factors. We also consider constraints from
the EWPO with the formulae in Eqs. (7) and (8), which
are valid under the assumptions given above Eq. (6). As

68% 95% Correlations
V 1.02 ± 0.05 [0.93, 1.11] 1.00
 f 0.97 ± 0.11 [0.76, 1.20] 0.22 1.00

Table 8: SM-like solution in the fit of V and  f to the Higgs-boson
signal strengths.

Vκ
0.6 0.8 1 1.2

f
κ

-1

0

1

Vκ
0 0.5 1 1.5 2

f
κ

-2

-1

0

1

2
all
γγ
WW
ZZ
ττ

Figure 5: Left: Two-dimensional probability distributions for V and
 f at 68%, 95%, 99%, and 99.9% (darker to lighter), obtained from
the fit to the Higgs-boson signal strengths. Right: Constraints from
individual channels at 95%.

68% 95% Correlations
V 1.02 ± 0.02 [0.99, 1.06] 1.00
 f 0.97 ± 0.11 [0.77, 1.20] 0.10 1.00

Table 9: Same as Table 8, but considering both the Higgs-boson signal
strengths and the EWPO.
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Figure 6: Two-dimensional probability distributions for V and  f at
68% (the dark region) and 95% (the light region), obtained from the
fit to the Higgs-boson signal strengths and the EWPO.

shown in Table 9 and Fig. 6, the constraint on V from
the EWPO is stronger than that from the Higgs-boson
signal strengths.

Next we consider the case where the coupling to
W+W�, parameterized by W , can di↵er from that to
ZZ, parameterized by Z . Note that theoretical predic-
tions are symmetric under the exchanges {W ,  f } $
{�W , � f } and/or Z $ �Z , where Z can flip the sign
independent of W , since the interference between the
W and Z contributions to the vector-boson fusion cross
section is negligible. Hence we consider only the pa-
rameter space where both W and Z are positive. Here
we do not consider the EWPO, since W , Z develops

Ciuchini et al ’13
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Experimental results
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a) Higgs couplings to gauge bosons and fermions

Assume all fermion couplings scale as κF while all 
vector boson couplings scale as κV.
Assume no BSM contributions to ΓH.

Quad-fold ambiguity in sign of κF and κV.
One relative sign is physical.
Take κV >0 as convention and look for ± κF.

κF <0 means sign of new physics.
Almost degenerate minima in the likelihood: one 
for κF >0 and the other for κF <0.
H→γγ excess prefers -κF but κF >0 for global fit.
Electroweak precision data constrain κF >0.         
(∵ with κF <0, κV is further away from 1)

23

Data are compatible with SM predictions at 10-20% accuracy.

ATLAS:   κV = 1.15 ± 0.08, κF = 0.99 +0.17-0.15 at 68% C.L.
CMS:       κV ∈ [0.87,1.14] at 95% C.L.   κF ∈ [0.63,1.15] at 95% C.L.

Fermiophobic model (κF=0) is ruled out at >5σ (via ggF loop).
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CP violation in Higgs physics?

Can the 0+ SM Higgs boson have CP violating couplings?

Is CP a good symmetry of Nature?  2 CP-violating couplings in the SM: 
VCKM (large, O(1)), but screened by small quark masses) and θQCD (small, O(10-10))

Among the 59 irrelevant directions, 6 CP Higgs/BSM primaries6 BSM primary effects:

(f=b, !, t)�LBSM = i�g̃hff hf̄LfR + h.c.

+̃GG
h

v
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+̃��
h

v
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+̃�Z
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v
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CP-violating Higgs couplings
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CP violation in Higgs physics?

3

⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.

of ỸS , ✓, and m :

df = d(2l)f ⇥Q2

 ỸS
v

m 
sin(2✓)

⇥
g(m2

 /m
2

h) � g(m2

 /m
2

S)
⇤
,

(13)
where the loop function is given by

g(z) =
z

2

Z
1

0

dx
1

x(1 � x) � z
ln

✓
x(1 � x)

z

◆
, (14)

which satisfies g(1) ⇠ 1.17 and g ⇠ 1

2

ln z for large z. We
show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di↵erent limits of
(13). When mh ⌧ m ,mS , to logarithmic accuracy
g(m2

 /m
2

h) � g(m2

 /m
2

S) ! 1

2

ln(m2

min

/m2

h), where m
min

is the smaller of mS and m . In this limit, the heavy
fields can be integrated out sequentially, with S and  
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for  , @µ ̄�µ�5 =
2i ̄�

5

 + ↵
8⇡Q

2

 Fµ⌫ F̃µ⌫ . This leads to the following iden-
tification:

c̃h

⇤̃2

=
↵Q2

 

4⇡

ỸSA

m2

Sm 
; ⇤

UV

' min(mS ,m ). (15)

Apart from a smaller value for the logarithmic cuto↵,
the result in this limit di↵ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min

/m2

h) ⇠ O(1), the corrections to
the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di↵erent near-degenerate limit,
|mh � mS | ⌧ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di↵erence between the masses is small, we can ap-
proximate

sin(2✓)(m2

S � m2

h) ! 2Av, (16)

and the EDM becomes

df = d(2l)f ⇥ Q2

 ỸS
2Av2m 

m4

h

g0(m2

 /m
2

h) (17)

�! d(2l)f ⇥ Q2

 ỸS
Av2

m2

hm 
, (18)

where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

hm ) in the O(10�2 � 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ! �� rate can be significant, and
enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
like corrections to the Fµ⌫Fµ⌫ amplitudes that can en-
hance or suppress the e↵ective rate, the CP -odd chan-
nel always adds to R�� . Assuming that the mass di↵er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
|mS � mh| ⇠< 3 GeV with current statistics [5]), the ap-
parent increase in the diphoton rate in this model is

Re↵

��(ỸS) = cos2 ✓ ⇥ Brh!��

BrSMh!��

+ sin2 ✓ ⇥ BrS!��

BrSMh!��

. (19)
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s

�
ˆS!��

�
ˆh!��
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s

�
ˆh!��

�
ˆS!��

(20)

and �
ˆh!�� ⇠ �

ˆS!�� then R�� simplifies to a ✓-
independent expression,

Re↵

��(ỸS) ' 1 +
�

ˆS!��

�
ˆh!��

. (21)

The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is

�
ˆS!�� =

↵2Q4

 Ỹ
2

s m
3

S

256⇡3m2

 

����A
P
1/2

✓
m2

S
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◆����
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, (22)

operators with γ: 
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz ’12 ΛCP > 25 TeV

̃�� ⇠ ̃�Z  10�4

operators with top: 
already severely constrained 

by e and q EDMs
Brod, Haisch, Zupan ’13 ΛCP > 2.5 TeV

Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

�g̃htt  0.01

Among the 59 irrelevant directions, 6 CP Higgs/BSM primaries6 BSM primary effects:

(f=b, !, t)�LBSM = i�g̃hff hf̄LfR + h.c.

+̃GG
h

v
Gµ⌫G̃µ⌫

+̃��
h

v
F � µ⌫ F̃ �

µ⌫

+̃�Z
h

v
F � µ⌫ F̃Z

µ⌫

F̃µ⌫ ⌘ ✏µ⌫⇢�F
⇢�(                            )

CP-violating Higgs couplings

Caveats: h couplings to light particles can be significantly reduced

e,q e,q
h
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

access to Higgs couplings @ mH 
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Why going beyond inclusive Higgs processes?

So far the LHC has mostly produced Higgses on-shell 
in processes with a characteristic scale µ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

access to Higgs couplings @ mH 

on-shell Z @ LEP1 off-shell Z @ LEP2

constraints on 
S and T oblique corrections

constraints on 
W and Y oblique corrections

(same order as S and T but cannot be probed @ LEP1)

Probing new corrections to the SM Lagrangian?

But... off-shell Higgs data do not probe new corrections 
that cannot be constrained by on-shell data
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Boosted Higgs
  inability to resolve the top loops

 the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
 the unbearable lightness: loops saturate and don’t reveal the physics @ energy physics (*)

contribution, evaluated in the large-mt approximation, and we normalize it with the exact mt-
dependent Born cross section, σLO(mt). More precisely, we multiply the O(α4

S) contributions by
the ratio σLO(mt)/σLO(mt → ∞).

2.1 Numerical results

We have implemented the exact heavy-quark mass dependence in a new version of the numerical
code HNNLO. The program HNNLO is a parton level event generator that allows the user to compute
the Higgs production cross section and the associated distributions up to NNLO in QCD perturba-
tion theory, and to apply arbitrary infrared-safe cuts on the Higgs decay products and the recoiling
QCD radiation. The program includes the H → γγ, H → WW → lνlν and H → ZZ → 4l decay
modes.

In the following, we present only a limited sample of the numerical results that can be obtained
with our program. We consider Higgs boson production in pp collisions at

√
s = 8 TeV and we

use the MSTW2008 sets of parton distributions [44], with densities and αS evaluated at each
corresponding order (i.e., we use (n + 1)-loop αS at NnLO). Unless stated otherwise, we set the
renormalization and factorization scales to the Higgs boson mass, µR = µF = mH , and we set
mt = 172.5 GeV and mb = 4.75 GeV.

The first quantity that is important to test with the modified program is the inclusive cross
section. In Table 1 we study the impact of heavy-quark masses at NLO. We report the NLO cross
sections evaluated with the exact top and bottom mass dependence, normalized to the NLO result
in the large-mt limit.

mH(GeV) σNLO(mt)
σNLO(mt→∞)

σNLO(mt,mb)
σNLO(mt→∞)

125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Table 1: Impact of the heavy-quark masses on the inclusive NLO cross sections. All results are
normalized to the mt → ∞ result.

From Table 1 we see that the mass effects change the cross section at the few percent level,
and that the bottom contribution decreases the cross section by a few percent. This effect is
well known, and it is due to the negative interference with the top-quark contribution. We have
compared our results with those obtained with the numerical program HIGLU [5, 7] and found very
good agreement.

We now move to consider the impact of mass effects on the pT cross section. Such effects have
been studied at NLO in earlier works [45, 46, 47, 13, 48, 49].

In Fig. 1 (left panel) we plot the pT spectrum of the Higgs boson at NLO with full dependence
on the masses of the top and bottom quarks and we compare it with the corresponding result in
which only the top-quark contribution is considered. Both results are normalized to the result
obtained in the large-mt limit. To better emphasize the impact of the bottom quark, in the right

4

e.g. Grazzini, Sargsyan ’13 

the inclusive rate
doesn’t “see” the finite mass of the top 

L =
↵scg
12⇡

|H|2Ga 2
µ⌫ +

↵c�
2⇡

|H|2Fµ⌫ + ytctq̄LH̃tR|H|2

fermionic top-partners in composite Higgs models  exactly lead to                                .                    

�(h ! ��)

SM
= (1 + (c� � 4ct/9)v

2)2
�(gg ! h)

SM
= (1 + (cg � ct)v

2)2

�ct = �cg =
9

4
�c�

 short distance physics (new particles running in the loop)cannot disentangle 
 long distance physics (modified top coupling) ➾

➾

(*) unless it doesn’t decouple 
(e.g. 4th generation)

14%-4% @ LHC300-LHC3000  vs  10%-4% @ ILC500-ILC1000
14 14 500 1000

having access to htt final state will resolve this degeneracy
but notoriously difficult channel
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Resolving top loop: Boosted Higgs

cut open the top loops

high pT ≈ Higgs off-shell 
 we “see” the details of the particles 

running inside the loops

panel of Fig. 1 we show the full NLO result normalized to the result obtained neglecting the
bottom quark.

We see that, when only the top contribution is considered, the cross section at low pT is larger
than the corresponding cross section in the large-mt limit. In this region the recoiling parton is soft
and/or collinear, and the differential cross section factorizes into a universal factor times the Born
level contribution. The limit of the solid and dashed histograms in the left panel of Fig. 1 thus
correspond to the ratios σLO(mt, mb)/σLO(mt → ∞) = 0.949 and σLO(mt)/σLO(mt → ∞) = 1.066,
respectively.

The results in Fig. 1 show that the impact of the bottom quark is important, especially in the
low-pT region, since it substantially deforms the shape of the spectrum. At large pT values, the
impact of the bottom quark becomes small and the differential cross section quickly departs from
its value in the large-mt limit. This is a well known feature of the large-mt approximation: at
large pT the parton recoiling against the Higgs boson is sensitive to the heavy-quark loop, and the
large-mt approximation breaks down.

Another feature that is evident from Fig. 1 is that the qualitative behaviour of the results is
rather different. When considering the NLO result with only the top quark included, in a wide
region of transverse momenta the shape of the spectrum is rather stable and in rough agreement
with what is obtained in the large-mt approximation. This is not the case when the bottom
contribution is included: the shape of the spectrum quickly changes in the small- and intermediate-
pT region and the spectrum becomes harder. We will come back to this point in Sec. 3.1.

Figure 1: Transverse momentum distribution for a SM Higgs with mH = 125 GeV computed
at NLO. Left: result normalized to the large-mt approximation. Right: normalized to the mt-
dependent result.

The mass effects in differential NLO distributions were previously discussed in Ref. [13]. We
have compared our results with those of Ref. [13] and found agreement.

5

the high pT tail
is tens’ % sensitive  
to the mass of top

Baur, Glover ’90 

 Grazzini, Sargsyan ’13 
Langenegger, Spira, Starodumov, Trueb ’06

Note: LO only
NLOmt is not known

1/mt corrections known O(αs4) 
few % up to pT~150 GeV

 Harlander et al  ’12 
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p
s [TeV] pmin

T [GeV] �SM

pmin
T

[fb] � ✏ gg, qg [%]

14

100 2200 0.016 0.023 67, 31

150 830 0.069 0.13 66, 32

200 350 0.20 0.31 65, 34

250 160 0.39 0.56 63, 36

300 75 0.61 0.89 61, 38

350 38 0.86 1.3 58, 41

400 20 1.1 1.8 56, 43

450 11 1.4 2.3 54, 45

500 6.3 1.7 2.9 52, 47

550 3.7 2.0 3.6 50, 49

600 2.2 2.3 4.4 48, 51

650 1.4 2.6 5.2 46, 53

700 0.87 3.0 6.2 45, 54

750 0.56 3.3 7.2 43, 56

800 0.37 3.7 8.4 42, 57

100
500 970 1.8 3.1 72, 28

2000 1.0 14 78 56, 43

Table 1: Summary table of the cross sections for pp ! hj at proton-proton colliders with
p
s = 14TeV and

p
s = 100TeV. The third, fourth and fifth column show, for the given cut

on pT > pmin

T , the parameters of the semi-numerical formula in Eq. (2.4). The last column

shows the fraction of the SM cross section coming from the partonic subprocesses gg and qg.

The contribution of the qq̄ channel is always smaller than 2%.

6

Don’t think it is easy to produce a Higgs with high pT

x 1
00

0

re
du

cti
on

Grojean, Salvioni, Schlaffer, Weiler  ‘13
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high-pT tail “sees” the top partners that are missed by the inclusive rate
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.

10

µ0

boost

= 0.8

µ0

boost

= 1.0
µ0

boost

= 1.2

t


g .



Christophe Grojean Higgs Physics IFIC, May 11-14, 2o15103

Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling
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(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis including WW channel 
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Breaking the degeneracy: 14 vs 100 TeV
• Rough estimate: combine boosted and inclusive measurements using

simple χଶ (no backgrounds)

• For boosted regime consider ℎ → 𝜏𝜏, and take ratio of cross sections to 

reduce theory uncertainty:

• Discrimination power on 𝜅௚ improves strongly at 100 TeV

Grojean, ES, Schlaffer and Weiler

A perfect case for a very 
energetic machine

tth increases by 10 from 14 to 100TeV
h+jpT>600GeV increases by 210 
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Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.
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Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
ŝ becomes higher than mt , so that we cannot integrate out the top anymore

and Eq. (2.5) becomes invalid. Therefore comparing the measurements of the on-shell and

o↵-shell Higgs production provides a way to disentangle the e↵ects of the ct, cg couplings.

Fig. 1 shows the diagrams contributing to the gg ! ZZ process, whose amplitude can be

schematically written as

Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

c t

g

g

Z

Z
g

g
Z

Z

c g

g

g

Z

Z

Figure 1: Sample diagrams contributing to gg ! ZZ.

Notice that, given our normalization, the parameterization of new physics e↵ects in terms

of an EFT expansion is meaningful only if the Wilson coe�cients satisfy

ci ⌧ 1 . (2.3)

After electroweak symmetry breaking Eq. (2.2) leads to the Lagrangian

L = �ct
mt

v
t̄th+

g2s
48⇡2

cg
h

v
Gµ⌫G

µ⌫ , (2.4)

where ct = 1� Re(cy) and we have ignored CP -odd contributions. It is well known (see for

instance Refs. [16,17]) that the current measurements of the Higgs couplings have a strongly

degenerate solution along the line ct + cg = constant, which originates from the Higgs low-

energy theorem: because on-shell Higgs production occurs at the scale mh < mt, its cross

section is proportional to

� ⇠ |ct + cg|2 . (2.5)

However, once we go to the far o↵-shell region, the partonic center-of mass energy of the

process
p
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Mgg!ZZ = Mh +Mbkg = ctMct + cgMcg +Mbkg , (2.6)

where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the
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SM: cancelation forced by unitarity
BSM: deviations of Higgs couplings at large s will be amplified

Glover, van der Bij ’89

ˆ

CMS interpretation in terms of bounds of the Higgs width is limited
data can be better used to measure the structure of the couplings at high √s 
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schematically written as
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where Mh stands for the Higgs mediated diagram, and Mbkg stands for the interfering

background, given by the box diagrams on the Fig. 1. Notice that in addition to the

5

interfering gg ! ZZ background there is also a non-interfering irreducible background,

produced by the qq̄ ! ZZ process.The SM amplitude for gg ! ZZ was computed for the

first time in Ref. [22]. As pointed out in Ref. [23], the o↵-shell Higgs contribution is enhanced

for on-shell Z bosons, which makes the large
p
ŝ � 2mZ region particularly relevant for Higgs

couplings measurements. It is interesting to observe that the amplitude generated by the cg

coupling grows with partonic center-of-mass energy
p
ŝ like

M++00
cg ⇠ ŝ , (2.7)

to be compared to the triangle amplitude mediated by the top loop, which grows like

M++00
ct ⇠ log

ŝ

m2
t

, (2.8)

in the notation for helicity amplitudes of Ref. [22].4 Thus for ŝ � m2
t the discriminating

power of the o↵-shell Higgs production becomes stronger. However, at very high energies

the EFT approximation breaks down and the dimension-8 operators become as important

as the dimension-6 ones. For example, let us consider the operator

O8 =
c8g2s

16⇡2v4
Gµ⌫G

µ⌫ (D�H)† D�H . (2.9)

The matrix element corresponding to the final state with two longitudinally polarized Z

bosons grows with energy as

M++00
c8 ⇠ ŝ2. (2.10)

Then the interference of O8 with the SM amplitude will become of the same order as the

interference of the dimension-6 operators with the SM at the scale

p
ŝ ⇠

r
cg, cy
c8

v . (2.11)

Therefore, our analysis, based on Eq. (2.2), is valid only up to this scale and it would not

make sense to consider bins at higher energy in the analysis. Furthermore, when squaring

4Even though the amplitude for the Higgs-mediated diagram in Eq. (2.8) is logarithmically divergent at

large ŝ, in the SM unitarity is preserved thanks to the exact cancellation of the divergence against the box

diagram contribution [22,24].
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Off-shell Higgs: gg → h* → ZZ → 4l

Narrow width approximation for Higgs boson
How can it fail? 


ΓH / MH=1/30,000

!

It fails spectacularly for      
gg→H→ZZ(*)→e-e+μ-μ+.

!

At least 15% of the cross section 
comes from m4l>130GeV.

!

3 phenomena happening in the 
tail.

Similar tail for H→WW.
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off-shell effects enhanced by the particular couplings of H to VL
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Figure 2: 68%, 95% and 99% probability contours in the ct,cg plane, using the 8TeV CMS

data set. A 10% systematic uncertainty was assumed on the qq̄ background.

only to compute the signal and the interfering background in gg ! ZZ, whereas for the

non-interfering background qq̄ ! ZZ the results presented by CMS were used.

The resulting constraints in the (ct, cg) plane are shown in Fig. 2. In order to explore

the power of resolving the ct vs. cg degeneracy, we assume that the inclusive measurement is

consistent with the SM and therefore we impose the condition ct+cg = 1. The resulting pos-

terior probability is presented in Fig. 3: with 68% probability the coupling ct is constrained

within [�4,�1.5] [ [2.9, 6.1]. These results were obtained using the nonlinear analysis. The

CMS bound allows cg,y to be of O(1), thus no interpretation of the results in terms of the

EFT can be made. The bounds we quote here should therefore be understood as holding

under the assumption that Eq. (2.4) fully encodes the e↵ects on gg ! ZZ of the new physics,

even though the latter is allowed to be at the weak scale. Finally, notice that our results

were obtained using only the four-charged lepton final state and without the MELA, so upon

a more refined analysis one can easily expect a factor of two improvement on the bounds on

the couplings.
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Figure 4: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for

the injected SM signal: 68%, 95% and 99% expected probability regions in the (ct, cg) plane.

The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis,

respectively. No theoretical uncertainty is included.

3.3 Bounds on top partners

The ct vs. cg degeneracy arises in models with fermionic top partners, in particular it is

generic in the composite Higgs models [45–49]. As a prototype of the models with this

degeneracy we can introduce just one vector-like top partner T , transforming as a singlet of

SU(2)L

� L = yQ̄L
eHtR + Y⇤Q̄L

eHTR +M⇤T̄LTR + h.c. . (3.21)

In this model, loops of the heavy fermion T generate an e↵ective interaction of the Higgs

with the gluons, and at the same time the top Yukawa coupling is modified due to the mixing

with the top partner. Due to the Higgs low-energy theorem, the on-shell Higgs production

cross section is predicted to be the same as in the SM, since it can easily be checked [47,48]

that, after integrating out the heavy top partner, ct + cg = 1. Besides modifying the Higgs-

mediated amplitude for gg ! ZZ, the T also enters in the box diagrams, generating a

contribution to the interfering background which in the EFT must be parameterized by
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Multi-Higgs channels
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How to organize? 

The entire Higgs business is all about extracting the Higgs 
properties as precise as possible 

- also roughly indicates possible initial states/related kinematics 
- Jet  multiplicity  might  be  replaced  with  V=W,Z,  top,  etc… 

∼ 44  ab୥୥ ∼ 50  pb୥୥ ∼ 34  fb୥୥ 

∼ 2  fb୚୆୊ ∼ 15  pb୚୆୊ 

∼ 2  fb୮౐(୨)வଵ଴଴ 

(adapted from M. Son@Planck2014)

~"2"pb

~"4.2"pb
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Producing one Higgs is good. Producing H+X is better
Beyond single Higgs processes

LHC2012

LHC2025 FCC2035

@"14"TeV

LHC>2015



Christophe Grojean Higgs Physics IFIC, May 11-14, 2o15

Higgs multiplicty 

Single h Double h Triple H 

Je
t m

ul
tip

lic
ty

 

h 
h+j 
h+jj 

hh 
hh+j 
hh+jj 

hhh 

How to organize? 

The entire Higgs business is all about extracting the Higgs 
properties as precise as possible 

- also roughly indicates possible initial states/related kinematics 
- Jet  multiplicity  might  be  replaced  with  V=W,Z,  top,  etc… 

∼ 44  ab୥୥ ∼ 50  pb୥୥ ∼ 34  fb୥୥ 

∼ 2  fb୚୆୊ ∼ 15  pb୚୆୊ 

∼ 2  fb୮౐(୨)வଵ଴଴ 

(adapted from M. Son@Planck2014)

~"2"pb

~"4.2"pb

106

Producing one Higgs is good. Producing H+X is better
Beyond single Higgs processes

LHC2012

LHC2025 FCC2035

@"14"TeV

LHC>2015

Rare H production modes

P.Torrielli, MadGraph5-aMC@NLO

Which opportunities for new 
measurements and probes of Higgs 

properties are made possible by 
these new channels ?

HH

HHjj HHtt
1000 fb
100 fb

100 fb

Rare H production modes

P.Torrielli, MadGraph5-aMC@NLO

Which opportunities for new 
measurements and probes of Higgs 

properties are made possible by 
these new channels ?

HH

HHjj HHtt
1000 fb
100 fb

100 fb

A long term plan?

x 1000

x 100-1000

FCC = H+X factory

(Plots from P. Torrielli and MLM, CERN’14)
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What do we learn from gg→HH?
𝒄𝒕 

𝒄𝒕 

𝒄𝟐 

𝒅𝟑 

𝒄𝒕 

𝒄𝒈𝒈 𝒄𝒈 𝒅𝟑 

Six parameters are involved 
What’s  the  connection  of  these  pars.  to  NP?   

𝑔𝑔 → ℎℎ process 

: How do we systematically study the effects of those pars ? 

in principle gg→HH gives access to many new couplings, including non-linear couplings

In practice, if the Higgs is part of an EW doublet, 
these new couplings are related to single-Higgs couplings

cgg = cgc2t = 3(ct � 1)

Examples of connection between 1-Higgs and 2-Higgs vertices
Important to measure independently these vertices 

and check the relations imposed by structure/symmetries/dynamics of the theory
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In practice, if the Higgs is part of an EW doublet, 
these new couplings are related to single-Higgs couplings

cgg = cgc2t = 3(ct � 1)

Examples of connection between 1-Higgs and 2-Higgs vertices
Important to measure independently these vertices 

and check the relations imposed by structure/symmetries/dynamics of the theory

Evolution of  
c3 and c2t under 14 TeV → 100 TeV  

Preliminary 300  fbିଵଵସ୘ୣ୚ 

3000  fbିଵଵସ୘ୣ୚ 

3000  fbିଵଵ଴଴୘ୣ୚ Azatov, Contino, Panico, Son  ’15

SM

see also Goertz, Papaefstathiou, Yang, Zurita ’14

Remarks:
• unique access to c3 but sensitivity is limited (within the validity of EFT?). 
• statistically limited, with more luminosity 

➾ access to distribution
➾ discriminating power c3 vs. c2t vs cg
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What do we learn from gg→HH?
in principle gg→HH gives access to many new couplings, including non-linear couplings

after marginalizing over c3, HH channel provides additional infos on single Higgs couplings

Sensitivity @ 14 TeV, using 300/fb 

Preliminary 

Double h 
Single h fit 
without tth 

tth 

Azatov, Contino, Panico, Son  ‘to appear

Sensitivity @ 14 TeV, using 3000/fb 

Preliminary 

HH channel is useful to break the degeneracy 
between 2 minima in the fit of single Higgs processes
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Contino, Grojean, Moretti, Piccini, Rattazzi ’10
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Multiple Higgs interactions in WW→HH

asymptotic behavior
sensitive to strong interaction
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10 x lum ≈ 10 x events

2 x √s = 10 x events
iif mhh > 1.6TeV

HL-LHC vs. HE-VLHC
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 In the 4b final state, 14 TeV with 300 fb-1 

(3000 fb-1) the hhVV coupling can be 
measured with good precision: ~25-30% 
(10-15%)

 As expected, the precision on the Higgs 
trilinear coupling is worse than in gg->hh 
(since backgrounds dominate hh threshold 
region)

 At the FCC, the hhVV coupling can be 
pinned down with very high, few percent 
precision

 We have included a 50% error in the 
backgrounds, to account for theory and 
experimental uncertainties

 Encouraging to begin to explore Higgs 
pair-production in VBF already at the LHC 
Run II

PRELIMINARY
LHC 14 TeV 300 fb-1

LHC 14 TeV 3 ab-1

FCC 100 TeV 
3 ab-1

�C3

�C2V

Bondu, Contino, Massironi, Rojo ‘to appear
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Conclusions: Higgs & New Physics - a love affair 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Christophe Grojean Effective Higgs Zurich, 7th.Jan. 2o1311

Effective Higgs

typical mass scale
M = g* f

NP
EW scale v=246GeV

g, g’, yt

SM

g2  /g*
SM

effective approach valid iff
mass gap: M >> gSM v

weakly coupled NP strongly coupled NP

MSSM in the decoupling limit composite Higgs models

in both cases, Higgs couples to NP with g*

g* ~ gSM g* >> gSM

 Precision Higgs study: 

 Direct searches for resonances:

Composite Higgs : Reach 
Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Note: the two approaches cannot be directly compared since the spectra of 
the heavy resonances are heavily model-dependent.  Higgs couplings provide 
a model-independent probe of Higgs compositeness. 

Mass (TeV)
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LHC direct search 
�#�

ILC Higgs couplings 
Scale Reach (TeV)
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MCHM5

MCHM4

via Yukawa 

model-independent ⇠ ⌘ �g
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=
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m⇢ ⇡ g⇤f

Which one is doing best?
it depends on value of g*

Contino, Grojeam, Pappadopulo, Rattazzi, Thamm ’13
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Extrapolated Bounds
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Precision /indirect searches (high lumi.) vs. direct searches (high energy)

a deviation in Higgs couplings also teaches us on the maximum mass scale to search for!
e.g. 10% deviation ➾ mV < 10TeV i.e. resonance within the reach of FCC-hh
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 large region of parameter 
space already disfavored by 
EW precision data

 complementarity between 
direct searches @ hadron 
machine and indirect higgs  
measurements @ lepton 
machine

Contino, Grojeam, Pappadopulo, Rattazzi, Thamm ’13
Torre, Thamm, Wulzer ’14

Conclusions: Higgs & New Physics - a love affair 
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Conclusions

Christophe Grojean EWSB & BSM DRSTP, Netherlands, Jan. 2o12

An Emergency Tire Even Beyond the SM

BSM
Higgs

[picture courtesy to Andreas Weiler]

220

“Higgs = emergency tire of the SM”  
Altarelli @ Blois’10

Soon the LHC run 2 will start exploring a new energy domain... 
while waiting for other big machines (ILC, CLIC, FCC-ee, FCC-hh). 

You have a chance to be part of this exciting adventure.
Good luck!


