
Custodial Leptons
and Higgs Decays

Florian Goertz

SUSY 2013

ICTP Trieste
30.08.2013

Carmona, FG

JHEP 04(2013)163
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Composite Higgs Models

Higgs is composite at small distances E � 1/lH ∼ f
Kaplan, Georgi, Dimopoulos,. . .

⇒ mH saturated in IR ⇒ Hierarchy Problem solved

Higgs as (pseudo-)Goldstone Boson ⇒mH � mρ [like QCD pions]

Minimal viable
symmetry-breaking pattern:

SO(5)→ SO(4)

⇒ Custodial Symmetry
The Minimal Composite Higgs Model (MCHM),
Agashe, Contino, Pomarol
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Higgs Production and Decay in Composite Models

Higgs = Goldstone → non-linear realization ΣI =
(
Exp[iHâT â/f ]

)
I5

Higgs decay constant f = mρ/gρ < mρ

⇒ Modification of Higgs couplings due to Goldstone nature ,

scale as trigonometric functions of v/f ⇒ indirect signs of model
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Figure 5: Examples of Feynman diagrams involving zero-mode fields only that con-
tribute to the production and the decay of the Higgs boson at leading order of pertur-
bation theory. Vertices indicated by a black square can receive sizable shifts in the RS
model relative to the SM couplings. See text for details.

can be parametrized by 1− at,b v2/M2
KK with the coefficients at,b given in Table 3. The quoted

values of at,b have been obtained from the best fits to the shown sample of scatter points.
The suppression of the Yukawa couplings of the third-generation quarks, Reκt,b ≤ 1, as

well as the feature |Imκt,b| # 1 is not difficult to understand. First, one has mq
3/v

(
(Φq)33 +

(ΦQ)33

)
≥ 0 since the diagonal elements of the matrices Φq,Q introduced in (137) are absolute

squares. Second, the third term in (136) can be written in the ZMA as

(∆g̃u
h)33 =

4m2
t

3vM2
KK

3∑

j=1

mu
j

(
U †

u diag
[
F −2(cQi

)
]
Uu

)
j3

(
W †

u diag
[
F −2(cuc

i
)
]
W u

)
3j

. (166)

A similar formula applies to the case of (∆g̃d
h)33. Because the diagonal elements of the matrices

U †
u diag [F −2(cQi

)] Uu and W †
u diag

[
F −2(cuc

i
)
]
W u are absolute squares, the term with j = 3

is obviously positive semi-definite. The terms with j = 1, 2, on the other hand, can have
an arbitrary complex phase. Yet, due to the strong chiral suppression, mc/mt ≈ 1/275 and
mu/mt ≈ 10−5, the imaginary part of (166) turns out to be negligibly small, leaving us with
(∆g̃u

h)33 ≥ 0. The same holds true for (∆g̃d
h)33, although the chiral suppression is weaker in this

case, ms/mb ≈ 1/50 and md/mb ≈ 1/800. Recalling that (∆gq
h)33 = mq

3/v
(
(Φq)33 + (ΦQ)33

)
+

(∆g̃q
h)33 ≥ 0 enters (135) with a minus sign, we conclude that the htt̄ and hbb̄ couplings are

predicted to be suppressed relative to their SM values in both the minimal and the extended
RS models. We believe that this finding is model-independent and holds in a wide class of RS
set-ups. The same conclusion has been drawn in the context of models where the Higgs arises
as a pseudo Nambu-Goldstone boson [52, 53].

The second term in the numerator of (164) represents the contribution to the gg → h
amplitude arising from the virtual exchange of KK quarks. The corresponding Feynman graph
is shown on the very left in Figure 6. In the up-type quark sector the associated coefficient
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. . .
κp ≡

ghpp

gSM
hpp

MCHM5: fermions in 5 of SO(5)

κ5
f =

cos(2v/f )

cos(v/f )
< κW ,Z

κW ,Z = cos(v/f )
Giudice, Grojean, Pomarol, R. Rattazzi, hep-ph/0703164
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Effects of Resonances/Mixing? Light Top Custodians!

Composite Higgs models (gauge-Higgs unification) feature
generically light resonances associated to the (RH) top quark
Carena, Ponton, Santiago, Wagner, hep-ph/0607106; Contino, Da Rold, Pomarol, hep-ph/0612048

mcust � f

Consequence of large mt (5D: IR localized)
and enlarged fermion representations that protect Zbb̄ (PLR)

ζtR =

[
(2, 2)tR [−+]
(1, 1)tR [+,+]

]

ζtL = [+↔ −]
[+ 3 other 5s of SO(5)
∼= (2⊗ 2⊕1) of SU(2)L×SU(2)R ]

New light scale mcust � f suggests that the effect of the light
top custodians (incl. mixing) is dominant in these models

Florian Goertz (ETH Zürich) Custodial Leptons and Higgs Decays
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Low Energy Model: Vector-Like Fermion Scenario

Possible to describe effects due to mixing with fermion
resonances in transparent way by only considering

SM + light custodians

Motivated vector-like fermion scenario,
featuring custodial protection

[neglect other effects for the moment, see later] Carmona, FG, 1301.5856
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MCHM5

IR model: SM + new bi-doublets ⊂ ζt,τR =

[
(2, 2)t,τR [−+]

(1, 1)t,τR [+,+]

]

Light top custodians:

Q
(0)
1L,R =

(
Λ

(0)
1L,R

T
(0)
1L,R

)
∼ 2 7

6
, Q

(0)
2L,R =

(
T

(0)
2L,R

B
(0)
2L,R

)
∼ 2 1

6

Q = 5/3, 2/3, 2/3, 1/3
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MCHM5: Higgs Couplings of Top Sector in Mass Basis

gT
h5 = 1

v




c2
Rmt 0 sRcRmt

0 0 0

sRcRMT2 0 s2
RMT2




Mixing parameter 1 ≥ s2
R = 1− c2

R ≥ 0: function of yukawas
and vector-like masses, measures compositeness of zero mode
(mixing with resonances, negligible for light quarks)

Coupling of SM mode depleted by c2
R

Florian Goertz (ETH Zürich) Custodial Leptons and Higgs Decays



Effects of Top Custodians: gg → h and h→ γγ

σ(gg → h)MCHM5 = |κ5
g |2 σ(gg → h)SM
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W
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Ti, Ei, Yi

1

κ5
g ≈

(ct
R)2 A(τt) + (stR)2 A(τT2)

A(τt)
;

loop functions

A(τt) ≈ 1 ≈ A(τT2 )

neglect b (=SM) for simplicity

τi = 4m2
i /m2

h

bΤ

t

10-4 0.001 0.01 0.1 1 10 100
0.0

0.5

1.0
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Τ

ÈA qh HΤLÈ
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Effects of Top Custodians: gg → h and h→ γγ

σ(gg → h)MCHM5 = |κ5
g |2 σ(gg → h)SM
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γ
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Ti, Ei, Yi

1

κ5
g ≈ (ct

R)2 + (stR)2 = 1

Effects due to quark mixing drop out after summing over SM-like
top and resonances, due to A(τt) ≈ A(τT2 ) ≈ 1 see Falkowski, 0711.0828

⇒ No indirect information about details of spectrum and couplings

Light fermions considered elementary ⇒ no effect at first place in

that sector (↔ warped models Casagrande, FG, Haisch, Neubert, Pfoh, 1005.4315;
Azatov, Toharia, Zhu, 1006.5939;... )

Not much about fermion mixing (sR) in past Higgs literature

→ only v/f effects ...
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Effects of Top Custodians: gg → h and h→ γγ

σ(gg → h)MCHM5 = |κ5
g |2 σ(gg → h)SM

g

g

h
t

t

t

g

g

h
Ti

Ti

Ti

h

γ

γ

t

t

t
h

γ

γ

W

W

W
h

γ

γ

Ti, Ei, Yi

Ti, Ei, Yi

Ti, Ei, Yi

1

κ5
g ≈ (ct

R)2 + (stR)2 = 1

Effects due to quark mixing drop out after summing over SM-like
top and resonances, due to A(τt) ≈ A(τT2 ) ≈ 1 see Falkowski, 0711.0828

⇒ No indirect information about details of spectrum and couplings

Light fermions considered elementary ⇒ no effect at first place in

that sector (↔ warped models Casagrande, FG, Haisch, Neubert, Pfoh, 1005.4315;
Azatov, Toharia, Zhu, 1006.5939;... )

Not much about fermion mixing (sR) in past Higgs literature

→ only v/f effects ...

Very recently: top mixing accessible in Higgs+jets Banfi, Martin, Sanz, 1308.4771
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Higgs Decays: h→ γγ

Γ(h→ ff )MCHM5 = |κ5
f |2 Γ(h→ ff )SM

κ5
γ = 1 ??

. . . due to same cancellations as in κ5
g?

Indeed, top contributions cancel in the same way!

However, not considered before:

h→ γγ features lepton contributions

Negligible compositeness → no effect ?

Not necessarily true!
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Light Custodians: MCHM5

For leptons, naively no reason for light custodians

However: explaining masses and mixings with the help
of (flavor protecting) A4

R
-1

~MPL

A4Z2 x Z2 Z3

R' 
-1

~TeV

~A4

→ τ more composite than naively expected
→ light τ custodians (setup analogous to top custodians)

del Aguila, Carmona, Santiago, 1001.5151; Csaki, Delaunay, Grojean, Grossman, 0806.0356
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Higgs Decays: h→ γγ

Let’s see what happens . . .
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t
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γ

γ

W

W

W
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γ

γ

Ti, Ei, Yi

Ti, Ei, Yi

Ti, Ei, Yi

1

κ5
γ ≈

NcQ2
t + Q2

τ ((cτR)2 A(ττ ) + (sτR)2) + AW

SM
AW ≈ −6.25

dominates

No cancellation due to different loop fns. A(ττ )� A(τE2 ) ≈ 1

Surviving effect from fermion mixing: τ custodian,
compositeness of light mode → sR > 0

More recently similar effect studied for composite light quarks
see Delaunay, Grojean, Perez, 1303.5701; see also Azatov, Galloway, 1110.5646
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Higgs Phenomenology

pp → h→ γγ
pp → h→ ττ
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R5
f ≡

[σ(pp → h)Br(h→ ff )]MCHM5

[σ(pp → h)Br(h→ ff )]SM

latest CMS results

Strong correlation allows to easily test
the model

Essentially only one parameter entering!

R5
γ ≈

(
1− (sτR)2

5

)2

R5
τ ≈ (cτR)4
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h→ bb
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gg → tt̄∗t∗t̄ → tt̄h, h→ bb̄ suppressed due to κ5
t < 1

⇒ Nice possibility to test the model in the future!

σ(tth)MCHM5 = (ct
R)4 σ(tth)SM
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Another option for (direct) access to parameter of model

(ct
R)2 ≈

√
Rtth; 5
b

σ(tth)MCHM5 = (ct
R)4 σ(tth)SM

Florian Goertz (ETH Zürich) Custodial Leptons and Higgs Decays



Study Other Fermion Representations

Put τR into adjoint representation, 10 of SO(5)

ζτR =




(2, 2)τR [−,+] =

(
N1R [−,+] E2R [−,+]
E1R [−,+] Y2R [−,+]

)

(3, 1)τR [−.+] =




N3R [−,+]
E3R [−,+]
Y3R [−,+]




(1, 3)τR =
(
N2R [−,+] τR [+,+] Y1R [−,+]

)




MCHM5+10
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Higgs Decays: MCHM5+10
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1

κ5+10
γ ≈ 1− ν5+10

E + 4ν5+10
Y

5

> 1

< 1

5D constraints on parameters ⇒ ν5+10
E > 0, ν5+10

Y > 0
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Higgs Decays: MCHM5+10

g

g

h
t

t

t

g

g

h
Ti

Ti

Ti

h

γ

γ

t

t

t
h

γ

γ

W

W

W
h

γ

γ

Ti, Ei, Yi

Ti, Ei, Yi

Ti, Ei, Yi

1

g

g

h
t

t

t

g

g

h
Ti

Ti

Ti

h

γ

γ

t

t

t
h

γ

γ

W

W

W
h

γ

γ

Ti, Ei, Yi

Ti, Ei, Yi

Ti, Ei, Yi

1

g

g

h
t

t

t

g

g

h
Ti

Ti

Ti

h

γ

γ

t

t

t
h

γ

γ

W

W

W
h

γ

γ

Ti, Ei, Yi

Ti, Ei, Yi

Ti, Ei, Yi

1

κ5+10
γ ≈ 1− ν5+10

E + 4ν5+10
Y

5
< 1

5D constraints on parameters ⇒ ν5+10
E > 0, ν5+10

Y > 0
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Higgs Phenomenology: ”5D” MCHM5+10
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Effects of Non-Linearity of Higgs Sector

Trigonometric rescalings on top of fermion mixings,
now also VBF and Vh production get reduced

Qualitative picture from fermion-mixing still valid in gg → h

Usually neglected mixing effects are relevant in general
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Tau Compositeness: Estimates

Bounds on 4fermi operators

(ē γµPL,R e)(τ̄ γµPL,Rτ):

Ceeττ < [(1− 2)TeV]−2

see e.g. Raidal et al., 0801.1826

In composite A4 models:

Ceeττ ∼ g 2 1/
√

L∗
√

L 1/m2
ρ

mρ ∼ 1 TeV ok
for sτR ∼ O(1)!

Similar considerations
→ sτR ∼ O(1) still possible

→ exact calculation in progress
Florian Goertz (ETH Zürich) Custodial Leptons and Higgs Decays



Summary

Lepton custodians lead to distinct phenomenology with
respect to previous studies of composite models
⇒ Interesting scenario to consider

Complementarity between direct searches for fermion partners
and looking for indirect effects

Precise measurement of Higgs couplings desirable

Outlook: study full 5D model

As we have seen that large signals are not to be expected
from the quark sector, it could be the unexpected
compositeness of the τ -lepton that leads to first signals of
compositeness in Higgs physics at the LHC
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Summary

Thank you for your attention!
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Backup: Minimal Composite Higgs Models

Starting point for description of PGB-Higgs (E < 4πf ):

Non-linear sigma model

LΣ = DµΣTDµΣ, ΣI =
(
Exp[iHâT â/f ]

)
I5

T â: (broken) generators of coset SO(5)/SO(4)

Higgs decay constant f = mρ/gρ < mρ

Expect Higgs couplings to scale as trigonometric functions of v/f

MCHM5 (MCHM10): fermions in 5 (10) of SO(5)
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)
I5
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Backup: Light Custodians: MCHM5

ζuR =

[
(2, 2)uR [−+]
(1, 1)uR [+,+]

]

+ 3 other 5s of SO(5)

tR (residing mostly in (1, 1)uR) is composite
⇒ RH (would-be) 0-modes in ζu localized
moderately strong in IR
⇒ BCs support ultra-light KKs in (2, 2)uR [−+]
Contino, Da Rold, Pomarol, hep-ph/0612048
del Aguila, Carmona, Santiago, 1001.5151

[ 5 of SO(5) ∼= (2⊗ 2⊕ 1) of SU(2)L × SU(2)R ]

Light top custodians:

Q
(0)
1L,R =

(
Λ

(0)
1L,R

T
(0)
1L,R

)
∼ 2 7

6
, Q

(0)
2L,R =

(
T

(0)
2L,R

B
(0)
2L,R

)
∼ 2 1

6

T 3
R : ( 1

2 ,−1
2 )
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Backup: MCHM5

LL = −yl l̄
(0)
L ϕτ

(0)
R −y ′l

[
L̄

(0)
1L ϕ+L̄

(0)
2L ϕ̃

]
τ

(0)
R −Ml

[
L̄

(0)
1L L

(0)
1R+L̄

(0)
2L L

(0)
2R

]
+h.c.

LQ = −yq q̄
(0)
L ϕt

(0)
R −y ′q

[
Q̄

(0)
1L ϕ+Q̄

(0)
2L ϕ̃

]
t

(0)
R −MQ

[
Q̄

(0)
1L Q

(0)
1R +Q̄

(0)
2L Q

(0)
2R

]
+h.c. ,

l
(0)
L , τ

(0)
R , q

(0)
L , t

(0)
R : third generation SM fields, ϕ = 1/

√
2 (0, v + h)T

First two generations: negligible couplings to resonances, effects of
their resonances on Higgs physics negligible (different in warped XD)

b
(0)
R ,ν

(0)
R behave SM-like since there are no new resonances to which

they could couple

PLR symmetry: SU(2)L ↔ SU(2)R , protects Z → bLbL, Z → τRτR
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Backup: MCHM5: Spectrum

M5
E =




v√
2

y 0 0
v√
2

y ′ M 0
v√
2

y ′ 0 M




Three heavy particle with degenerate mass

mN = mE1 = mY = M

Q = 0,−1,−2 (quarks analogous Q = 5
3
, 2

3
,− 1

3
)

Additional heavier Q = −1 (Q = 2/3) state with

mE2 =
M

cR

√
1− s2

R

m2
τ

M2
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Backup: Higgs Decays

Γ(h→ ff )MCHM5 = |κ5
f |2 Γ(h→ ff )SM

κ5
t (ct

R)2

κ5
b 1

κ5
g ≈ 1

κ5
τ (cτR)2

κ5
W = κ5

Z 1
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Backup: Yukawa and Mass Lagrangian for MCHM5+10

L = −y l̄
(0)
L ϕτ

(0)
R − y ′

[
L̄

(0)
1L ϕ+ L̄

(0)
2L ϕ̃

]
τ

(0)
R −M

[
L̄

(0)
1L L

(0)
1R + L̄

(0)
2L L

(0)
2R

]

− M̃
[
L̄

(0)
3L L

(0)
3R + Ȳ

(0)
1L Y 0

1R

]
− ỹ l̄

(0)
L σIϕL

(0)I
3R − ŷ

[
L̄

(0)
1L σ

Iϕ− L̄
(0)
2L σ

I ϕ̃
]

L
(0)I
3R

−
√

2ŷ L̄
(0)
2L ϕY

(0)
1R + ȳ∗

[
L̄

(0)
1Rσ

Iϕ− L̄
(0)
2Rσ

I ϕ̃
]

L
(0)I
3L +

√
2ȳ∗L̄

(0)
2RϕY

(0)
1L + h.c.
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Backup: Dependence on Parameters

λ̄ = 2MM̃
v2|ȳ ŷ|
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Backup: Effects of Non-Linearity of Higgs Sector
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Backup: Effects of Non-Linearity of Higgs Sector

Pseudo-Goldstone Nature of Higgs (leading order) ⇒

κW = κZ = cos
(v

f

)
≈
√

1− ξ, ξ = v 2/f 2

⇒ trivial rescaling of VBF and Vh

κ5
f → κ5

f cos

(
2v

f

)
/ cos

(v

f

)
≈ κ5

f (1− 2ξ)/
√

1− ξ

κ5
g ≈ cos

(
2v

f

)
/ cos

(v

f

)
≈ (1− 2ξ)/

√
1− ξ

κ5+10
τ → κ5+10

τ cos
(v

f

)
≈ κ5+10

τ

√
1− ξ

see Giudice, Grojean, Pomarol, R. Rattazzi, hep-ph/0703164; Azatov, Galloway, 1110.5646
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