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Motivation

LHC data prefer |κt | > |κg |!



Composite Higgs model scenario

I Two sectors: the elementary sector, the composite (strong)
sector.

I Higgs are pseudo-Goldstone bosons living in some coset G/H

I SM fermions acquire masses from linear mixing.

Higgs(G/H)

m∗, g∗

Gauge

Proto− Y ukawa

SM



General Analysis: Higgs are Goldstone bosons G/H

The whole strong dynamics encoded in the form factors:∑
q=t,b

ΠqL q̄L/p qL + ΠqR q̄R/p qR − (ΠqLqR q̄L qR + h.c.)

⇓ Compact coset

ΠqL = Π0qL + s2
h Π1qL + s4

h Π2qL + · · · ,
ΠqR = Π0qR + s2

h Π1qR + s4
h Π2qR + · · · ,

⇓ vectorial representations

ΠqLqR = shch
(
Π1qLqR + s2

h Π2qLqR + · · ·
)
,

sh ≡ sin h/f , ch ≡ cos h/f



Partial compositeness

Partial compositeness tells us:

LUVmix = (q̄L)α(yL)αIOI
qL

+ t̄R(y tR)IOI
tR

+ b̄R(ybR)IOI
bR

⇓ IR

−Lm = (F̄L,
~̄ΨL)MF (h)

(
FR
~ΨR

)
, MF =

(
0 Y T

L (h)
YR(h) Mc

)
,

⇓ E.O.M ⇓

ΠfLfR (0) = −Y T
L M−1

c YR , DetMF = −Y T
L M−1

c YR DetMc ,

⇓

DetMF = ΠfLfR (0) DetMc



Higgs couplings from the form factors

The quark masses are evaluated at the zero momentum:

mq =
ΠqLqR (0)√

ΠqL(0)
√

ΠqR (0)

⇓ v ∂
∂〈h〉 = sin θ ∂

∂θ

cq ≡ ghqq̄
(ghqq̄)SM

=
v

mq

∂mq

∂ 〈h〉 = sin θ
∂

∂θ
logmq

= sin θ
∂

∂θ
log ΠqLqR −

1

2
sin θ

∂

∂θ
(log ΠqL + log ΠqR )

θ = 〈h〉 /f , v = f sin θ = 246GeV



Higgs couplings from the form factors

Due to partial compositeness, the ggh coupling can be obtained by
the form factors:

cg = c
(t)
g + c

(b)
g

c
(t)
g ≡

g
(t)
ggh

(gggh)SM
= sin θ

∂

∂θ
log DetM2/3 = sin θ

∂

∂θ
log ΠtLtR

c
(b)
g ≡

g
(b)
ggh

(gggh)SM

= sin θ
∂

∂θ
(log ΠbLbR − logmb)

=
1

2
sin θ

∂

∂θ
log ΠbL +

1

2
sin θ

∂

∂θ
log ΠbR

We have:

ct − cg = −1
2 sin θ ∂

∂θ (log ΠtL + log ΠtR + log ΠbL + log ΠbR )



The coupling difference ct − cg

The coupling difference is controlled by wave function
normalization:

ct − cg = −1

2
sin θ

∂

∂θ
(log ΠtL + log ΠtR + log ΠbL + log ΠbR )

Recall the expansion:

ΠqL = Π0qL + s2
h Π1qL + s4

h Π2qL + · · · ,
ΠqR = Π0qR + s2

h Π1qR + s4
h Π2qR + · · · ,

⇓ ξ = sin2 θ � 1

ct − cg = −ξ
(

Π1tL
Π0tL

+
Π1tR
Π0tR

+
Π1bL
Π0bL

+
Π1bR
Π0bR

)
+ · · ·



Higgs potential from the form factors

The Coleman-Weinberg potential for the Higgs boson:

Vf (h) = −2Nc

∫
d4Q

(2π)4

[
log
(
Q2 ΠtLΠtR + |ΠtLtR |2

)
+ t → b

]
Expand in sh:

Vf (h) ' −γf s2
h + βf s4

h

The leading contribution to the γf factor:

γy
2

f = 2Nc
(4π)2

∫ Λ2

0 dQ2 Q2
[

Π1tL
Π0tL

+
Π1tR
Π0tR

+
Π1bL
Π0bL

+
Π1bR
Π0bR

]



Relation between ct − cg and Higgs mass term

They are related by the master function:

F(Q2) =
Π1tL
Π0tL

+
Π1bL
Π0bL

+
Π1tR
Π0tR

+
Π1bR
Π0bR

ct − cg = −F(0)ξ + · · · , γf ∼
2Nc

(4π)2

∫ Λ2

0
dQ2 Q2F(Q2) .

The slope of the integrand at the origin:

[xF(x)]′|x=0 = (F(x) + xF ′(x))|x=0 = F(0)

Roughly, we have:

γf > 0 ⇒ ct < cg



Example: 5 of SO(5)/SO(4)

Neglecting the kinetic terms, the effective Lagrangian:

LM45 = −M4Ψ̄Ψ +
[
c4yLf (q̄5

L)IU
I
iΨ

i
R + a4yR f (t̄5

R)IU
I
iΨ

i
L + h.c .

]
LM15 = −M1Ψ̄Ψ +

[
c1yLf (q̄5

L)IU
I
5ΨR + a1yR f (t̄5

R)IU
I
5ΨL + h.c .

]
The non-linear realization of SO(5) (g ∈ SO(5), h(x) ∈ SO(4)):

U I
i → g I

Jh
∗j
i UJ

j , U I
5 → g I

JU
J
5

The constrained SO(5) vector:

ΣI = U I
5 = (0, 0, 0, sh, ch)T , Σ†Σ = 1



SO(4) ' SU(2)L × SU(2)R , Y = T 3R + X

The embedding of the SM third-generation quark:

q5
L = tLPtL + bLPbL , q̄5

L = t̄LP
†
tL + b̄LP

†
bL
, t5

R = tRPtR , t̄5
R = t̄RP

†
tR

The vectors are determined by their SM quantum numbers:

(PtL)I =
1√
2


0
0
i
−1
0

 , (PbL)I =
1√
2


i
1
0
0
0

 , (PtR )I =


0
0
0
0
1



Upper indices transform under g , lower indices under g∗



Partial compositeness
The decomposition of the fourplet:

Ψ4 =
1√
2


iB − iX5/3

B + X5/3

iT + iX2/3

−T + X2/3

 Ψ1 = T̃ .

Two SU(2)L doublets:

qT = (T ,B)1/6, qX = (X5/3,X2/3)7/6

Before EWSB:

c4yLf q̄LqTR , a1yR f t̄R T̃L

The mixing angles:

tan θL =
c4yLf

M4
, tan θR =

a1yR f

M1



Spurion Analysis

G = SO(5)× U(1)X × U(1)3
el

The embedding vectors are treated as spurions:

(Pq)I → g I
J(Pq)J , (P†q)I → g∗JI (P†q)J

The elementary U(1)3
el global symmetry q = (tL, bL, tR):

q → e iαqq, Pq → e−iαqPq

LM45 = −M4Ψ̄Ψ +
[
c4yLf (q̄5

L)IU
I
iΨ

i
R + a4yR f (t̄5

R)IU
I
iΨ

i
L + h.c .

]
LM15 = −M1Ψ̄Ψ +

[
c1yLf (q̄5

L)IU
I
5ΨR + a1yR f (t̄5

R)IU
I
5ΨL + h.c .

]



Spurion Analysis

G = SO(5)× U(1)X × U(1)3
el

ΠtL t̄L/p tL + ΠbL b̄L/p bL + ΠtR t̄R/p tR − (ΠtLtR t̄L tR + h.c.)

The form factors are determined by the invariants:

P†tLΣΣ†PtL =
s2
h

2
, P†bLΣΣ†PbL = 0 , P†tR ΣΣ†PtR = c2

h

P†tLΣΣ†PtR = − shch√
2

⇓

ΠtL = Π0tL + s2
h Π1tL , ΠtR = Π0tR + s2

h Π1tR

ΠtLtR = shchΠ1tLtR



The couplings

ct,g = 1 + ∆t,gξ + · · · , ξ = v2/f 2, r1 = c4a4
c1a1

M1
M4

The ggh coupling strength:

ΠtLtR (0) ∝ shch ⇒ c(t)
g = sin θ

∂

∂θ
log ΠtLtR (0) =

cos 2θ

cos θ

⇓
∆g = − 3

2

The top Yukawa coupling:

∆t −∆g =
1

2

(
1− 1

r2
1

)
sin2 θL +

(
1− r2

1

)
sin2 θR < 1

⇓
∆t < −1/2



14 of SO(5)/SO(4)

14 = 9(3, 3)⊕ 4(2, 2)⊕ 1

The effective Lagrangian:

LM914 = −M9Ψ̄ijΨ
ij +

[
c9yLf (q̄14

L )IJU
I
iU

J
jΨ

ij
R + a9yR f (t̄14

R )IJU
I
iU

J
jΨ

ij
L + h.c .

]
LM414 = −M4Ψ̄Ψ +

√
2
[
c4yLf (q̄14

L )IJU
I
iU

J
5Ψi

R + a4yR f (t̄14
R )IJU

I
iU

I
5Ψi

L + h.c .
]

LM114 = −M1Ψ̄Ψ +

√
5

2

[
c1yLf (q̄5

L)IJU
I
5U

J
5ΨR + a1 yR f (t̄14

R )IJU
I
5U

J
5ΨL + h.c .

]
The SM quark embedding matrices:

(PtL)IJ =
1

2


0
0
i
−1

0 0 i −1

 , (PbL)IJ =
1

2


i
1
0
0

i 1 0 0

 ,

(PtR )IJ =
1

2
√

5
diag(−1,−1,−1,−1, 4)



The invariants
The advantage of 14 is that now we have two types of invariants:

ΣTP†qPqΣ∗, ΣTP†qΣ Σ†PqΣ∗

The invariants affecting the ggh coupling:

ΣTP†tLPtR Σ∗ = − 3

4
√

5
shch,

ΣTP†tLΣ Σ†PtR Σ∗ = −2
√

5

5
shch +

√
5

2
s3
hch

⇓

ΠtLtR = shch
(
Π1tLtR + s2

h Π2tLtR + · · ·
)

⇓

∆
(t)
g = −3

2
+

2 Π2tLtR

Π1tLtR



The Higgs couplings

r1 = c4a4
c1a1

M1
M4
, r9 = c4a4

c9a9

M9
M4
, r2

1 =
M2

1

M2
4
, r2

9 =
M2

9

M2
4

The ggh coupling depends on the mass scales now:

∆
(t)
g = −3

2

1− 1/r9
1− 1/r1

− 4, ∆
(b)
g =

(
1

r2
9

− 1

)
sin2 θL

The modification to the top Yukawa:

∆t = ∆
(t)
g +

5

2
sin2 θL

(
1− 1

2r2
9

− 1

2r2
1

)
+

5

2
sin2 θR

(
1− r2

1

)



The difference ∆t −∆g

The essential quantity to fit the data:

∆t −∆g =
1

4
sin2 θL

(
14− 9

r2
9

− 5

r2
1

)
+

5

2
sin2 θR

(
1− r2

1

)
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Benchmark plot: r9 = −1
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Red dashed lines: ξ = 0.1, r1 ∼ 0.4

Blue solid lines: ξ = 0.2, r1 ∼ 0.5



Higgs potential

The Higgs potential:

Vf (h) ' NcM
4
4

16π2

(
−γ̃f sin2 h

f
+ β̃f sin4 h

f

)
We can see the tension between positive ∆t −∆g and positive γf :

∆t −∆g =
9

4
sin2 θL

(
1− 1

r2
9

)
+

5

4
sin2 θL

(
1− 1

r2
1

)
+

5

2
sin2 θR

(
1− r2

1

)
γ̃
y2
L

f =
9

2
tan2 θL

(
1− r2

9

) [
f1(xΛ, sec2 θL)− r2

9 f2(xΛ, r
2
9 , sec2 θL)

]
+

5

2
tan2 θL(1− r2

1 )
[
f1(xΛ, sec2 θL)− r2

1 f2(xΛ, r
2
1 , sec2 θL)

]
γ̃
y2
R

f = −5 tan2 θR r2
1 (1− r2

1 )
[
f1(xΛ, r

2
1 sec2 θR)− f2(xΛ, 1, r

2
1 sec2 θR)

]
xΛ = Λ2/M2

4



Including γy
4

f

r1,9 ∈ [−2, 2], θL,R ∈ [0, π/2]
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�Λ = ���



The Higgs mass
After EWSB:

ξ =
γ̃f

2β̃f
, m2

h =
8NcM

4
4

16π2f 2
β̃f ξ(1− ξ) ∼ (158GeV)2

(
M4

1TeV

)2(
ξ

0.1

)2

β̃f

��� ��� ��� ��� ��� ��� ��� ���
���

���

���

���

���

���

���

���

��

��

ξ = ���� �� = ��� ���

mt = 150GeV, Λ = 4πf ∼ 9.8TeV



Possible solution

Enlarge to SO(6)/SO(5), gauge an extra U(1)A in the coset:

T 5̂
IJ = − i√

2
(δ5I δ6J − δ5Jδ6I )

We have the contribution from the gauge sector:

γg =
c m4

ρ

64π2

(
2
g2
A

g2
ρ

− 3
g2

g2
ρ

− g ′2

g2
ρ

)
Need careful study!
See also:
M. J. Dugan, H. Georgi and D. B. Kaplan, Nucl. Phys. B 254
(1985) 299.



Conclusion

I LHC data prefer ct > cg .

I We find strong correlation between ct − cg and the Higgs
mass term in the composite Higgs framework.

I Possible ct − cg usually leads to positive Higgs mass term
without EWSB.

I An extra U(1)A gauge boson may solve the problem.



The form factor (continue)

Π2tL(p2) =
1

4
y2
L f

2

(
3

c2
9

p2 −M2
9

− 8
c2

4

p2 −M2
4

+ 5
c2

1

p2 −M2
1

)
Π2tR (p2) =

5

16
y2
R f

2

(
−3

a2
9

p2 −M2
9

+ 8
a2

4

p2 −M2
4

− 5
a2

1

p2 −M2
1

)

Π1tLtR (p2) =

√
5

2
yLyR f

2

(
c4a4M4

p2 −M2
4

− c1a1M1

p2 −M2
1

)
Π2tLtR (p2) =

√
5

8
yLyR f

2

(
3
c9a9M9

p2 −M2
9

− 8
c4a4M4

p2 −M2
4

+ 5
c1a1M1

p2 −M2
1

)


