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Introduction

I ATLAS and CMS found a Higgs-like resonance with a
mass mh ∼ 125 GeV compatible with the SM Higgs;

I Why such a light mass?
I We have at least another scale in the problem, Planck

scale. (Possibly also GUT scale)
I Then why such a large scale hierarchy? Any symmetry or

dynamical reason?

We have one example of such large hierarchy implemented in a
well establish theory: QCD Dimensional Transmutation
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Fermion masses: two approaches

The bilinear approach. (as in Technicolor)
[Dimopoulos, Susskind], [Eichten, Lane]

at the UV:
λt

Λd−1
UV

qLOtR+h.c.

[O] = d and carries the Higgs quantum numbers. Running
down to Λ (where the dynamics of SSB kicks in)

mt ' λtv

(
Λ

ΛUV

)d−1

Alert: dangerous 4-fermion operators [Dimopoulus, Ellis]
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The linear approach (Partial Compositeness) [Kaplan]

at the UV:
λqL
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dL−5/2
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[OL,R] = dL,R, fermionic operators carrying quarks quantum
numbers.

mt ' λqLλtRv

(
Λ

ΛUV

)dL+dR−5

|SM〉 = cosϕ |elementary〉+ sinϕ |composite〉
Better: alleviates the 4-fermion operators

Sort of GIM protection

(q̄q)2 sin4 ϕ

M2
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Both cases:

I SM couplings break the full global symmetry G of the
strongly coupled theory;

I The breaking can be modeled by spurion fields, formally
transforming under G;

I This amounts to embedding the SM fermions into an
incomplete multiplet of a representation of G
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The MCHM: SO(5)/SO(4) [Agashe, Contino, Pomarol]
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L = Lcomp + Lmix + Lelem

Lcomp =iQL,R(D/+ ie/)QL,R + iT̃L,RD/T̃L,R

−
(
M1e

iφT̃LT̃R +M4Q̃LQ̃R

)
+ h.c.

+ icLe
iαLQ

i

Lγ
µdiµT̃L + icRe

iαRQ
i

Rγ
µdiµT̃R + h.c.

I M1 6= M4 after the spontaneous breaking of SO(5) down
to SO(4);

I cL,R in an effective field theory approach they are arbitrary.

−Lmix =yL4f q5
I

LUIiQ
i
R + yL1f q5

I

LUI5T̃R

+ yR4f t5
I

RUIiQ
i
L + yR1f t5

I

RUI5T̃L + h.c.

I yL,R are pre-Yukawa couplings which parameterize the
mixing between the elementary and composite sector

I The Lagrangian is written in a SO(5) invariant way, but the
mixing terms break SO(5) (and even SO(4)) explicitly,
because qL and tR are in incomplete reps of SO(5)
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3rd generation up masses: partial compositeness



0 fyL4 cos2 〈h〉
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〈h〉
f
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2

sin
〈h〉
f

M4 0 0

−fyR4√
2

sin
〈h〉
f

0 M4 0

fyR1 cos
〈h〉
f

0 0 eiφM1


I qL mixes with ψR (∝ yL4,1f )
I The strong sector is a vector-like theory, i.e. ψR mixes with
ψL via the mass term M4,1

I ψL mixes with qR (∝ yR4,1f )
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For Lelem assume that new high-scale physics (∼ 105 TeV)
induces "light" masses for quark bilinears (à la technicolor)
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EW scale (v)

Compositeness scale (f):
the strong sector is described by heavy resonances,
some of them have a mass of order f .

Condensation scale (ΛHC):
the strong dynamics breaks SO(5) to SO(4).

Flavour scale (ΛUV ):
additional Yukawa operators are generated.

resonances
tPC+HC



Up-quark masses

ξ↑ =
(
u c t T X2/3 T̃

)T
L = ξ↑L[Mup + Yuph+ · · · ]ξ↑R + h.c.
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Two steps diagonalization:

I First: diagonalize the heavy sector

U †uLMupUuR '
(
mU 0
0 DM

)
with DM diagonal and

mU ' O(mc)

1 1 1
1 1 1
1 1 1

+mt

0 0 0
0 0 0
0 0 1


I Second: diagonalize the light sector mU = VuLdUV

†
uR

VuL,R ∼


O(1) O(1) O
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(
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O
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mt

)
O
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mt

)
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Confronting with data

The main constraints on the model come from: flavour
conserving/violating processes; precision data; non linearities;
and neutron EDM.
2 main sources:
(1) induced solely by the mixing effects due to partial

compositeness and direct Yukawa couplings. Appearing as
flavour-violating couplings to the Z, W and Higgs;

(2) induced by heavy resonances, appearing at the
compositeness scale;

Scalar:Φ(gBQQ+ gST̃ T ) +
1

2
m2

ΦΦ2

Vector:Vµ(gBQL,Rγ
µQL,R + gST̃L,Rγ

µTL,R) +
1

2
m2
V VµV

µ
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Resulting bounds on VdL (setting VuR,L tPC+TC scenario)

Z-FCNCs:

|V ∗dL33VdL13| < 10−1, |V ∗dL33VdL23| < 10−1/2, |V ∗dL13VdL23| < 10−5/2

CKM Unitarity:

|VdL13| < 10−1, |VdL23| < 10−1/2

Scalar resonance:

|zdb4 | < 1÷ 10−2, |zsb4 | < 1÷ 10−1/2, |zds4 | < 10−4 ÷ 10−6

Vector resonace:
|V ∗dL33VdL31| < 10−1 ÷ 10−3, |V ∗dL33VdL32| < 1÷ 10−2,

|V ∗dL32VdL31| < 10−3 ÷ 10−5

z
dαdβ
4 = V ∗dL3αVdL3β

∑
γδ

VdRγβV
∗
dRδα
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Down-quark masses

What about the down-quark sector?

I No bPC. Mass origin from bilinear couplings. Some
tension with data.

I With bPC. Follow the same procedure as used for the top.
Original mix Lagrangian need additional mixing between
bR and bottom partner left. No need of additional fields,
use 14 = 9 + 4 + 1

yRfQ
i

LU
T
iId

14,IJ
3R UJ5 +h.c. =

1

2
yRf sin

〈h〉+ h

f
BLbR+h.c.

d14
3R =

bR

2
√

2


0 0 1 i 0
0 0 −i 1 0
1 −i 0 0 0
i −1 0 0 0
0 0 0 0 0


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The down-quark mass matrix becomes
m̃[ε]11 m̃[ε]12 m̃[ε]13 0
m̃[ε]21 m̃[ε]22 m̃[ε]23 0
m̃[ε]31 m̃[ε]32 m̃[ε]33 fyL4

0 0
yRf

2
sin ε M4



After diagonalization, we get for the light sector

mD ' O(ms)

1 1 1
1 1 1
1 1 1

+mb

0 0 0
0 0 0
0 0 1


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Neutron EDM [Konig, Neubert, Straub]

q q

W−

Ψ γ

q q

Z0

Ψ

γ

q q

h

Ψ

γ

dn = (1± 0.5)

[
1.4

(
dd −

1

4
du

)]
< 2.9× 10−26 e.cm

W: dd/ sin β '
(

1TeV
M∗

)2

O(10−22)|(VdL)31||(VdR)31|

|(VdL,R)31| ∼ O(1/
√

10)ms/mb OK!

Higgs : du/ sin β '
(

1TeV
M∗

)2

O(10−19)|(VuL)31||(VuR)31|

|(VuL,R)31| ∼ O(1/10)mc/mt some extra hierarchy!
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Sources of CP violation: preliminary
I The full Lagrangian contains many phases;

I Let us assume that the UV scale responsible by Lelem is CP
conserving;

I Then only φ in the composite sector is present.

Up-quark masses with phases

mU ' O(mc)

1 1 eiφ

1 1 eiφ

1 1 eiφ

+ eiφtmt

0 0 0
0 0 0
0 0 1


φt = Arg

(
1− eiφ yl4yR4

yL1yR1

M1

M4

)

J SM
SP = Tr

[
mUm

†
U ,mDm

†
D

]3

∝ sin(φ− φt)
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I Let us assume that the UV scale responsible by Lelem is CP

conserving;
I Then only φ in the composite sector is present.
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Production cross section: preliminary

Hadronic cross section:

σ(AB → X) =
∑
a,b

∫ 1

τ0

dτ

τ

[
1

s

dLab
dτ

]
[ŝσ̂(ab→ X)]

Partonic cross section
.

σ̂(ab→ X) = ηi σ̂i(ab→ X)

I Couplings dependence
I Topology: s-,t- and u-channels
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a b

s-channel

1

2

3

4

d

e

t-channel

1

2

3

4

id ∝ mi couplings ∝ mi couplings
I

(
|aL|2 + |aR|2

) (
|bL|2 + |bR|2

)
|dL|2|eL|2 + |dR|2|eR|2

II 3, 4 Re{bLb∗R}
(
|aL|2 + |aR|2

)
|dL|2|eR|2 + |dR|2|eL|2

III 1, 2 Re{aLa∗R}
(
|bL|2 + |bR|2

)
1, 3 Re{dLd∗R}

(
|eL|2 + |eR|2

)
IV All Re{aLa∗R}Re{bLb∗R} 2, 4 Re{eLe∗R}

(
|dL|2 + |dR|2

)
V All Re{dLd∗R}Re{eLe∗R}

Interference
id ∝ mi couplings
I Re{dLeLa∗Lb∗L}+ Re{dReRa∗Rb∗R}
II 1, 2 Re{dLeLa∗Lb∗R}+ Re{dReRa∗Rb∗L}
III 3, 4 Re{dLeLa∗Rb∗L}+ Re{dReRa∗Lb∗R}
IV All Re{dLeLa∗Rb∗R}+ Re{dReRa∗Lb∗L}
V 1, 3 Re{dLeRa∗Lb∗L}+ Re{dReLa∗Rb∗R}
VI 2, 3 Re{dLeRa∗Lb∗R}+ Re{dReLa∗Rb∗L}
VII 1, 4 Re{dLeRa∗Rb∗L}+ Re{dReLa∗Lb∗R}
VIII 2, 4 Re{dLeRa∗Rb∗R}+ Re{dReLa∗Lb∗L}



Production cross section: preliminary example

Top-partners in association with top or light jets:
qi

q
(′)
j

Ta

q
(′)
k

Z(W )

(a)

qi

q
(′)
j

Ta

q
(′)
k

Z (W )

(b)

qi

qj

Ta

qk

H

(c)

qi

q
(′)
j

Ta

q
(′)
k

H

(d)

Lets us look at uū→ Tat̄:
I M1 = M2 = 0;
I M3 = MTa , M4 = mt;
I topology: s-channel with Z boson

The partonic cross section is then given by

σ̂(uū→ Tat̄) = ηuūaI σ̂
I

s-channel + ηuūaII σ̂
II

s-channel
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I

s-channel + ηuūaII σ̂
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The cross sections are

σ̂Is-channel =
2ŝ2 − ŝ(M2

Ta
+m2

t )− (M2
Ta
−m2

t )
2

96π2ŝ2(m2
Z − ŝ)2

λ
1/2
Ta,t

,

σ̂Is-channel =
mtMTa

8π2ŝ(m2
Z − ŝ)2

λ
1/2
Ta,t

and the coupling combinations

ηuūX =
g4(9− 4c2W + 4c4W )

144c4W


∣∣∣[G2/3L

Z ]a+1,1

∣∣∣2 + ∣∣∣[G2/3R
Z ]a+1,1

∣∣∣2 , for X = I

Re
{
[G

2/3L
Z ]a+1,1[G

2/3R
Z ]∗a+1,1

}
, for X = II

.
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λ
1/2
Ta,t

,

σ̂Is-channel =
mtMTa

8π2ŝ(m2
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Parameters scan: Top mass, top Yukawa; S and T ; Zbb̄; Vtb



Conclusions

I Top partial compositeness and TC-like light masses
alleviate flavour constraints;

I The down-quark sector can not be completely anarchic;
I bPC which implies O(ms/mb) suppression for

(VL,R)31, (VL,R)32, (VL,R)13, (VL,R)23 elements is enough;
I Neutron EDM requires additional suppression in the light

sector. Possibly extra symmetry or additional scale;
I The type of suppression present in this model is not

exclusive of SO(5)/SO(4). This is a generic feature,
independent of the coset;

Still looking at:
I CP violation; Enough CP even just from partial

compositeness;
I The role of cL,R in production of these VL quarks;

Different when compared with renormalizable VL
scenarios;
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