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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)
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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 

See FR,Pomarol,Gupta’14

I think this is a....

Messi-Goal!!!Profound change in paradigm: 
missing SM particle ➪ tool to explore SM and venture into physics landscape beyond

Now with the Higgs boson in their hands, 
particle physicists can... play as well as Germans against Brazilians
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The equations of the [SM] have been tested with far greater 
accuracy, and under far more extreme conditions, than are 
required for applications in chemistry, biology, engineering, 
or astrophysics. While there certainly are many things we 
don’t understand, we do understand the Matter we’re made 
from, and that we encounter in normal life – even if we’re 
chemists, engineers, or astrophysicists (sic: DM!)

3

A unique moment in the history of physics
The Higgs discovery is the triumph of XXth century physics

combination of Quantum Mechanism + Special Relativity

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?)

1
2

Only a description of EW symmetry breaking, not an explanation
furthermore Higgs field requires a delicate cancelation of large radiative corrections

No place for the particle(s) that make up the cosmic DM

Does not explain the asymmetry matter-antimatter3

The SM is not free of inadequacies:

http://arxiv.org/abs/1503.07735
http://arxiv.org/abs/1503.07735
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The equations of the [SM] have been tested with far greater 
accuracy, and under far more extreme conditions, than are 
required for applications in chemistry, biology, engineering, 
or astrophysics. While there certainly are many things we 
don’t understand, we do understand the Matter we’re made 
from, and that we encounter in normal life – even if we’re 
chemists, engineers, or astrophysicists (sic: DM!)

Where and how does the SM break down?
Which machine(s) will reveal this breakdown?
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HEP with a Higgs boson
The successes have been breathtaking:

 in O(2) years, the Higgs mass has been measured to 0.2% (vs 1% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with LEP accuracy (10-3)

Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, SHiP

multiple independent, synergetic and complementary approaches to achieve precision 
(couplings), sensitivity (rare and forbidden decays) and perspective (role of Higgs 

dynamics in broad issues like EWSB and vacuum stability, baryogenesis, naturalness, etc)
M.L. Mangano, Washington ’15

 rare Higgs decays: h→µµ, h→γZ
 Higgs flavor violating couplings: h→µτ and t→hc
 Higgs CP violating couplings
 exclusive Higgs decays (e.g. h→J/Ψ+γ ) and measurement of couplings to light quarks 
 exotic Higgs decay channels: 

h→ ET, h→4b, h→2b2µ, h→4τ,2τ2µ, h→4j, h →2γ2j, h→4γ, h→γ/2γ+ ET, 

h→isolated leptons+ ET, h→2l+ ET, h→one/two lepton-jet(s)+X, h→bb+ ET, h→ττ+ ET ...

 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width
 Higgs/axion coupling?
 ...

http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
http://indico.cern.ch/event/340703/session/60/contribution/250/material/slides/0.pdf
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Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model

21

Fingerprinting

Supersymmetry 
(MSSM)

Composite Higgs 
(MCHM5)

Elementary v.s. Composite 

ILC 250+500 LumiUP
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Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model

21

Fingerprinting

Supersymmetry 
(MSSM)

Composite Higgs 
(MCHM5)

Elementary v.s. Composite 

ILC 250+500 LumiUP

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
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http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
http://indico.cern.ch/event/290373/session/12/contribution/16/material/slides/0.pdf
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Higgs couplings and tests of naturalness

SM + Higgs

Mass

SM New�m2
H = + ⇠ 0

The more natural the theory the more the Higgs rates deviate from SM
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Colorful naturalness probed @ LHC
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nice to be able to measure Zh & Γ

neutral 
particles

Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]

cH
m2

�

�
@µ|H|2

�2 ! ��Zh = �2cH
v2

m2
�

Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  

14

��Zh = � g2?
8⇡2

v2

m2
?

Neutral naturalness (invisible?) @ LHC
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Higgs & New Physics 
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)
0 1 2 3 4

vector-like quark

 resonancett

WZ resonance

LHC Projection -1300 fb -13000 fb

LHC direct search 
�#�

ILC Higgs couplings 
Scale Reach (TeV)

0 1 2 3 4

MCHM14

MCHM5

MCHM4

via Yukawa 

model-independent ⇠ ⌘ �g

g
=

v2

f2

m⇢ ⇡ g⇤f

Which one is doing best?
it depends on value of g*
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Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

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

Effective Higgs
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in both cases, Higgs couples to NP with g*
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 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)
0 1 2 3 4

vector-like quark

 resonancett

WZ resonance

LHC Projection -1300 fb -13000 fb

LHC direct search 
�#�

ILC Higgs couplings 
Scale Reach (TeV)

0 1 2 3 4

MCHM14

MCHM5
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via Yukawa 

model-independent ⇠ ⌘ �g

g
=

v2

f2

m⇢ ⇡ g⇤f

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

ee machines are best 
to test strongly 

coupled NP

pp machines are best 
to test weakly

 coupled NP

Mass reach:

Rattazzi, BSM@100TeV, CERN ’14

Higgs couplings

direct searches
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see also A. Kotwal’s talk

https://indico.cern.ch/event/284800/session/2/contribution/9/material/slides/0.pdf
https://indico.cern.ch/event/284800/session/2/contribution/9/material/slides/0.pdf


Christophe Grojean Higgs: Status & Future Valencia, May 14, 2o158

Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as
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where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �2 as a function of ⇠, m⇢, ↵, �, i.e. �2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �2 due to the contribution of the UV terms, we

11

e.g. 
 indirect searches at LHC over-perform direct searches for g > 4.5
 indirect searches at ILC over-perform direct searches at HL-LHC for g > 2

DY production xs of resonances decreases as 1/gρ2
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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 complementarity:
 direct searches win at small couplings
 indirect searches probe new territory at 

large coupling
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http://arxiv.org/abs/1502.01701
http://arxiv.org/abs/1502.01701
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.
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 complementarity:
 direct searches win at small couplings
 indirect searches probe new territory at 

large coupling

e.g. 
 indirect searches at LHC over-perform direct searches for g > 4.5
 indirect searches at ILC over-perform direct searches at HL-FCChh for g > 6
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1

Precision program in single Higgs processes
(assuming a mass gap between weak scale w/. Higgs doublet and new physics scale) 
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What is the Higgs the name of? I. Unitarity
The SM Higgs couplings are fixed to restore unitarity with mass

For b=a2: perturbative unitarity in inelastic channels WW → hh

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

For a=1: perturbative unitarity in elastic channels WW → WW

LEWSB =
v2
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For ac=1: perturbative unitarity in inelastic WW → ψ ψ 

Contino, Grojean, Moretti, Piccinini, Rattazzi  ’10Cornwall, Levin, Tiktopoulos  ’73

Goldstone of SU(2)LxSU(2)R/SU(2)V� = ei⇥
a�a/v Dµ⌃ = gVµ

Higgs couplings 
are proportional 

to the masses of the particles

Higgs

�� �SM

�SM
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mV
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3

“It has to do with the EWSB”

Already first data gave evidence of:

True in the SM:

Scaling                         follows naturally if 
the new boson is part of the sector that 
breaks the EW symmetry 
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What is the Higgs the name of? I. Unitarity
The SM Higgs couplings are fixed to restore unitarity with mass

For b=a2: perturbative unitarity in inelastic channels WW → hh
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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].

4

The LHC cannot fully confirm this picture
(no model-independent measurements of the couplings, no access to the couplings to light particles...)
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Higgs/BSM Primaries
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operator
is not visible in 

the vacuum
(redefinition of input parameter)

Several deformations away from the SM are harmless in the vacuum 
and need a Higgs field to be probed

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf


Christophe Grojean Higgs: Status & Future Valencia, May 14, 2o1513

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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|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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mh
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for one family

hZγ coupling

h3 coupling
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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%)

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181
http://arxiv.org/abs/arXiv:1405.0181
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Higgs/BSM Primaries
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How many of these effects can we have? 
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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%)

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 hypothesis 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 up to a flat direction between between the 

top/gluon/photon couplings

Combination with on-shell constraints

L = �ct
mt

v t̄th + g2

s

48⇡2

cg
h
vG

2

µ⌫

on-shell production is proportional to
|ct + cg |2.
The degenreacy in ct , cg is broken
only by the tth production / c2t and
and the Higgs decay into two photons
�(h ! ��) / |1.26� 0.26ct |2

If the new Higgs interactions are
generated by the ”top-like” fields
i.e. fundamentals of SU(3) and
electric charge 2/3

L = �ct
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s

48⇡2

cg
h
vGµ⌫Gµ⌫

+ e2
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degeneracy
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Figure: For top partners ct � cg degeneracy
becomes much stronger.
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=
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�
/4

Azatov ’15

http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://indico.lal.in2p3.fr/event/2288/session/10/contribution/31/material/slides/0.pdf
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.2803
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1308.1879
http://arxiv.org/abs/arXiv:1405.0181
http://arxiv.org/abs/arXiv:1405.0181
https://indico.cern.ch/event/352868/session/4/contribution/14/material/slides/0.pdf
https://indico.cern.ch/event/352868/session/4/contribution/14/material/slides/0.pdf
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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
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 /m
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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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and �
ˆh!�� ⇠ �

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

�
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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
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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.
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F � µ⌫ F̃Z
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CP-violating Higgs couplings

Caveats: h couplings to light particles can be significantly reduced

e,q e,q
h

http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1310.1385
http://arxiv.org/abs/arXiv:1310.1385
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What is the Higgs the name of? II. 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

◆
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yijvp
2

✓
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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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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
We need to know the prospects to measure them at lepton colliders! 

And enjoy the benefits of efficient tagging!

CMS-PAS-HIG-2014-005

by the way:
2.3σ excess!

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
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What is the Higgs the name of? II. Flavor
In SM, the Yukawa interactions are the only source of the fermion masses

Not the case in e.g. generic 2HDM
Omura, Senaha and Tobe ’15 

Botella and Branco ‘in progress
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Lepton-flavor-violating Higgs decay h → µτ and muon anomalous magnetic moment
in a general two Higgs doublet model

Yuji Omura,1 Eibun Senaha,1 and Kazuhiro Tobe1, 2

1Department of Physics, Nagoya University, Nagoya, 464-8602, Japan
2Kobayashi-Maskawa Institute for the Origin of Particles and the Universe, Nagoya University, Nagoya, 464-8602, Japan

A two Higgs doublet model (2HDM) is one of the minimal extensions of the Standard Model (SM),
and it is well-known that the general setup predicts the flavor-violating phenomena, mediated by
neutral Higgs interactions. Recently the CMS collaboration has reported an excess of the lepton-
flavor-violating Higgs decay in h → µτ channel with a significance of 2.5 σ. We investigate the CMS
excess in a general 2HDM with tree-level Flavor Changing Neutral Currents (FCNCs), and discuss
its impact on the other physical observations. Especially, we see that the FCNCs relevant to the
excess can enhance the neutral Higgs contributions to the muon anomalous magnetic moment, and
can resolve the discrepancy between the measured value and the SM prediction. We also find that
the couplings to be consistent with the muon g-2 anomaly as well as the CMS excess in h → µτ
predict the sizable rate of τ → µγ, which is within the reach of future B factory.

While a Higgs boson has been discovered at the Large
Hadron Collider (LHC) experiment [1, 2], the whole
structure of the Higgs sector is still unknown. Theo-
retically there is no apparent reason why a Higgs sector
with one Higgs doublet is better than the one with more
Higgs doublets. Thus, only the experimental research
will reveal the true answer.
A two Higgs doublet model (2HDM) is a simple ex-

tension of the minimal Higgs sector in the SM. In gen-
eral, both Higgs doublets couple to fermions, and hence
the flavor-changing Higgs interaction is predicted. This
is one of the main differences from the SM. Recently
the CMS collaboration has reported an excess of lepton-
flavor-violating Higgs decay in h → µτ mode [3]. The SM
cannot accommodate such an excess, however, the gen-
eral 2HDM 1 can explain the excess, as pointed out in
Refs. [4–6]. 2 Therefore, it is worth studying it further,
and we find that the µ − τ lepton-flavor-violating Higgs
interaction can enhance the neutral Higgs contributions
to an anomalous magnetic moment of muon (muon g-2),
and hence it can explain the long-standing anomaly of
the muon g-2 [8].
In the general 2HDM, we can always take a basis where

only one Higgs doublet gets a vacuum expectation value
(VEV), so that we can parametrize the Higgs doublets
as follows;

H1 =

(

G+

v+φ1+iG√
2

)

, H2 =

(

H+

φ2+iA√
2

)

, (1)

where G+ and G are Nambu-Goldstone bosons, and H+

and A are a charged Higgs boson and a CP-odd Higgs
boson, respectively. CP-even neutral Higgs bosons φ1

and φ2 can mix and form mass eigenstates, h and H

1 Sometimes, it is called the Type III two Higgs doublet model.
2 Multi-Higgs doublet model has been also considered [7].

(mH > mh),
(
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φ2

)
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(

cos θβα sin θβα
− sin θβα cos θβα

)(

H
h

)

. (2)

Here θβα is the mixing angle. In mass eigenbasis for
the fermions, the Yukawa interactions are expressed as
follows;
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where Q = (V †
CKMuL, dL)T , L = (VMNSνL, eL)T ,

VCKM(VMNS) is the Cabbibo-Kobayashi-Maskawa (Maki-
Nakagawa-Sakata) matrix and the fermions (fL, fR)
(f = u, d, e, ν) are mass eigenstates. ρijf are general
3-by-3 complex matrices and can be sources of the Higgs-
mediated Flavor Changing Neutral Currents (FCNC)
processes. In the following discussions, we do not adopt
the so-called Cheng-Sher ansatz [9] for ρijf in order to
explore wider parameter space.
In the mass eigenstate of Higgs bosons, the interactions

are expressed as

L = −
∑

φ=h,H,A

yφij f̄LiφfRj − ν̄Li(V
†
MNSρe)

ijH+eRj

− ūi(VCKMρdPR − ρ†uVCKMPL)
ijH+dj + h.c., (4)

where

yhij =
mi

f

v
sβαδij +

ρijf√
2
cβα, (5)

yHij =
mi

f

v
cβαδij −

ρijf√
2
sβα, (6)

yAij =







− iρij
f√
2
, (f = u),

iρ
ij
f√
2
, (f = d, e),

(7)

NB: Flavor Changing decays of H and A can easily dominate
explain why even light H/A hasn’t been found at LHC directly 

ILC should be able to  probe these scenarios with an unprecedented accuracy 

consequences: 
 (g-2)µ

 τ→µγ

even small mixing (cβα~0.1) 
and moderate FCYC (ρ~0.3) 

can explain 
BR(h→µτ)=(0.89±0.40)%

http://arxiv.org/abs/1502.07824
http://arxiv.org/abs/1502.07824
mailto:christophe.grojean@cern.ch?subject=Flavour%20changing%20Yukawa%20couplings
mailto:christophe.grojean@cern.ch?subject=Flavour%20changing%20Yukawa%20couplings
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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 

Couplings: κV, κf 

43 Chiara Mariotti 

@ fitted mH 
 
 Γ(H! γγ) ~ |α κV + β κf|

2  ,  α/β = � 0.2
 ΓBSM = 0 

Assume all fermion couplings scale as κF while all vector boson couplings scale as κV. 

Couplings: κV, κf 

43 Chiara Mariotti 

@ fitted mH 
 
 Γ(H! γγ) ~ |α κV + β κf|

2  ,  α/β = � 0.2
 ΓBSM = 0 

Assume all fermion couplings scale as κF while all vector boson couplings scale as κV. 
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But... off-shell Higgs data do not probe new corrections 
that cannot be constrained by on-shell data

18

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?
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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

http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
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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 

http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/arXiv:1206.0157
http://arxiv.org/abs/hep-ph/0604156
http://arxiv.org/abs/hep-ph/0604156
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581
http://inspirehep.net/record/283530
http://inspirehep.net/record/283530
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high-pT tail “sees” the top partners that are missed by the inclusive rate
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Boosted Higgs

2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy

g

g
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h

t

q q

g h
t

q
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g

h

t
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Sec. 3 for a more precise assessment. The corresponding matrix

element is obtained from the SM one by sending to infinity the mass of the quark running in

the loop. Thus the matrix element squared for each partonic subprocess can be written as

|M|2 / |t MIR

(mt) + g MUV

|2 (2.3)

where M
IR

denotes the amplitude mediated by top loops, and M
UV

the amplitude mediated

by the e↵ective point-like interaction. It follows that the hadronic cross section for pp ! hj

can be written as a quadratic polynomial in t and g . Given a transverse momentum cut

pmin

T and summing over all partonic subprocesses, we can write

�pmin
T

(t,g)

�SM

pmin
T

= (t + g)
2 + � t g + ✏ 2

g (2.4)

where � is the cross section for pp ! hj and the numerical coe�cients {� , ✏} depend on pmin

T .

Their values are listed in Table 1 for an LHC center of mass energy of
p
s = 14TeV and

6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [17]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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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%.
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large pT, small rates
need to focus on dominant decay modes

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .

Here we focus on the last mode, and we will comment briefly on other possibilities at the end

of this section. For a Higgs transverse momentum larger than 500GeV, the typical angular

separation between the two taus is �R ⇠ 2mh/pT . 0.5. As a consequence, when at least

one of the taus decays hadronically, the standard tau-tagging techniques will fail, due to the

non-isolation of the hadronic tau candidate(s). However, such ‘ditau-jets’ can be tagged by

adapting the usual tau-tagging algorithm, as suggested in Ref. [23], whose e�ciencies for

signal identification are assumed here.7 Including the Higgs and tau branching ratios, we

obtain the following estimate of the total e�ciency

✏
tot

= BR(h ! ⌧⌧)

 
X

i= ⌧`⌧`, ⌧`⌧h, ⌧h⌧h

BR(⌧⌧ ! i) ✏i

!
' 2⇥ 10�2 (2.6)

where we assumed the SM value for BR(h ! ⌧⌧) [24].

To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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non-isolated “ditau-jets”
(separation between the 2 tau’s:                           )

consider first the decay channels with the largest branching ratios, namely h ! bb̄,WW, ⌧⌧ .
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To break the degeneracy in the (t,g) plane that plagues inclusive Higgs production,

we need to combine the measurements of both the inclusive and boosted rates. On the one

hand, we take the inclusive Higgs production cross section normalized to its SM value

µ
incl

(t,g) =
�
incl

(t,g)

�SM

incl

' (t + g)
2 . (2.7)

We assume the large-luminosity LHC scenario with 3 ab�1 of data at 14 TeV, and therefore

we assign to the measurement of µ
incl

a 10% systematic uncertainty and negligible statistical

uncertainty. On the other hand, in order to reduce the theory uncertainty, we consider as

boosted observable the ratio

R(t,g) =
�
650GeV

(t,g)K650GeV

�
150GeV

(t,g)K150GeV

, (2.8)

where Kpmin
T

are the QCD K-factors for the SM, computed using MCFM (process 204).

The transverse momentum cuts of 650 and 150 GeV were chosen by means of a rough

optimization. The ratio R is stable under scale variations, as can be seen from Table 2. We

7Ref. [23] applied ditau-tagging to the case of a Z 0 decaying to Zh. We make use of the e�ciencies reported

in their Table I for a 2TeV Z 0, which gives a Higgs pT roughly similar to the case we are considering. We

assume e�ciencies that include in addition to the ditau-jet tagging also the reconstruction of the Higgs mass

peak, as it seems unavoidable that an experimental analysis would need to exploit that information.
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Boosted Higgs
high pT tail discriminates short and long distance physics contribution to gg ➙ h
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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.
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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
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but data can be better used to measure the structure of the couplings at high √s 
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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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interpretations in terms of bounds of the Higgs width are limited/model-dependent
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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

16
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Higgs self-couplings
The Higgs self-couplings plays important roles

1) controls the stability of the EW vacuum
2) dictates the dynamics of EW phase transition and potentially conditions 
the generation of a matter-antimatter asymmetry via EW baryogenesis 

Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs 
self-couplings and leave the other Higgs coupling deviations undetectable

Summary on H self-coupling 

HL LHC 3/ab ILC/CLIC FCC 100TeV 

Precision  

on 𝜆ுுு 

𝑏𝑏ത𝛾𝛾: poor, only ∼ 𝑂(1)  
determination 

 

Other channels: needs more 

detailed studies 

ILC 

• DHS alone at 500 GeV and 1TeV 

gives only ∼ 𝑂(1) determination 

•  ~28%  via VBF at 1TeV, 1/ab 

CLIC at 3TeV, 2/ab 

• ~12% via VBF  

𝑏𝑏ത𝛾𝛾: golden channel. 5-10% 

determination might be 

possible with 30/ab.  

 

~3x less sensitivity with 3/ab 

Comments Combining various channels 

might be important 

The role of VBF is important 

High CM energy and high luminosity 

are crucial 

Improvements on heavy flavor 

tagging, fakes, mass resolution 

etc are crucial to achieve our 

goal 

Summary on High energy scattering/probe of EWSB 

Benefits 
of FCC & 
Exclusive 
analysis 

• PDF luminosity ratio 100TeV/14TeV indicates a large enhancement of cross sections at 
the tail of invariant mass 

• 𝜹𝝈𝟐→𝟐
𝝈𝑺𝑴

∼ 𝒈∗𝟐

𝒈𝑺𝑴
𝟐

𝑬𝟐

𝒎∗
𝟐   𝐯. 𝐬. 𝜹𝒄

𝒄𝑺𝑴
∼ 𝒈∗𝟐

𝒈𝑺𝑴
𝟐

𝒎𝒉
𝟐

𝒎∗
𝟐     𝐟𝐫𝐨𝐦  𝐨𝐧𝐬𝐡𝐞𝐥𝐥  𝐩𝐫𝐨𝐜𝐞𝐬𝐬  

• BSM effects appear in various E-dependent terms  
• Exclusive analysis is required  to  break  “degeneracy”  among  various  BSM  coefficients 
 

Detector 

Issue 

• More events leak into forward region due to the boost along the beam axis 

• Forward jets are more forward 

M. Son, Washington ’15

ILC current studies:
(4b and 2b2W modes)
29%@4/ab, 500GeV

16%@2/ab, 1TeV
10%@5/ab, 1TeV

Higgs self-coupling prospects
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Higgs self-couplings and Naturalness
In the SM, |H|2 is the only relevant operator 

and it is the source of the hierarchy/naturalness/fine-tuning problem 
It presence has never been tested!

Reconstructing the Higgs potential before EW symmetry breaking 
from measurements around the vacuum is difficult in general

but we can easily test gross features, like the presence of the relevant operator

V = �µ2|H|2 + �|H|4 V (h) =
1

2
m2

hh
2 +

1

6

3m2
h

v
h3 + . . .SM

V = ��|H|4 + 1

⇤2
|H|6 V (h) =

1

2
m2

hh
2 +

1

6

7m2
h

v
h3 + . . .

200% correction
to SM prediction

+
allows 1st phase transition

EW
SB

W
/O

 H
2
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Dynamics of EW phase transition

Ch!"o#e Grojean Beyond the Higgs To!no, January‘08

EW Phase Transition in the Standard Model

V
V

In the SM, a 1st order phase transition could occur due 

to thermally generated cubic Higgs interactions: 

V (φ, T ) !
1

2

(

−µ2
h + cT 2

)

φ2 +
λ

4
φ4

− ETφ 3
−

T

12π

∑

bosons

m3(φ)

In the SM:
∑

i

!

∑

W,Z
not enough E =

4m3
W

+ 2m3
Z

12πv3
0

∼ 6·10
−3

〈φ(Tc)〉

Tc

=
2 E v2

0

λ v2
0

=
4 E v2

0

m2
h

〈φ(Tc)〉

Tc

≥ 1 mh ≤ 47 GeV

2nd order 1st order

or

T=0 T=0

TC

TC

the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access at in colliders (LHC≠Big Bang machine)

finite T
Higgs potential

Higgs couplings
at T=0

SM: first order phase transition iff mH < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition
(not the only option but the only one that can be tested at colliders)
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New physics in loops

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.

We thank J. Cline, J.R. Espinosa, A. Hebecker, A. Nel-
son, M. Quirós and C. Wagner for useful comments. This
work was supported by the Department of Energy and
the Michigan Center for Theoretical Physics. C.G. is sup-
ported in part by the RTN European Program HPRN-
CT-2000-00148 and the ACI Jeunes Chercheurs 2068.
G. S. was supported in part by the US Department of En-
ergy, High Energy Physics Division, under contract W-
31-109-Eng-38 and also by the David and Lucille Packard
Foundation.
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We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction

Grojean, Servant, Wells ’04
Noble, Perelstein ’07

 Higgs couplings for 1st order EW phase transition
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New physics in loops

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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FIG. 4: Contours of constant µ/µSM − 1 in the Λ vs. mH

plane. The dashed lines delimit the allowed region defined in
eq. (5).

constraint or measurement would be an interesting one
for our scenario since a deviation by more than a factor
of unity is possible.

In the more distant future, a linear collider at
√

s =
500 GeV and 1 ab−1 of integrated luminosity should be
able to measure the coupling to within about 20% [23],
and a higher energy linear collider, such as CLIC with√

s = 3 TeV and 5 ab−1 integrated luminosity, should be
able to measure the self-coupling to within a few per-
cent [24]. A few-percent measurement may also be pos-
sible at the VLHC at

√
s = 200 TeV with 300 fb−1 inte-

grated luminosity [22].

Conclusion: We have shown that a strong first-order
electroweak phase transition is possible within the SM
when we take into consideration the effects of a ϕ6 Higgs
operator with a low cutoff. Higgs masses well above the
114 GeV direct limit are possible within this framework.
The main experimental test of this idea is the altered
Higgs cubic self-coupling. The LHC should be able to
probe O(1) corrections, but a high-energy linear collider
will likely be required to measure the deviation at the
tens of percent level accurately.

We thank J. Cline, J.R. Espinosa, A. Hebecker, A. Nel-
son, M. Quirós and C. Wagner for useful comments. This
work was supported by the Department of Energy and
the Michigan Center for Theoretical Physics. C.G. is sup-
ported in part by the RTN European Program HPRN-
CT-2000-00148 and the ACI Jeunes Chercheurs 2068.
G. S. was supported in part by the US Department of En-
ergy, High Energy Physics Division, under contract W-
31-109-Eng-38 and also by the David and Lucille Packard
Foundation.

[1] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967).
[2] N. S. Manton, Phys. Rev. D 28, 2019 (1983).
[3] F. R. Klinkhamer and N. S. Manton, Phys. Rev. D 30,

2212 (1984).
[4] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene and

C. Quimbay, Nucl. Phys. B 430, 382 (1994).
[5] M. Berkooz, Y. Nir and T. Volansky, hep-ph/0401012.
[6] M. Dine, P. Huet, R. J. Singleton and L. Susskind, Phys.

Lett. B 257 (1991) 351.
[7] V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov,

Phys. Lett. B 155, 36 (1985).
[8] First discussions of this commonly accepted scenario can

be found in A. G. Cohen, D. B. Kaplan and A. E. Nelson,
Phys. Lett. B 245, 561 (1990).

[9] G. Servant, JHEP 0201, 044 (2002).
[10] K. Kajantie, M. Laine, K. Rummukainen and M. E. Sha-

poshnikov, Phys. Rev. Lett. 77, 2887 (1996); K. Rum-
mukainen, M. Tsypin, K. Kajantie, M. Laine and
M. E. Shaposhnikov, Nucl. Phys. B 532, 283 (1998);
F. Csikor, Z. Fodor and J. Heitger, Phys. Rev. Lett. 82,
21 (1999).

[11] LEP Collaborations, LEP Electroweak Working Group,
SLD Electroweak and Heavy Flavour Groups, “A com-
bination of preliminary electroweak measurements and
constraints on the standard model,” hep-ex/0312023.

[12] A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci.
49, 35 (1999).

[13] M. Carena, M. Quirós and C. E. M. Wagner, Phys.
Lett. B 380, 81 (1996); J. M. Cline and G. D. Moore,
Phys. Rev. Lett. 81 (1998) 3315; M. Carena, M. Quirós,
M. Seco and C. E. M. Wagner, Nucl. Phys. B 650, 24
(2003).

[14] J. Kang, P. Langacker, T. j. Li and T. Liu,
hep-ph/0402086. A. Menon, D. E. Morrissey and
C. E. M. Wagner, hep-ph/0404184.

[15] G. W. Anderson and L. J. Hall, Phys. Rev. D 45, 2685
(1992).

[16] Another analysis of this approach can be found in
X. m. Zhang, Phys. Rev. D 47, 3065 (1993). X. Zhang,
B. L. Young and S. K. Lee, Phys. Rev. D 51, 5327 (1995).

[17] K. Kajantie, M. Laine, K. Rummukainen and M. E. Sha-
poshnikov, Nucl. Phys. B 466, 189 (1996); F. Csikor,
Z. Fodor, P. Hegedus, A. Jakovac, S. D. Katz and
A. Piroth, Phys. Rev. Lett. 85, 932 (2000). M. Laine
and K. Rummukainen, Nucl. Phys. B 597, 23 (2001).

[18] B. Kleihaus, J. Kunz and Y. Brihaye, Phys. Lett. B 273,
100 (1991); Phys. Rev. D 46, 3587 (1992).

[19] J. M. Moreno, D. H. Oaknin and M. Quirós, Nucl. Phys.
B 483, 267 (1997).

[20] P. Arnold and L. D. McLerran, Phys. Rev. D 36,
581 (1987). L. Carson, X. Li, L. D. McLerran and
R. T. Wang, Phys. Rev. D 42, 2127 (1990).

[21] V. Barger, T. Han, P. Langacker, B. McElrath and P. Zer-
was, Phys. Rev. D 67, 115001 (2003)

[22] U. Baur, T. Plehn and D. L. Rainwater, Phys. Rev. D
68, 033001 (2003)

[23] C. Castanier, P. Gay, P. Lutz and J. Orloff,
hep-ex/0101028.

[24] M. Battaglia, E. Boos and W. M. Yao, [hep-ph/0111276].

ar
X

iv
:h

ep
-p

h/
04

07
01

9 
v2

   
12

 Ja
n 

20
05

Saclay T04/084, MCTP-04-37, ANL-HEP-PR-04-63, EFI-04-23

First-Order Electroweak Phase Transition in the Standard Model with a Low Cutoff
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We study the possibility of a first-order electroweak phase transition (EWPT) due to a dimension-
six operator in the effective Higgs potential. In contrast with previous attempts to make the EWPT
strongly first-order as required by electroweak baryogenesis, we do not rely on large one-loop ther-
mally generated cubic Higgs interactions. Instead, we augment the Standard Model (SM) effective
theory with a dimension-six Higgs operator. This addition enables a strong first-order phase tran-
sition to develop even with a Higgs boson mass well above the current direct limit of 114 GeV.
The ϕ6 term can be generated for instance by strong dynamics at the TeV scale or by integrating
out heavy particles like an additional singlet scalar field. We discuss conditions to comply with elec-
troweak precision constraints, and point out how future experimental measurements of the Higgs
self couplings could test the idea.

Baryogenesis and the Standard Model: The ob-
served large baryon asymmetry requires natural law to
obey three principles: baryon number violation, C and
CP violation, and out-of-equilibrium dynamics [1]. In
the Standard Model (SM), baryon number violation can
occur through the electroweak sphaleron [2, 3], which is a
non-perturbative saddle-point solution to the field equa-
tions attainable at high temperatures. These solutions
allow transitions to topologically distinct SU(2) vacua
with differing baryon number.

C is already violated in the SM as well as CP , as ev-
idenced in the Kaon and B-meson systems. Neverthe-
less, it has been thought [4] that CP violation from the
Kobayashi–Maskawa phase is too suppressed to play a
dominant role in baryogenesis, although a recent work [5]
suggests a way to circumvent this common view. We note
also that higher dimensional operators could well provide
the desired CP violation [6].

In this letter, we focus on the last main challenge for
the viability of SM baryogenesis [7]: the requirement of
out-of-equilibrium dynamics. This would be present in
the SM if there was a strong first order EWPT. In this
case, bubbles of the non-zero Higgs field vev nucleate
from the symmetric vacuum and as they expand, parti-
cles in the plasma interact with the phase interface in
a CP -violating way. The CP asymmetry is converted
into a baryon asymmetry by sphalerons in the symmetric
phase in front of the bubble wall [8]. One of the strongest
constraints on EW baryogenesis comes from the require-
ment that baryons produced at the bubble wall are not
washed out by sphaleron processes after they enter the
broken phase. Imposing that sphaleron processes are suf-
ficiently suppressed in the broken phase at the critical
temperature leads to the constraint 〈ϕ(Tc)〉/Tc

>∼ 1. This
bound is very stable with respect to modifications of ei-
ther the particle physics or of the cosmological evolution
as was reviewed in [9]. In the SM, the EWPT is first
order if mH < 72 GeV [10] and to suppress sphaleron

processes in the broken phase would actually require
mH

<∼ 35 GeV. However, the current limit on the Higgs
boson mass is well above that at mH > 114 GeV [11], and
the SM fails to be an adequate theory for baryogenesis.

As the hopes for a SM solution to baryogenesis faded
other ideas have been pursued [12]. One of the most
promising ideas presented in the last decade is from su-
persymmetry. If the superpartner to the top quark is
lighter than about 150 GeV, a first-order EWPT can be
induced from large-enough cubic interactions in the Higgs
potential. This scenario is getting a thorough test as
searches for the light top superpartner are rapidly closing
the viable parameter space for this solution [13]. Recent
ideas to extend the particle spectrum may help resurrect
electroweak baryogenesis in supersymmetry [14].

Low-scale cutoff theory: In this work, we focus on
a single Higgs doublet model and we study how the dy-
namics of the EWPT can be affected by modifying the
SM Higgs self-interactions. In contrast with previous ap-
proaches initiated by ref. [15], we do not rely on large
cubic Higgs interactions. Instead, we allow the possibil-
ity of a negative quartic coupling while the stability of
the potential is restored by higher dimensional operators.
We add a ϕ6 non-renormalizable operator to the SM po-
tential, and show that it can induce a strong first-order
phase transition sufficient to drive baryogenesis [16]. We
have numerically checked that adding higher order terms
in the potential suppressed by the same cutoff scale will
give corrections of a few percent at most to the ratio
〈ϕ(Tc)〉/Tc that we computed analytically while restrict-
ing ourselves to operators of dimension six or less.

The most general potential of degree six can be writ-
ten, up to an irrelevant constant term, as

V (Φ) = λ

(

Φ†Φ −
v2

2

)2

+
1

Λ2

(

Φ†Φ −
v2

2

)3

(1)

where Φ is the SM electroweak Higgs doublet. At zero

first order phase transition

1st order phase transition 
comes with 80-200% deviations in Higgs self-interaction

Grojean, Servant, Wells ’04
Noble, Perelstein ’07

 Higgs couplings for 1st order EW phase transition

New physics in loops

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

even colored scalars in this mass range may be allowed. For example, the strongest
current bound on a color-triplet diquark, decaying to two jets, is placed by the Tevatron
experiments and is about 100 GeV [15]. While the LHC experiments may be able to
improve the bound in this particular case [16], many other possibilities will likely escape
direct detection even with the full LHC data set. These include, for example, a colored
state decaying to four jets, or a gauge-singlet scalar coupled only to the Higgs and too
heavy to participate in Higgs decays. On the other hand, any scalar which has a strong
e↵ect on the EWPT dynamics should be expected to modify the Higgs production
cross sections and/or decay branching ratios. The connection between EWPT and the
observable Higgs properties is direct, generic, and robust. Therefore, unlike the highly
model-dependent direct searches, precision measurements of the Higgs properties could
provide a definitive answer to the question of whether a first-order EWPT in the early
Universe is possible or not. The goal of this paper is to demonstrate that this is indeed
the case, and identify the relevant observables and levels of precision needed to address
this question.

More concretely, we will consider a single scalar1 �, coupled to the Higgs via

V / |�|2|H|2 . (1.1)

While in the MSSM  would be related to gauge and/or Yukawa couplings, here we
consider it to be a free parameter, constrained only by perturbativity requirements.
Assuming that  ⇠ O(1) (we will show in Sec. 4 that this is in fact a necessary
condition for a first-order EWPT), we expect the following Higgs observables to be
modified:

1. If � is colored, the coupling of the Higgs to gluons, and, therefore, Higgs gluon
fusion production cross section at the LHC. As we will see, this is already a
powerful observable: for example, it completely excludes a first-order EWPT
induced by a color-sextet �. For the case when � is a color triplet, all of the
parameter space with a first-order EWPT will be probed at a 3� level at the
LHC-14 with a 3 ab�1 data set (HL-LHC).

2. If � is charged under U(1)
EM

, the coupling of the Higgs to photons, and therefore
BR(h ! ��), is modified. This is potentially a spectacular observable. However,

1It is well known that scalar loops induce a cubic term in the high-temperature e↵ective potential,
providing a straightforward mechanism for a first-order EWPT. Fermion loops do not generate such a
term. Nevertheless, in some cases it is possible to generate a first-order EWPT via fermion loops [17];
this scenario is outside the scope of this paper. For a recent analysis of h ! �� coupling deviations in
such a model, see Ref. [18].
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Figure 1-3. Measurement precision on W , Z , � , and g at di↵erent facilities.

A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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A number of studies have presented results combining measurements from di↵erent facilities [88, 89]. A
general observation is that the precision in the measurement of many Higgs coupling at a new facility are
reasonably or significantly improved, and these quickly dominate the combined results and overall knowledge
of the relevant coupling parameters. Exceptions are the measurements of the branching fractions of rare
decays such as H ! �� and H ! µ+µ� where results from new lepton colliders would not significantly
improve the coupling precisions driving these decays. However, precision measurements of the ratio of Z/�

at hadron colliders combined with the high-precision and model-independent measurements of Z at a lepton
collider would substantially increase the precision on � .
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SM neutral scalars

O(1%) deviation in σ(ee→Zh)

(10%LHC14, 2%HL-LHC,0.25%ILC,0.05%TLEP)

➾colored scalars

O(20%) deviation in h→gg

(8%LHC14, 5%HL-LHC,1%ILC,<1%TLEP)

➾ electrically charged scalars

O(5%) deviation in h→γγ
(5%LHC14, 2%HL-LHC,2%ILC,1%TLEP)

➾
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The Higgs self-couplings plays important roles
1) controls the stability of the EW vacuum
2) dictates the dynamics of EW phase transition and potentially conditions 
the generation of a matter-antimatter asymmetry via EW baryogenesis 

Does it need to be measured with high accuracy?
difficult to design new physics scenarios that dominantly affect the Higgs 
self-couplings and leave the other Higgs coupling deviations undetectable

29

HH production as a probe of HE couplingsDouble Higgs production via gluon fusion

g

g h

h

t

g

g h

h

t
h

g

g h

h

t

⇠ c

2

t ⇥ const. ⇠ ctc3 ⇥
m

2

h

ŝ
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The highest accessible m
hh

and p
T

can be estimated by requiring
at least 5 events beyond the threshold
(we use L = 3 ab

�1 and assume 10% e�ciency)

channel bbWW

⇤ (24.9%) bb⌧

+

⌧

� (7.35%) bb�� (0.264%)

Cross section > 0.067 fb > 0.227 fb > 6.31 fb

mhh [GeV] < 1280 (4170) < 1039 (3235) < 558 (1552)

pT [GeV] < 575 (2000) < 550 (1890) < 210 (664)

[numbers in parenthesis are for the 100 TeV collider]

Azatov, Contino, Panico, Son  ’15
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Precision on c3, c2t and c2g

The non-linear Higgs couplings c
3

, c
2t

, c
2g

can only be directly accessed
in double Higgs production
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• Higgs trilinear c
3

can only be extracted at FCC (at LHC only O(1)
determination)

• good precision on c
2t

and c
2g

30

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

HH production as a probe of HE couplings

Azatov, Contino, Panico, Son  ’15

Constraining the dim.-6 operators: cu and c6

¯
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Future Colliders
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HL-LHC (2023-2035)

14 TeV   -   3/ab

14

Summary by A.Apyan at 
ECFA HL-LHC workshop

Coupling fit, assuming no BSM decays

• ATLAS: [ no theory uncert.,   full theory uncert.]
• CMS: [ δTH scaled by 1⁄2, δexp scaled by 1/ √L  ,  Syst as run 1]

14

Summary by A.Apyan at 
ECFA HL-LHC workshop

Coupling fit, assuming no BSM decays

• ATLAS: [ no theory uncert.,   full theory uncert.]
• CMS: [ δTH scaled by 1⁄2, δexp scaled by 1/ √L  ,  Syst as run 1]
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Future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15

33

ILC

Christophe Grojean FCC-ee phenomenology CERN, June 20, 2o1422

Higgs coupling measurements

412/11/2013 Philipp Roloff Higgs physics at CLIC 2

Reminder: Higgs production at CLIC

Higgs- 
strahlung

WW
fusion

σ ~ 1/s

ZZ
fusion

σ ~ log(s)

(350)/500/1000 GeV   -   5/ab

O(106) Higgs produced and reconstructed
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• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15
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ILC

Precision at 𝑒ା𝑒ି colliders 

Double Higgs-strahlung (DHS) 

VBF HH production  

Zh 𝑡𝑡̅ Zhh(DHS) 

∼250 GeV ∼350 GeV ∼ 500 GeV Center of Mass Energy ∼ 1 TeV 

𝑍ℎℎ (DHS) 
𝜈𝜈̅ℎℎ(VBF) 

Top Yukawa via 𝑡𝑡̅h 

VBF at 1 TeV  
improves HHH coupling  
by combining with Zhh 

HHH opens up! 

Three important thresholds 

Tian, Fujii 1311.6528, ILC TDR 

mh

Γh

higgs couplings

mt

top Yuk.
ZZhh coupling

h3 coupling
direct top Yuk

h3 coupling

(350)/500/1000 GeV   -   5/ab

O(106) Higgs produced and reconstructed
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CLICFuture facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

ee+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

Thursday, April 23, 15
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FCC-ee/CepC
Future circular colliders

CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
Thursday, April 23, 15
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– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
Thursday, April 23, 15
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Christophe Grojean FCC-ee phenomenology Paris, October 28, 2o142

Rich physics perspectives for e+e- machines
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Figure 3. Instantaneous luminosity, in units of 1034 cm−2s−1, expected at TLEP (full red line),
in a configuration with four interaction points operating simultaneously, as a function of the centre-
of-mass energy. For illustration, the luminosities expected at linear colliders, ILC (blue line) and
CLIC (green line), are indicated in the same graph. As explained in the text, the TLEP luminosity
at each interaction point would increase significantly if fewer interaction points were considered.
The possible TLEP energy upgrade up to 500GeV, represented by a dashed line, is briefly discussed
in section 5.

These luminosity values are obtained in a configuration of the collider with four inter-

action points, for which the beam-beam parameters can be obtained directly from measure-

ments performed at LEP1 and LEP2 in the 1990’s. For this reason, the luminosity summed

over the four interaction points, the only relevant quantity when it comes to evaluating

the physics potential, is shown in figure 3. Should TLEP operate with fewer detectors, the

larger damping time between collisions would tend to push the beam-beam limit, with the

effect of increasing the luminosity at each interaction point by a factor (4/nIP)0.4 [15]. For

example, the use of two detectors instead of four would only reduce the total luminosity

by 35% (as opposed to a naive factor 2 reduction), hence would increase the statistical

uncertainties reported in this article by about 20%. The physics potential of either config-

uration is summarized in table 8 (section 3.3) and table 9 (section 4). Although there is

some debate as to the functional dependence of the beam-beam parameter on the damp-

ing decrement, any modifications to the formula of ref. [15] will have minor effects on the

conclusions of this analysis.

Also displayed in figure 3 are the luminosities expected for the two linear collider

projects, ILC [16, 17] and CLIC [18], as a function of the centre-of-mass energy. It is

remarkable that the luminosity expected at TLEP is between a factor 5 and three orders

of magnitude larger than that expected for a linear collider, at all centre-of-mass energies

from the Z pole to the tt̄ threshold, where precision measurements are to be made, hence

where the accumulated statistics will be a key feature. Upgrades aimed at delivering

luminosities well beyond the values given above are also being investigated — although

they cannot be guaranteed today. Similar upgrades are also contemplated for the ILC [19].

Possibilities for TLEP include beam charge compensation and the use of the “crab-waist”

– 5 –

TLEP (physics case) ’13

 106 H
 1012 Z  (line-shape, mass & width, probe rare (FCNC) decays)
 108 W (mass)
 3x1010 tau/muon pairs
 2x1011 b/c quarks ⇒ >20’000 Bs→τ+τ-

 TLEP@340/500: 106 top pairs (pole mass, probe FCNC decays, top Yukawa)

240/350/(500)  -   10/ab
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FCC-hh/CppC
Future circular colliders

CEPC+SppC

• Where(if in China):
– For example, Qin-Huang-Dao

China.
Higgs factory:  CEPC
pp Collider: SppC

CERN
Higgs factory:  FCC-ee
pp Collider: FCC-hh

This talk: will focus more on ee,  with some results from pp.
Thursday, April 23, 15
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Preliminary Conceptual Design Reports from:
http://cepc.ihep.ac.cn/preCDR/volume.html
- Vol 2: Accelerator (ready)
- Vol 1: Physics and detectors (any day soon ....)gHXY FCC-ee

ZZ 0.16%
WW 0.85%

γ γ 1.7%

Zγ
tt
bb 0.88%

τ τ 0.94%
cc 1.0%
ss H→Vγ, in progr.

μμ 6.4%
uu,dd H→Vγ, in progr.

ee e+e–→H, in progr.

HH
BRexo 0.48%

Projections

FCC-hh

1% ?
1% ?

2% ?

5% ?
< 10–6 ?

FCC-hh ambitious but possible 
targets?

→ from ttH/ttZ

→ extrapolation from HL-LHC estimates

→ from HH → bb γγ
→ for specific channels, like H→eμ, ...

→ extrapolation from HL-LHC estimates

gg→H 740 pb 7.4 G

VBF 82 pb 0.8 G

WH 16 pb 160 M

ZH 11 pb 110 M

ttH 38 pb 380 M

gg→HH 1.4 pb 14 M

N / 10ab–1σ
10 ab–1 at 100 TeV imply:

=>1012 W bosons from top decays => probe rare W decays ?

1010 Higgs bosons => 104 x today

1012 top quarks => 5 104 x today

=>1011 t → W → taus  => can solve the B(W→τν) puzzle ?

=> few x1011 t → W → charm hadrons

=>1012 b hadrons from top decays (particle/antiparticle tagged)

62

=> plenty of new studies and opportunities for 
measurements become available ..... few examples
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Higgs couplings measurement projections
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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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Rich experimental program of (sub)percent precision
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Conclusions
 What are the weak points in our current 

understanding and practices?

 What are the growth areas in technique and 
capability?

 Where are the sweet spots where those two 
meet?

Higgs physics!

“The Higgs boson is the emergency tire of the SM”
G. Altarelli @ Blois 2010


