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MCHM: SO(5)/SO(4)

In MCHM, the Higgs doublet, being identified with the pNGBs in the coset space
of SO(5)/SO(4), appears through a matrix U, in the unitary gauge to be:

U =


1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 cos h/f sin h/f
0 0 0 − sin h/f cos h/f


The pion matrix U transforms non-linearly under g ∈ SO(5): U → gUh†(g, h),
where h ∈ SO(4). By CCWZ, Cartan-Maurer forms are decomposed in the broken
T â and unbroken T a directions:

iU†DµU = d â
µT

â + E a
µT

a

where dµ and Eµ are the building blocks for an effective Lagrangian of pNGBs
and vector resnances.
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Top partners

We embed the left-handed quarks qL = (tL, bL)T and right-handed one tR in a
fundamental 5 of SO(5):

q5
3L = 1√

2

(
−ibL, bL, −i tL, −tL, 0

)
, t

5
R = (0, 0, 0, 0, tR) ,

The composite sector contains many spin-1/2 fermionic resonances. The minimal
set is a four-plet Q and a singlet T̃ of SO(4), in a 5 of SO(5):

ψ =

(
Q

T̃

)
= 1√

2


i B − i X5/3

B + X5/3

i T + i X2/3

−T + X2/3√
2 T̃

 .
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General Lagrangian

The general Lagrangian we can write is then:

Lcomp = iQL,R

(
/D + /E

)
QL,R + i T̃ L,R /DT̃L,R −M4

(
QLQR + QRQL

)
− M1

(
T̃ LT̃R + T̃R T̃L

)
+ icLQ

i

Lγ
µd i
µT̃L + icRQ

i

Rγ
µd i
µT̃R + h.c.

−Lpc = yL4,1f q
5
3LUψR + yR4,1f t

5
RUψL + h.c.

= yL4f
(
bLBR + c2

θ/2tLTR + s2
θ/2tLX2/3R

)
− yL1f√

2
sθtLT̃R

+ yR4f
(

sθ√
2
tRTL − sθ√

2
tRX2/3L

)
+ yR1fcθtR T̃L + h.c .

with the defination of sθ = sin θ = sin h+〈h〉
f .The piece of Lpc is a linear mixing

between an elementary fermion and one composite fermion, connected by the U
matrice, in order to generate a mass for the top via partial compositeness.
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Direct Yukawa Interaction

In addition we assume the presence of direct Yukawa interactions of all fermions,
generated at a scale ΛUV > ΛHC . e.g. through four-fermion interactions in
technicolor theory:

LY =
√

2 (q̄5
αLΣ)mu

UVαβ(ΣTu5
βR) +

√
2 (¯̃q5

αLΣ)md
UVαβ(ΣTd5

βR)

=
s2θ

2

[
ūαLm

u
UVαβuβR + d̄αLm

d
UVαβdβR

]
Where the fields qL and uR are a generalization to include three families, and q̃L
and dR are defined by

q̃5
αL =


0 0 0 −1 0
0 0 1 0 0
0 1 0 0 0
−1 0 0 0 0
0 0 0 0 0

 q5
αL , d5

αR =


0
0
0
0

dαR

 ,

with Σ = U · (0 0 0 0 1)t , transforming linearly as a 5 under SO(5).
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Characteristic energy scale

Due to our model set-up, several energy scales will be present here:

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

Condensation scale (ΛHC ): at this scale, the strong dynamics breaks SO(5)
into SO(4), and we have ΛHC = 4πf .

Compositeness scale (f ): the strong sector is described by heavy reonances,
e.g. spin-1/2 top partners and spin-1 vector resoannces, some of which have
a mass of order f .

EW scale (v): the mass scale of the W and Z gauge bosons.

In order to sufficiently suppress FCNC, we will require ΛUV & 105 TeV, and to be
consistent with naturalness, the compositeness scale f should be around 1 TeV.
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Flavor Structure

The fermionic field content can be split into up and down sectors as

ξ↑ =
(
u c t T X2/3 T̃

)T
, ξ↓ =

(
d s b B

)T
.

Their Yukawa-mass Lagrangian is given by

−Lyukawa−mass = ξ̄↑L [Mup + Yuph + · · · ] ξ↑R
+ ξ̄↓L [Mdown + Ydownh + · · · ] ξ↓R + h.c.

Notice that the up-type Yukawa matrice Yup comes from both the differentiation
of Mup and from the d4

µ ∝ ∂µh term in the Lcomp.

We will apply an expansion of sin 2ε, ε = 〈h〉/f , for a block diagonalization, so
that in this new basis the heavy eigenstates are diagonal and can be safely
integrated out.
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Up-quark sector

After the block diagonalization, we get for the up-quark sector, up to O(s3
2ε),

U†uLMupUuR '
(
mU 0
0 DM

)
,

with

mU ' s2ε

2 mu
UV + mtΠ , Π =

 0 0 0
0 0 0
0 0 1

 , DM ' diag
(
MT ,M4,MT̃

)
,

where mt is the contribution to the top mass from partial compositeness (so that
s2ε mUV ∼ mc � mt). The masses are defined as

mt = s2ε
f 2|yL1yR1M4−yL4yR4M1|

2
√

2MTMT̃

, MT =
√
M2

4 + f 2y2
L4 , MT̃ =

√
M2

1 + f 2y2
R1 .

For later use, we define sφL = yL4f
MT

, and sφR = yR1f
MT̃

, indicating the degrees of

partial compositeness.
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The Yukawa interaction is transformed into a non block-diagonal form. For the
light quark sector:

yu '
mU

fs2ε/2

(
1− 1

2 s
2
2ε

)
+ Bu , where Bu ∼ Σu

M2
∗
.

We also define

Σu ∼

 m2
c m2

c mcmt

m2
c m2

c mcmt

mcmt mcmt m2
t

 .

which is only capturing the order of the corrections and should not be considered
as true equalities because order one coefficients are neglected.
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Down-quark sector

Similar results can be obtained for the down sector:

U†dLMdownUdR '
(
mD

MT

)
, mD ' s2ε

2 md
UV .

Note that no partial compositeness for bottom quark. The Yukawa coupling is
decomposed as:

yd '
mD

fs2ε/2

(
1− s2

2ε

2

)
+ Bd ,

where in analogy with up-quark sector we have

Bd ∼ mbΣd

εM3
∗
, where Σd ∼ ε2(md

UV)
2
.
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EW gauge currents

The interaction Lagrangian of the EW gauge currents is:

Lgauge = Zµξ̄↑L,Rγ
µAtL,R

NC ξ↑L,R + Zµξ̄↓L,Rγ
µAbL,R

NC ξ↓L,R
+ W+

µ ξ̄↑L,Rγ
µAL,R

CC ξ↓L,R + h.c .

Through block diagonalization, the deviations are expressed in terms of squared
inverse of M∗ (generic top partner mass), Σu and Σd :

deviations in the neutral currents

δAtL
NC

∣∣
3×3
' g

cW

Σu

M2
∗
, δAtR

NC

∣∣
3×3
' − g

cW

Σu

M2
∗
,

δAbL
NC

∣∣
3×3

= 0 ,
(
δAbR

NC

∣∣
3×3

)
ij
' − g

2cW
Σd

M2
∗

;

deviations in the charged currents

(
δAL

CC

)
' − g√

2
Σu

M2
∗
,
(
δAR

CC

)
' − g√

2M2
∗
mb

 mc mc mc

mc mc mc

mt mt mt .

 .
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True mass eigenbasis

In order to go to the “true” mass eigenbasis we need to perform unitary
transformations acting only on the light quark generations:

mU = VuLMUV
†
uR , mD = VdLMDV

†
dR

where MU = diag(mu,mc ,mt) and MD = diag(md ,ms ,mb) are the masses of the
six quarks. Since mt � mc in automatically settled in our model, the light quarks
can be diagonalized through VuL,R of the form

VuL,R ∼

 O(1) O(1) O(mc

mt
)

O(1) O(1) O(mc

mt
)

O(mc

mt
) O(mc

mt
) 1

 .

Only the mixing between the first or second generation with the third generation
is suppressed by a factor of mc/mt .

However, in the down sector there is no a priori hierarchy in the mass matrice.
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Confront the data

We confront our model with constraints from flavour conserving/violating
processes, which have three distinct origins:

(1) induced solely by the mixing effects due to top partial compositeness and
direct Yukawa couplings;

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

(3) the four fermions interactions induced at the UV scale is of the form

L = 1
Λ2
UV

(q̄q)2 + h.c .

For ΛUV ∼ 105 TeV, it should not introduce any flavour problem.
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Flavour preserving processes

The deviation of t̄L /WbL needs to be compatible with |Vtb| = 1.021± 0.032:

|δAL
CC |1/2 ∼

∣∣∣ mt

M∗

(1−s2
φR )

√
2sφR

∣∣∣ . 10−1 .

This implies that sφR < 1/2 is disfavoured, unless M1 � 1 TeV.

The right-handed coupling t̄R /WbR ,

δAR
CC ∼

g√
2
mtmb

M2
4

need to satisfy the measurement of b → sγ, ⇒ we need M4 & 1 TeV.
For the couplings of the bottom quark we obtain

δgZbL = 0 , δgZbR ' −
g

2cW
s2
φLc

2
φL

(
mb

M∗

)2

;

δgZbL vanishs due to the custodial symmetry, but gets correction from higher
order operators; δgZbR is suppressed by m2

b/M
2
∗ . (EW constrants is satisfied)
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Flavour violating processes

The FCNC process with |∆F | = 2 transitions can place strong constraints. The
relevent effective Lagrangian is:

L|∆F |=2 =
∑5

i=1 C
qαqβ
i Qqαqβ

i +
∑3

i=1 C̃
qαqβ
i Q̃qαqβ

i

with the dimension six operators defined as

Qqαqβ
1 =

(
qβLγµqαL

) (
qβLγµqαL

)
, Q̃qαqβ

1 =
(
qβRγµqαR

) (
qβRγµqαR

)
,

Qqαqβ
2 =

(
qβRqαL

) (
qβRqαL

)
, Q̃qαqβ

2 =
(
qβLqαR

) (
qβLqαR

)
,

Qqαqβ
3 = qaβRq

b
αLq

b
βRq

a
αL , Q̃qαqβ

3 = qaβLq
b
αRq

b
βLq

a
αR ,

Qqαqβ
4 =

(
qβRqαL

) (
qβLqαR

)
,

Qqαqβ
5 = qaβRq

b
αLq

b
βLq

a
αR .
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Firstly we apply the effective approach to the D0 − D
0

system. The contribution
of a Higgs exchange to the operator Quc

4 is estimated to be:

1
m2

H

(
mc

M∗

)4

' 10−12

TeV2

(
1 TeV
M∗

)4

,

The contribution from exchanging of a Z boson to the operator Quc
1 is:

g2

16c2
Wm2

Z

(
mc

M∗

)4

' 10−11

TeV2

(
1 TeV
M∗

)4

.

Therefore, flavour violation in the up sector is well under control.
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In the down sector, using the higher order correction to δgZbL , we can find
effective operators of the following form:

1
m2

Z

(
sφL

mZ

mV

)4 [
(V ∗dL33VdL31)2Qdb

1 + (V ∗dL33VdL32)2Qsb
1 + (V ∗dL32VdL31)2Qds

1

]
' 10−4

TeV2

[
(V ∗dL33VdL31)2Qdb

1 + (V ∗dL33VdL32)2Qsb
1 + (V ∗dL32VdL31)2Qds

1

]
,

setting mV ' 3 TeV. These coefficients are too large, therefore one need the
mixing angles in the down sector have a hierarchy.

|V ∗dL33VdL31| < 10−1 , |V ∗dL33VdL32| < 10−1/2 , |V ∗dL32VdL31| < 10−5/2 .
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Top rare decays

The CMS measurement for the flavour violating top decays, e.g. t → ch, t → cZ
with 19.7 fb−1 at

√
s = 8 TeV is:

B(t → ch) < 6÷ 8× 10−3 95%CL,
B(t → cZ ) < 5× 10−4 95%CL.

In our model, we can estimate the corresponding branching ratios to be:

B(t → ch) ' 0.25 (|ytc,L|2 + |ytc,R |2) , B(t → cZ ) ' 3.5 (δAtL,R
NC )

2

32 .

The leading contributions to misaligned Yukawas are:

ytc,L ' ytc,R ∼
mcmt

fM∗
' 10−4 ,

and the third generation flavour violating Z couplings are:

(δAtL,R
NC )32 '

g
cW

mtmc

M2
∗
' 10−4 .
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CKM unitarity

The CKM matrix is defined by the following expression:

VCKM = V †uL(1 +
√

2
g δA

L
CC )VdL .

Thus the correction δAL
CC is constrained by unitarity, in particular(

V †uLVdL

)† (
V †uLVdL

)
= 1 ⇒ V †dL(δAL

CC + δAL†
CC )VdL = V †CKMVCKM − 1 ,(

V †uLVdL

)(
V †uLVdL

)†
= 1 ⇒ V †uL(δAL

CC + δAL†
CC )VuL = VCKMV †CKM − 1 .

For the up-type sector, the bound is easily satisfied, while a mild hierarchy in the
down-type sector is required, we find

|VdL13| < 10−1 , |VdL23|2 < 10−1 .

Haiying Cai (CHEP 2015) Dynamic Composite Higgs 20 / 30



Scalar resonance

First we consider the scalar interaction: L = Φ(gBQ̄Q + gS
¯̃TT̃ ) + 1

2m
2
ΦΦ2. After

diagonalization and integrating out Φ, we find:

Lu '
(

1 TeV
M∗

)2 (
g̃

mΦ/TeV

)2

× 10−10

TeV2 Quc
4 ,

Ld '
(

1 TeV
M∗

)2 (
gB

mΦ/TeV

)2

× 10−5

TeV2

[
zdb4 Qdb

4 + z sb4 Qsb
4 + zds4 Qds

4

]
with the coefficients given by rotating matrices:

z
dαdβ
4 = V ∗dL3αVdL3β

∑
γδ VdRγβV

∗
dRδα .

The constraints on Q4 operators require the coefficients to satisfy:

|zdb4 | < 10−2 , |z sb4 |2 < 10−1 , |zds4 | < 10−6 ,

by assuming mΦ/g ∼ 1 TeV in a conservative scenario.
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Vector resonance

The interaction with a massive vector resonance is:

L = Vµ(gBQ̄Lγ
µQL + gS

¯̃TLγ
µT̃L) + (L→ R) + 1

2m
2
VVµV

µ .

C uc
1 ∼

(
gB

mV /TeV

)2

× 10−9

TeV2 , C
dαdβ
1 ∼

(
gB

mV /TeV

)2

× [V ∗dL3αVdL3β ]2

TeV2

The constraints on C bd
1 , C bs

1 and C sd
1 imply, respectively,

|V ∗dL33VdL31| < 10−3 , |V ∗dL33VdL32| < 10−2 , |V ∗dL32VdL31| < 10−5 .

⇒ i.e. certain alignment in the down-sector is required.
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Summary of bounds

In composite Higgs models, deviations in its couplings to quarks are given by non
linearities:

ySM−y
m/v ' 1− 1−2s2

ε√
1−s2

ε

' 0.15 .

This value is for the hb̄b coupling is allowed by the experiment measurement.
A combined analysis for all the results is in order:

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 , |z sb4 | < 1÷ 10−1/2 , |zds4 | < 10−4 ÷ 10−6 ,
Vector resonance : |V ∗dL33VdL31| < 10−1 ÷ 10−3 , |V ∗dL33VdL32| < 1÷ 10−2 ,

|V ∗dL32VdL31| < 10−3 ÷ 10−5 .

The O(102) magnitude variation is that we may times a (4π)2 factor for the
resonance mass, thus the contraint will be relieved.
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Partial composite bottom

We discuss the possibility for bR to linearly couple to composite operator,
containing BL, without introducing additional bottom partner:

L ⊇ q̄3LOqL + b̄RObR + h.c .

The difference is that the mixing with bR requires EWSB. Explicitly we can write
down the Lagrangian to be:

L = yR f ψ̄LU
td14

3RΣ + h.c . = 1
2yR fsθB̄LbR + h.c . ,

where ψ is the quark partner five-plet that contains the bottom partner B, and
d14

3R is a spurion formally transforming as the 14 of SO(5), whose only dynamical
component is the bR :

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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Down sector structure

From the partial compositeness and the elementary Yukawas we obtain:

L = d̄αLm
d
αβdβR + h.c . , md = md

UV
s2ε

2 + Π
fyR sφL

2 sε .

We require fyRsφLsε/2 ' mb, and |md
UV | ∼ ms � mb. This hierarchy generates

the following rotating matrices:

VdL,R ∼

 O(1) O(1) O(ms

mb
)

O(1) O(1) O(ms

mb
)

O(ms

mb
) O(ms

mb
) 1

 .

In analogy to the top partial compositeness, we generate an additional mass
hierarchy ms/mb, which relieves the flavor constraint in the down-quark sector.
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Full composite tR

Another minimal variation is to assume that tR is a full composite state. This
assumption leads to changes in the up-sector mass, Yukawa matrices and gauge
interactions.

Lcomp = iQL,R

(
/D + /E

)
QL,R + i T̃ L,R /DT̃L,R −M4

(
QLQR + QRQL

)
− M1

(
T̃ LT̃R + T̃R T̃L

)
+ icLQ

i

Lγ
µd i
µT̃L

+ icRQ
i

Rγ
µd i
µT̃R + ictQ

i

Rγ
µd i
µtR + h.c.

−Lmix = yL4,1f q
5
3LUψR + yLt f q

5
3LUtR + h.c.

= yL4f
(
bLBR + c2

θ/2tLTR + s2
θ/2tLX2/3R

)
− yL1f√

2
sθtLT̃R − yLt f√

2
sθtLt̃R + h.c .
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Up sector structure

We find that the factorization pattern displayed for mU continue to hold, and the
additional ct term in the Lcomp will give rise to an O(1) correction in the Yukawa
interaction:

mU ' s2ε

2 mu
UV ∓mtΠ , yu '

mU

fs2ε/2

(
1− 1

2 s
2
2ε

)
+ ct (yLt − yL4) cφLΠ + Bu ,

where Π =

 0 0 0
0 0 0
0 0 1

 , Bu ∼ Σu

M2
∗
, and cφL = M∗√

M2
∗+f 2y2

L4

.

The deviations in charged and neutral right-hand currents can be calculated and
are of the same order as in the partial composite case.
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Scalar resonance

For scalar interaction, the effective Lagrangian is the same as before:

L = Φ(gBQ̄Q + gS
¯̃TT̃ ) + 1

2m
2
ΦΦ2 .

When we integrate out the scalar resonance, the effective Lagrangian for the
dimension-6 operator is,

LS ' 10−10

TeV2

(
1 TeV
M∗

)2

Quc
4 .

The coefficient C uc
4 is well below the experimental bound.
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Vector resonance

Larger difference comes from the tR coupling to a vector resonance Vµ due to the
chiral property:

LV = Vµ(gBQ̄Lγ
µQL + gS

¯̃TLγ
µT̃L) + (L→ R) + Vµg

′
S t̄Rγ

µtR + 1
2m

2
VVµV

µ .

After rotating to the mass eigenstates and intergrating out the vector resonance,,
we find the coefficients:

Quc
1 : 1

f 2

(
s2
φL

(
mc

mt

)2

− 2s2
φLc

2
φL

(
mc

M∗

)2
)2

Q̃uc
1 : 1

f 2

(
g ′S
gB

(
mc

mt

)2

+
(

(1− 2cφL)2 − g ′S
gB

)
s2
φL

(
mc

M∗

)2
)2

.

Therefore numerically, the Wilson coefficients are of order of 10−9/TeV2, below
the experimental bound.
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Conclusion

We have explored the possibility that the top quark mass is mainly
generated by partial compositeness, while other quarks masses are from
four-fermion interaction.

We showed that this scenario is naturally compatible with bounds from
flavour constraints for the up sector. For the down sector, in order to satisfy
the bounds, they require a mild hierarchy in the mixing matrice.

The discussion of flavor violating suppression is quite general, can be
generalized to the case with additional top partners and the scenario of non
minimal coset.

The mechanism also applies to the scenario of tR being a full composite
state, as the flavor structure would not be affected.
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