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☛ everything is consistent with the SM Higgs hypothesis (so far)
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• perturbativity tightly bound to the Higgs mass parameter                  
(= unitarity, Higgs width, reliability of oblique corrections,…) 

• Higgs discovery seems to fall into this perturbative QFT paradigm

(B)SM Higgs

could we be misled?
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Compositeness

Simplified Models
CP/T3/Y

…
SUSY

(B)SM Higgs

give up 
perturbativity

give up something else or 
make SM problems worse

• perturbativity tightly bound to the Higgs mass parameter                  
(= unitarity, Higgs width, reliability of oblique corrections,…) 

• Higgs discovery seems to fall into this perturbative QFT paradigm
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• interpret the electroweak scale as a radiative phenomenon, 
analogous to the pion mass splitting

[SU(2)LxSU(2)R]
/SU(2)D

A UV Complete Compositeness Scenario: LHC Constraints Meet The Lattice

Luigi Del Debbio,

1
Christoph Englert,

2
and Roman Zwicky

1

1SUPA, School of Physics, University of Edinburgh, Edinburgh EH9 3JZ, UK
2SUPA, School of Physics and Astronomy,University of Glasgow, Glasgow G12 8QQ, UK

We investigate the allowed parameter range of a concrete UV scenario of Higgs compositeness
based on a SU(4) gauge group in the light of recent measurements at the LHC Run-1. We contrast
these findings with predictions from lattice calculations....
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FIG. 1: Representative Feynman diagram mediating the de-
cay of a neutral scalar S 2 {30,31} to vector bosons V, V 0 2
{Z, �,W±} with interaction vertices obtained in the mass-
diagonal representation of the charged and neutral top and
bottom space currents.

Appendix A: Analysis of Loop-induced decays of the
non-Higgs states

In this section we quickly review the calculation under-

pinning the loop-induced decays of the additional neutral

scalars in the model. After diagonalising the top- and

bottom mass mixing matrices with bi-unitary transfor-

mations, the scalar as well as vectorial couplings will be

in general non-diagonal in the top and bottom partner

spaces. This leads creates a multi-scale decay amplitude

that can be pictorially represented by the sum over Feyn-

man diagrams as indicated in Fig. 1.

We can write the decay amplitude as

iA =

X

i

Cih ˆOii (A1)

with

ˆOi denoting the quantum operators contributing to

the decay with matrix element h ˆOii and associated cou-

plings Ci (which can have a non-zero mass dimension).

In our case the relevant operators are

ˆO1 =

ˆS ˆV ˆV 0

ˆO2 =

ˆS ˆS ˆV ˆV 0

ˆO3 =

ˆS ˆS ˆV ˆV 0

Aµ

1-loop diagrams associated to the Coleman-Weinberg potential are these same as those
in Fig. 7. Their resummation gives

V (⇡) =
3

16⇡2

Z 1

0

dQ2 Q2 log

✓
1 +

1

2

⇧LR(Q2)

⇧V V (Q2)

sin2(⇡/f⇡)

⇡2
(⇡+⇡�)

◆
. (76)

The convergence of the integral thus depends on the behavior of the form factors
⇧LR(Q2) and ⇧V V (Q2) at large Euclidean momenta Q2. To infer such behavior we can
use the information that comes from the OPE of the product of two vector and axial
currents, see eq.(63). The color-singlet, scalar 9 operators of dimension 6 or less are:

1 (identity operator) (d=0)

Om =  ̄mq (d=4)

OG = Ga
µ⌫G

aµ⌫ (d=4)

O� =  ̄�µ⌫tamq Ga
µ⌫ (d=6)

O� =
�
 ̄�1 

� �
 ̄�2 

�
(d=6)

Of = fabcGaµ
⌫ Gb ⌫

⇢ Gc ⇢
µ (d=6)

where a, b, c are color indices and �1,2 are matrices in flavor, color and Lorentz space.
Notice that the operators Om and O� break explicitly the chiral symmetry and must be
thus proportional to the quark mass matrix mq. As such they vanish in the chiral limit.
On the other hand O� is the only chiral-invariant operator among those listed above
whose vacuum expectation value can violate the chiral symmetry and thus distinguish
between the axial and vector currents. In other words, O� is the operator with lowest
dimension to contribute to the form factor ⇧LR:

⇧LR(Q2) = Q2 CO�(Q
2)hO�i + · · · = Q2

✓
�

Q6
+ O

✓
1

Q8

◆◆
, (77)

where � is a numerical coe�cient. 10 Since the form factor ⇧V V grows as Q2 at
large Euclidean momenta (the leading term in its expansion corresponds to the kinetic
term of the photon), we deduce that the integral in the pion potential is convergent. A
reasonable approximation to the full potential is obtained by setting ⇧V V (Q2) ' Q2/e2

and expanding the logarithm at first order:

V (⇡) ' 3

8⇡2
↵em

sin2(⇡/f⇡)

⇡2
(⇡+⇡�)

Z 1

0

dQ2 ⇧LR(Q2) . (78)

9Operators of spin 1/2 and higher do not contribute to the vacuum expectation value hJµJ⌫i and
are thus irrelevant to the following argument.

10The coe�cient � can be computed perturbatively expanding in powers of ↵s and 1/Nc.
In the large Nc limit, the matrix element hO�i factorizes into (h ̄ i)2, and one finds: � =
8⇡2

�
↵s/⇡ + O(↵2

s)
�
(h ̄ i)2 [38, 39].

28

super-convergent
[Weinberg `67] 

[Witten `83] 
…

𝜋0 𝜋- 𝜋+effective potential
[Coleman, Weinberg `73]…

Using the above expression of ⇧LR, the integral appearing in the pion potential gives
Z 1

0

dQ2 ⇧LR(Q2) = f 2
⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (87)

For any value of the masses, the above expression is always positive (reflecting the
positivity of ⇧LR in eq.(86)). This means that the pion potential is minimized for

h⇡1i = h⇡2i = 0 . (88)

In other words, the radiative corrections align the vacuum along the U(1)-preserving
direction, and the photon remains massless. It turns out that the positivity of the
integral (87) and the above conclusion on the alignment of the vacuum are much more
general that our approximate result. Witten [41] has shown that in a generic vector-like
confining gauge theory one has

⇧LR(Q2) � 0 for 0  Q2  1 , (89)

so that the radiative contribution from gauge fields always tends to align the vacuum
in the direction that preserves the gauge symmetry.

The e↵ect of the one-loop potential (78) is that of lifting the degeneracy of vacua
and give a (positive) mass to the charged pion, while leaving the neutral one massless.
Notice indeed that the potential vanishes in the vacuum (88), so that there is still
a flat direction along ⇡0. All the results derived above are valid in the chiral limit,
that is for vanishing quark masses. When the quark masses is turned on, both the
charged and neutral pion get a mass, as a consequence of the explicit breaking of the
chiral symmetry. The di↵erence of the charged and neutral pion mass, however, is
still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets

m2
⇡± � m2

⇡0
' 3 ↵em

4⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction

(m⇡± � m⇡0)|TH ' 5.8 MeV , (91)

to be compared with the experimentally measured value

(m⇡± � m⇡0)|EXP ' 4.6 MeV . (92)

Considering that corrections to the large-Nc approximation are expected to be of or-
der ⇠ 30%, we conclude that the agreement of our theoretical prediction with the
experimental value is fully satisfactory.
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still dominantly accounted for by the electromagnetic correction that we have derived.
Thus, we can compare our prediction with the experimentally measured value and
check the accuracy of our approximations. From eqs.(78) and (87) one gets

m2
⇡± � m2

⇡0
' 3 ↵em

4⇡

m2
⇢m

2
a1

m2
a1 � m2

⇢

log

✓
m2

a1

m2
⇢

◆
. (90)

This result was first derived in 1967 by Das et al. using current algebra techniques [42].
Inserting the experimental values m⇢ = 770 MeV and ma1 = 1260 MeV into eq.(90) one
obtains the theoretical prediction
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Compositeness in a nutshell
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• not straightforward to this adapt to the Higgs case

respect global 
symmetries in the 

Higgs sector

LEP precision 
measurements 

trigger 
ELW symmetry 
breaking not just 

CW masses …….

e.g. [Contino `10]

Compositeness in a nutshell
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• not straightforward to this adapt to the Higgs case

respect global 
symmetries in the 

Higgs sector

LEP precision 
measurements 

trigger 
ELW symmetry 
breaking not just 

CW masses

e.g. [Contino `10]

• complete vacuum mis-alignement from SU(2)L x U(1)Y direction 
requires the presence of heavy fermions gauge + 

fermions

fermions

Compositeness in a nutshell

(a) Contribution of the SU(2)L gauge bosons (b) Contribution of the top quark

Figure 3: The leading order contributions to the induced Higgs potential.

The couplings in (19) with the SU(2)L EW bosons is proportional to

tr(T a
LT

a
L ⇧⇧� T a

L ⇧T a
L ⇧) =

3

2
H†H + 4�†

+�+ + 2�†
0�0 (23)

Vector couplings of this type do not misalign the vacuum [30]. This means that they will contribute

to the pNGB potential with a positive overall coe�cient to the combination in (23). The only possible

negative contributions must come from the fermionic couplings, which are proportional to

¯̂qL⇧t̂R + ¯̂tR⇧q̂L =
2

f
(q̄LH

†tR � t̄RHqL). (24)

Hence, it is only for the field H that we can expect a misalignment. We now set H0 = h/
p
2, all other

fields to zero, and write

U(h) = ⌃(h)⌃(h)T ⌘ ⌃(2h) (25)

yielding

W a
µW

b
µtr(U(h)T a

LU(h)†T b
L) =

1

2
(1 + cos(2h/f))W c

µW
c
µ

¯̂qLU(h)t̂R + ¯̂tRU(h)⇤q̂L =
1p
2
sin(2h/f)(t̄LtR + t̄RtL). (26)

The contribution to the Coleman-Weinberg potential [31] is given, to leading order, by the diagrams

in Fig. 3. We can then summarize the contribution of the integral over the resonances of the strong

sector by two dimensionless numbers ↵ and � as done in e.g. [7]

V (h) / ↵ cos(2h/f)� � sin2(2h/f). (27)

An acceptable EW breaking minimum will be attained for � & |↵|/2 at sin2(2hhi/f) = 1 � (↵/2�)2.

Recalling that with our conventions v = f sin(hhi/f), we get a relation between the fine-tuning

parameter ⇠ and the terms in the Higgs potential

⇠ ⌘
✓
v

f

◆2

⇡ 1

4

 
1�

✓
↵

2�

◆2
!
, (28)

14

…….
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• write down a non-linear Sigma model with scale f 

• gauge boson masses through symmetry choices 

• fermion masses through mixing with baryonic matter (part. compositeness) 

• minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R

• top quark couplings depend on baryonic symmetry embedding 

[Agashe, Contino, Pomarol `04]
[Contino, Da Rold, Pomarol `06]

SILH MCHM4 MCHM5

ghV V /gSMhV V 1� cH ⇠/2
p
1� ⇠

p
1� ⇠

ghff/g
SM
hff

1� (cH/2 + cy) ⇠
p
1� ⇠ 1�2⇠p

1�⇠

ghhh/gSMhhh 1 + (c6 � 3cH/2) ⇠
p
1� ⇠ 1�2⇠p

1�⇠

ghhff �(cH + 3cy) ⇠mf/v2 �⇠mf/v2 �4⇠mf/v2

ghgg and ghhgg 3cg(y2t /g
2
⇢)⇠ 0 0

Table 1: Higgs couplings to the SM particles (massive gauge bosons V ⌘ Z,W and fermions) and Higgs self-
couplings in the SILH set-up, the MCHM4 and MCHM5 normalized to the corresponding couplings in the
SM, gX/gSMX . The last two lines summarize the novel couplings not present in the SM, the 2-Higgs-2-fermion
coupling and the e↵ective single and double Higgs couplings to a gluon pair as defined in Eqs. (5)-(7).

explicit models built in five-dimensional warped space. In the Minimal Composite Higgs Models
(MCHM) the gauge symmetry SO(5) ⇥ U(1)X ⇥ SU(3) is broken down to the SM gauge group
on the ultraviolet (UV) boundary and to SO(4) ⇥ U(1)X ⇥ SU(3) on the infrared. The Higgs
coupling modifications in these models can be described by one single parameter, given by ⇠. For
the fermions, they depend on the representations of the bulk symmetry into which the fermions
are embedded. In the model MCHM4 based on Ref. [99] the fermions transform in the spinorial
representation of the global symmetry, in the model MCHM5 based on Ref. [100] the fermions
transform in the fundamental representation. In Table 1 we report the modifications of the Higgs
couplings to the SM particles with respect to the corresponding SM couplings in the SILH set-up
and in the MCHM4 and MCHM5. The last two lines list the novel couplings not present in the
SM, i.e. the 2-Higgs-2-fermion coupling and the e↵ective single and double Higgs couplings to a
gluon pair, as defined in the Feynman rules derived from the SILH Lagrangian,

hhff : �ighhff (5)

hgg : i�ab
↵s

3⇡v
[k⌫1k

µ
2 � (k1 · k2)gµ⌫ ]ghgg (6)

hhgg : i�ab
↵s

3⇡v2
[k⌫1k

µ
2 � (k1 · k2)gµ⌫ ]ghhgg (7)

where k1,2 denote the incoming momenta of the two gluons gaµ(k1) and gb⌫(k2). The e↵ective gluon
couplings are not present in MCHM4 and MCHM5.

In composite Higgs models fermion mass generation can be achieved by the principle of partial
compositeness [101]. The SM fermions are elementary particles that couple linearly to heavy states
of the strong sector with equal quantum numbers under the SM gauge group. In particular the top
quark can be largely composite. But also the bottom quark can have a sizeable coupling to heavy
bottom partners. For gluon fusion this not only means that new bottom and top partners are
running in the loops but mixing e↵ects also induce further changes in the top- and bottom-Higgs
Yukawa couplings. In addition to the MCHM4 and 5 models involving only the pure non-linearities
of the Higgs boson in the Higgs couplings, we consider a model with heavy top and bottom partners
based on the minimal SO(5)⇥U(1)X/SO(4)⇥U(1)X symmetry breaking pattern. The additional
U(1)X is introduced to guarantee the correct fermion charges. The new fermions transform in the

4

SILH MCHM4 MCHM5

ghV V /gSMhV V 1� cH ⇠/2
p
1� ⇠

p
1� ⇠

ghff/g
SM
hff

1� (cH/2 + cy) ⇠
p
1� ⇠ 1�2⇠p

1�⇠

ghhh/gSMhhh 1 + (c6 � 3cH/2) ⇠
p
1� ⇠ 1�2⇠p
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ghhff �(cH + 3cy) ⇠mf/v2 �⇠mf/v2 �4⇠mf/v2

ghgg and ghhgg 3cg(y2t /g
2
⇢)⇠ 0 0

Table 1: Higgs couplings to the SM particles (massive gauge bosons V ⌘ Z,W and fermions) and Higgs self-
couplings in the SILH set-up, the MCHM4 and MCHM5 normalized to the corresponding couplings in the
SM, gX/gSMX . The last two lines summarize the novel couplings not present in the SM, the 2-Higgs-2-fermion
coupling and the e↵ective single and double Higgs couplings to a gluon pair as defined in Eqs. (5)-(7).

explicit models built in five-dimensional warped space. In the Minimal Composite Higgs Models
(MCHM) the gauge symmetry SO(5) ⇥ U(1)X ⇥ SU(3) is broken down to the SM gauge group
on the ultraviolet (UV) boundary and to SO(4) ⇥ U(1)X ⇥ SU(3) on the infrared. The Higgs
coupling modifications in these models can be described by one single parameter, given by ⇠. For
the fermions, they depend on the representations of the bulk symmetry into which the fermions
are embedded. In the model MCHM4 based on Ref. [99] the fermions transform in the spinorial
representation of the global symmetry, in the model MCHM5 based on Ref. [100] the fermions
transform in the fundamental representation. In Table 1 we report the modifications of the Higgs
couplings to the SM particles with respect to the corresponding SM couplings in the SILH set-up
and in the MCHM4 and MCHM5. The last two lines list the novel couplings not present in the
SM, i.e. the 2-Higgs-2-fermion coupling and the e↵ective single and double Higgs couplings to a
gluon pair, as defined in the Feynman rules derived from the SILH Lagrangian,

hhff : �ighhff (5)

hgg : i�ab
↵s

3⇡v
[k⌫1k

µ
2 � (k1 · k2)gµ⌫ ]ghgg (6)

hhgg : i�ab
↵s

3⇡v2
[k⌫1k

µ
2 � (k1 · k2)gµ⌫ ]ghhgg (7)

where k1,2 denote the incoming momenta of the two gluons gaµ(k1) and gb⌫(k2). The e↵ective gluon
couplings are not present in MCHM4 and MCHM5.

In composite Higgs models fermion mass generation can be achieved by the principle of partial
compositeness [101]. The SM fermions are elementary particles that couple linearly to heavy states
of the strong sector with equal quantum numbers under the SM gauge group. In particular the top
quark can be largely composite. But also the bottom quark can have a sizeable coupling to heavy
bottom partners. For gluon fusion this not only means that new bottom and top partners are
running in the loops but mixing e↵ects also induce further changes in the top- and bottom-Higgs
Yukawa couplings. In addition to the MCHM4 and 5 models involving only the pure non-linearities
of the Higgs boson in the Higgs couplings, we consider a model with heavy top and bottom partners
based on the minimal SO(5)⇥U(1)X/SO(4)⇥U(1)X symmetry breaking pattern. The additional
U(1)X is introduced to guarantee the correct fermion charges. The new fermions transform in the

4

� = v2/f2

[CCWZ  `69] 
[Gasser, Leutwyler `85] 

….

[Kaplan  `91]
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UV completion ?

Generic hints of compositeness
• write down a non-linear Sigma model with scale f 

• gauge boson masses through symmetry choices 

• fermion masses through mixing with baryonic matter (part. compositeness) 

• minimal pheno model SO(5)→ SO(4) ≃ SU(2)L x SU(2)R
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2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do
The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)
X

⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄
under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)

c

as well as a broken
U(1)

X

. Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)

c

. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

G
F

/H
F

=
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)

X

⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)
X

=
SU(5)

SO(5)
⇥ SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group H

F

contains the custodial sub-
group

H
c

= SU(3)
c

⇥ SU(2)
L

⇥ SU(2)
R

⇥ U(1)
X

(3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup H

c

�
GSM = SU(3)

c

⇥SU(2)
L

⇥U(1)
Y

, where hypercharge is a
linear combination for SU(2)

R

and U(1)
X

, Y = T 3
R

+X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of G

F

, and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)

L

⇥ U(1)
Y

! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3

±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)

L

⇥ U(1)
Y

, of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)

L

triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
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Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L � f2

16
Tr

�
D

µ

UDµU†

�
(5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

D
µ

U = @
µ

U � igWA

µ

[TA

L

, U ]� ig0B
µ

[T 3
R

, U ] (6)

as all NGBs have zero U(1)
X

charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18�iT 15) which with (5) lead to canonically nor-

malised kinetic terms of the form L � 1
2@µH

+(@µH+)†.
Expanding this Lagrangian we find the standard

MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)

L

quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �
q

f ¯̂q
L

� 
R

+ �
t

f ¯̂t
R

�⇤ 
L

+
p
2µ

b

Tr(¯̂q3
L

⌃d̂3
R

) + h.c. (7)

with

 =
1p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂
L

=
1p
2
[ib

L

, b
L

, it
L

,�t
L

, 0]T , (9)

t̂
R

=
1p
2
[0, 0, 0, 0, it

R

]T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂
L

, t̂
R

, q̂3
L

and d̂3
R

are spuri-
onic SU(5) embeddings that facilitate the bottom mass

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do
The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)
X

⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄
under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)

c

as well as a broken
U(1)

X

. Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)

c

. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

G
F

/H
F

=
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)

X

⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)
X

=
SU(5)

SO(5)
⇥ SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group H

F

contains the custodial sub-
group

H
c

= SU(3)
c

⇥ SU(2)
L

⇥ SU(2)
R

⇥ U(1)
X

(3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup H

c

�
GSM = SU(3)

c

⇥SU(2)
L

⇥U(1)
Y

, where hypercharge is a
linear combination for SU(2)

R

and U(1)
X

, Y = T 3
R

+X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of G

F

, and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)

L

⇥ U(1)
Y

! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
breaking which transform as 10 + 21/2 + 30 + 3

±1 =
(⌘, H,�0,�) (in addition to an ⌘0 from U(1)0) under
SU(2)

L

⇥ U(1)
Y

, of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)

L

triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
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narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
linear sigma field

⌃(x) = exp

✓
i⇧

f

◆
, ⇧ = �Â(x)T Â . (4)

Since SU(5)/SO(5) is a symmetric space, we can simplify
the CCWZ kinetic term construction by introducing an
object U = ⌃⌃T = exp(2i⇧/f), which allows us to write
the interactions with the gauge bosons from

L � f2

16
Tr

�
D

µ

UDµU†

�
(5)

as U 7! gUgT under g 2 SU(5). The covariant derivative
is given by

D
µ

U = @
µ

U � igWA

µ

[TA

L

, U ]� ig0B
µ

[T 3
R

, U ] (6)

as all NGBs have zero U(1)
X

charge. We use a con-
vention with tr[TATB ] = �AB/2 with ⇧ � H+T+ =
H+

p
2(T 18�iT 15) which with (5) lead to canonically nor-

malised kinetic terms of the form L � 1
2@µH

+(@µH+)†.
Expanding this Lagrangian we find the standard

MCHM4/5 coupling modifications of the physical Higgs
boson to the massive electroweak gauge bosons rescaled
by

p
1� ⇠, where ⇠ = v2/f2 with v ' 246 GeV, while the

remaining pNGB interactions are completely determined
by their SU(2)

L

quantum numbers.
Heavy third family quark masses are included through

partial compositeness [11, 12], i.e. mixing e↵ects with
vector-like hyperbaryons of the strongly interacting sec-
tor. The relevant terms are

� L � M ̄ + �
q

f ¯̂q
L

� 
R

+ �
t

f ¯̂t
R

�⇤ 
L

+
p
2µ

b

Tr(¯̂q3
L

⌃d̂3
R

) + h.c. (7)

with

 =
1p
2
[iB � iX,B +X, iT + iY,�T + Y,

p
2iR] , (8)

q̂
L

=
1p
2
[ib

L

, b
L

, it
L

,�t
L

, 0]T , (9)

t̂
R

=
1p
2
[0, 0, 0, 0, it

R

]T . (10)

while  2 5 of SO(5), ldd: check the quantum num-

bers of the components!! q̂
L

, t̂
R

, q̂3
L

and d̂3
R

are spuri-
onic SU(5) embeddings that facilitate the bottom mass

doubly 
charged, singly 

charged and extra 
neutral Higgs 

bosons

top partners hyperpions
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the charge is zero, then it is not needed to couple ⌃
�

to the top mass term, and a coupling

to the octet is not necessarily present. One can thus find a nice correlation between the

charges determining the coupling of the singlets to the tops, and the presence of an octet

coupling. If present, the coupling will have the form:

m
t

t̄
L

(⌃
�

)n�/2t
R

+ h.c. ⇠ m
t

t̄t+ i
n
�p
2
c5
m

t

f
�

⇡a

8 t̄�5�at+ . . . (37)

where �a are the Gell-Mann matrices, and we have omitted the other pNGB and singlets. For

the light quarks, if their masses are generated by 4-fermion interactions then no couplings

to the octet pNGB are generated.

It should also be remarked that, contrary to the case of the singlet, the presence of top

couplings will also generate corrections to the masses of the octet. Those contributions are

more model dependent, as they crucially depend on the representations of the top partners,

and are typically of the same order as the QCD corrections but expected to be negative: we

refer the reader to [59] for an example.

F. Wess-Zumino-Witten terms

The couplings of the singlets to the SM gauge bosons, generated by the WZW term, can

be computed in a similar way as in QCD [44]. Following the normalization adopted in this

work, the couplings can be written as

LWZW � ↵
A

8⇡
c5
Cr

A

f
ar

�ab a
r

"µ⌫↵�Aa

µ⌫

Ab

↵�

, (38)

where

Cr

A

�ab = 2d
r

Tr[SaSb] , for complex reps ,

Cr

A

�ab = d
r

Tr[SaSb] , for real/pseudo-real reps , (39)

and d
r

is the dimension of the rep r of HC, and Sa,b in the trace correspond to the gauged

generators with gauge coupling ↵
A

= g2
A

/(4⇡). The normalization of the gauged generators

depends on the global group the gauge interactions are embedded in, so that their trace is

not the same as for the generators of the flavor group. Specifically, we note that, in the

cases of interest

Tr[SaSb] = �ab , for SU(5) ( ) and SU(6) (�) ;

Tr[SaSb] = 1
2
�ab , for all other cases .
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FIG. 4: Combined bounds on the production cross section at 13 TeV times branching

ratio into di-bosons (�13 ⇥ BRbosons [pb]) in the 
W

/
g

vs. 
B

/
g

plane for M
⇡0 = 500,

1000, 1500, 2000 GeV. The contours give the bounds in pb. The colored areas indicate

the decay channel that, with current data, yields the strongest constraint: gg (orange),

WW (green), Z� (yellow), or �� (blue). The two grey diagonals indicate the lines on

which the SM singlets a and ⌘0 of the models discussed in Sec. II lie.

bounds shown in Fig. 3, the relevance of each decay channel at a given parameter point

M
⇡0 ,B

/
g

,
W

/
g

can easily be obtained.

As an example of how to use these results in application to a specific model, let us

consider the point (B
g
, W

g
) = (2.1,�0.55) at M

⇡0 = 1 TeV 11. From Fig. 4 (top right),

the constraint on �13 ⇥ BRbosons reads as 0.3 pb. Multiplying 0.3 pb by BF �

XY/bosons =

(98%, 1%, 0.14%, 0.9%) for XY = (gg,WW,ZZ,Z�) (extracted from Fig. 2) one obtains

11 This sample point corresponds to the pseudo-scalar a in model M9 from Table III, in the decoupling limit

of the ⌘0 mass.
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Figure 4: The 95% CL upper limits on the production of diphoton resonances as a function of
the resonance mass mX, from the combined analysis of data collected in 2015 and in 2016. Ex-
clusion limits for the scalar and RS graviton signals are given by the grey (darker) and green
(lighter) curves, respectively. The observed limits are shown by the solid lines, while the me-
dian expected limits are given by the dashed lines together with their associated 1 standard de-
viation uncertainty bands. The leading-order production cross section for diphoton resonances
in the RS graviton model is shown for three values of the dimensionless coupling parameter
k̃ together with the exclusion upper limits calculated for the corresponding three values of the
width relative to the mass, GX/mX. Shown are the results for (upper) a narrow width, (middle)
an intermediate-width, and (lower) a broad resonance.
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Figure 7: The observed (solid line) and expected (dashed line) upper limit derived at the 95% CL on �(pp !
X) · B(X ! Z�) at

p
s = 13 TeV as a function of the high-mass spin-0 resonance’s mass, assuming production

via gluon–gluon fusion and using the narrow width assumption (NWA). For mX > 1.6 TeV results are derived
from ensemble tests in addition to the results obtained using closed-form asymptotic formulae. The shaded regions
correspond to the ±1 and ±2 standard deviation bands for the expected exclusion limit derived using asymptotic
formulae.
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV (mA ⌧ mH) at parton level before the emission of final-state radiation and before the parton shower
for the pure resonance S (filled) and signal+interference contribution S + I (unfilled). Events from all tt̄ decay
modes are included and no selection requirements are imposed. The distributions are normalized to an integrated
luminosity of 20.3 fb�1.

for the interference component I is KI =
p

KS ⇥ KB, as suggested in Ref. [46], where KB = 1.87 is
the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events in the
`+jets channel. Only events with a resolved topology, in which the three jets from the hadronically
decaying top quark are well separated in the detector, are selected. This is the most e�cient selection
strategy for signal hypotheses with mA/H < 800 GeV. Events with a merged topology, in which the
hadronically decaying top quark is reconstructed as a single large radius jet, are not considered. The
event reconstruction and selection criteria are identical to those for the resolved topology in Ref. [17]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron or muon that is geometrically matched to the
corresponding trigger-level signature. Electron candidates are reconstructed from energy clusters in the
electromagnetic calorimeter matched to tracks in the inner detector and required to have ET > 25 GeV
and pseudorapidity [47] |⌘cluster| < 2.5 [48]. Muon candidates are reconstructed by combining tracks in
the inner detector with tracks in the muon spectrometer [49]. They are required to have pT > 25 GeV
and |⌘| < 2.5. Events must have large missing transverse momentum, Emiss

T > 20 GeV, computed as the
magnitude of the negative vector sum of lepton and jet transverse momenta [50]. In addition, Emiss

T +mW
T >

60 GeV, is required to further suppress the contribution from multijet events, where mW
T is the lepton–Emiss

T
transverse mass [17]. Events must contain at least four hadronic jets with pT > 25 GeV and |⌘| < 2.5,
reconstructed using the anti-kt algorithm [51, 52] with radius parameter R = 0.4. Jets from additional
collisions in the same bunch crossing are rejected using dedicated tracking and vertex requirements [53]
applied to jets with pT < 50 GeV and |⌘| < 2.4. At least one of the jets must be identified as originating
from the decay of a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for
b-jets [54].
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Figure 3: The 95% CL observed and expected exclusion regions for the type-II 2HDM (µ = 1) considering only
a pseudoscalar A (left), only a scalar H (middle), and the mass-degenerate scenario mA = mH (right). The areas
below the black solid (dashed) lines are observed (expected) to be excluded. Blue points indicate parameter values
at which signal samples are produced. Upper limits at intermediate points are obtained from a linear triangular
interpolation.

Table 3: The 95% CL observed and expected exclusion limits on tan � for a type-II 2HDM in the alignment limit
considering only a pseudoscalar A (left), only a scalar H (middle), and the mass-degenerate scenario mA = mH
(right). A bar (–) indicates that no value of tan � � 0.4 is excluded.

Mass mA mH mA = mH
[GeV] tan �: obs. exp. obs. exp. obs. exp.
500 < 1.00 < 1.16 < 1.00 < 0.77 < 1.55 < 1.50
550 < 0.69 < 0.79 < 0.72 < 0.52 < 1.10 < 0.92
600 – < 0.59 < 0.73 – < 1.09 < 0.93
650 – – – – – < 0.62

In conclusion, the search for massive pseudoscalar and scalar resonances decaying into a top quark pair in
20.3 fb�1 of pp collisions at 8 TeV recorded by the ATLAS experiment at the LHC, yields no statistically
signifiant deviations from the SM prediction. The results are interpreted in the type-II 2HDM model in the
alignment limit, and upper limits are set on the signal strength µ at 95% CL in the tan � versus resonance
mass plane. Unlike previous searches for massive resonances in the same final state, this analysis takes
into account interference e↵ects between the signal process and the background from SM tt̄ production. It
tightens significantly the previously published constraints on the 2HDM parameter space in the low tan �
and high mass (mA/H > 500 GeV) region.
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considering only a pseudoscalar A (left), only a scalar H (middle), and the mass-degenerate scenario mA = mH
(right). A bar (–) indicates that no value of tan � � 0.4 is excluded.

Mass mA mH mA = mH
[GeV] tan �: obs. exp. obs. exp. obs. exp.
500 < 1.00 < 1.16 < 1.00 < 0.77 < 1.55 < 1.50
550 < 0.69 < 0.79 < 0.72 < 0.52 < 1.10 < 0.92
600 – < 0.59 < 0.73 – < 1.09 < 0.93
650 – – – – – < 0.62

In conclusion, the search for massive pseudoscalar and scalar resonances decaying into a top quark pair in
20.3 fb�1 of pp collisions at 8 TeV recorded by the ATLAS experiment at the LHC, yields no statistically
signifiant deviations from the SM prediction. The results are interpreted in the type-II 2HDM model in the
alignment limit, and upper limits are set on the signal strength µ at 95% CL in the tan � versus resonance
mass plane. Unlike previous searches for massive resonances in the same final state, this analysis takes
into account interference e↵ects between the signal process and the background from SM tt̄ production. It
tightens significantly the previously published constraints on the 2HDM parameter space in the low tan �
and high mass (mA/H > 500 GeV) region.
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2

couplings from data and then map these constraints on
the model parameter space, we use the full model and
compare its predictions at a given point in the parameter
space with the observed data. We also include constraints
from electroweak precision measurements performed dur-
ing the LEP era, thus providing (to our knowledge) the
most detailed analysis of this model in the context of
LEP and LHC collider measurements hitherto.

This work is organized as follows. We review the
Georgi-Machacek (GM) model in Sec. II to make this
paper self-contained and comprehensive. In particular
we introduce the potential that we scan in the remainder
of this work. In Sec. III we discuss the bounds which we
take into account when scanning over the extended Higgs
sector phenomenology. We also give some technical de-
tails of our implementations. Sec. IV is finally devoted
to results, where we also detail the parameter choices of
our scan. We present our conclusions in Sec. V.

II. THE MODEL

It is well-known that Higgs triplets naively face com-
patibility issues with electroweak precision data. This is
due to the fact that a simple triplet Higgs-extension of
the Higgs potential leads to tree-level custodial isospin
violation, which is not present for complex (symplectic)
SU(2)L doublets accidentally (as a consequence of renor-
malizability and gauge invariance). This violation re-
quires the Higgs triplet’s vev to be small compared to
the weak scale in order to obtain the experimentally ob-
served mW /mZ mass ratio.

Reconciling the ⇢ = 1 + ↵T parameter (at least at
tree-level) in a model with triplets requires more than a
single triplet field [10]. This can be seen by reminding
ourselves of how custodial isospin comes about for the
SM doublet �: If � transforms as a 2 under SU(2)L,
then so does �c = i�2�⇤. Consequently, the Higgs po-
tential depending only on |�|2 has a larger symmetry
SU(2)L⇥SU(2)R ' SO(4), which breaks to SU(2)D after
the Higgs obtains its vev. This ensures that the result-
ing electroweak gauge boson masses are related by only

the weak mixing angle. In order to establish a SU(2)R
global symmetry in the Higgs potential also in presence
of SU(2)L triplets, we need to enlarge the field content
with a real triplet such that SU(2)R can act on the com-
plex triplet, its charge-conjugated version and the real
triplet.

The GM model therefore introduces the Higgs fields
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In this notation, � is simply a SM-like Higgs doublet and
⌅ combines the complex (�1,�2,�3) and real (⇠1, ⇠2,�⇠⇤1)
triplets. Note that while symmetry breaking with a cor-
rect ⇢ parameter can be fully achieved with only ⌅, the

introduction of fermion mass terms still requires the pres-
ence of a SM-like Higgs doublet.
The Higgs sector lagrangian that we consider in the

remainder is

L =
1

2
Tr

⇥
D2,µ�

†Dµ
2�

⇤
+

1

2
Tr

⇥
D3,µ⌅

†Dµ
3⌅

⇤ �V (�,⌅)

+ � Yukawa interactions , (2a)

with the potential

V (�,⌅) =
µ2
2

2
Tr (�c�) +

µ2
3

2
Tr (⌅c⌅) + �1 [Tr (�

c�)]2

+ �2Tr (�
c�) Tr (⌅c⌅) + �3Tr (⌅

c⌅⌅c⌅)

+ �4 [Tr (⌅
c⌅)]2 � �5Tr

�
�cta2�t

b
2

�
Tr

�
⌅cta3⌅t

b
3

�
. (2b)

D2, D3 are the covariant derivatives for the doublet and
triplet representations, respectively, e.g.

D2,µ� = @µ�+ igwt
a
2W

a
µ� � igyBµ� t32 . (3)

Hypercharge U(1)Y is embedded into SU(2)R as in the
SM. The su(2) generators are ta2 = �a/2 and

t13 =
1p
2

0

@
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1 0 1

0 1 0

1

A , t23 =
ip
2
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@
0 �1 0

1 0 �1

0 1 0

1

A ,

t33 =

0

@
1 0 0

0 0 0

0 0 �1

1

A . (4)

The potential in Eq. (2b) is a simplified version of
the allowed terms documented in Refs. [15, 16]: the
more general renormalizable and gauge invariant poten-
tial would allow di↵erent vevs for the 2 triplet fields, and
would also include cubic terms (Eq. (B3) of Ref. [15]).
Terms of the former type are SU(2)R-violating, and we
avoid them by requiring exact custodial invariance at tree
level, as remarked in the following. Terms with an odd
number of scalars can be easily avoided by means of a
Z2 symmetry acting onto the triplet fields. Moreover our
analysis is only indirectly a↵ected by the Higgs trilinear
couplings (for measurement strategies of the latter see
Ref. [17]), and therefore our results are general enough
to assess the impact of Higgs measurements. Hence, our
choice for V (�,⌅) should be thought of as a minimal
ansatz, that captures the important features of Higgs
triplet phenomenology such as modified Higgs branch-
ing ratios, production cross sections and Higgs mixing in
a well-defined way.
Switching o↵ hypercharge gauging and the Yukawa in-

teractions, the lagrangian is manifestly invariant under
SU(2)L ⇥ SU(2)R. Gauging a subgroup amounts to ex-
plicit breaking of custodial isospin, and the e↵ects of cus-
todial isospin violation are steered by gauge and Yukawa
couplings. Hence a small T parameter can be considered
natural [18].

� � SU(2)L � SU(2)R

vev no vev

• fine-tuning in T 

• WBF single production of H++

• massive scalar degrees 

• DY pair production of H++
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FIG. 1. Constraints on m
3

and v� in the GM model from Rb, B0

s–B̄
0

s mixing, BR(B0

s ! µ+µ�), and
BR(b ! s�). The region above each curve is excluded. Left: “tight” constraints requiring that each
observable lies within 2� of the experimental central value. Right: “loose” constraints requiring that Rb,
BR(B0

s ! µ+µ�), and BR(b ! s�) lie within 2� of the value at the best-fit point within the GM model.

require that the GM model prediction lie within 2� of the best-fit value obtainable in the GM
model (i.e., the SM limit), again combining the experimental and GM theoretical uncertainties in
quadrature. We will refer to these more conservative constraints as “loose” constraints.

These “loose” and “tight” constraints are respectively shown in the right- and left-hand panels
of Fig. 1.7 Details on each process follow.

A. Rb

The Z-pole observable Rb, defined as

Rb =
�(Z ! bb̄)

�(Z ! hadrons)
, (29)

has been calculated in the SM including two-loop electroweak [47] and three-loop QCD corrections.
The correction to Rb due to one-loop diagrams involving additional Higgs bosons has been calcu-
lated in the 2HDM [48, 49]. In the Type-I 2HDM, the contribution of the neutral scalars can be
neglected [49] as it is suppressed by a relative factor of m2

b/m2

t compared to the charged Higgs
contribution. The results for the Type-I 2HDM can easily be adapted to the GM model [7, 15].

7 With the exception of Mt, we choose the input parameters for all our numerical results from the 2014 Review
of Particle Physics [44]. For Mt, we use the first combination of Tevatron and LHC measurements of the top
quark mass [45]. In particular, we set GF = 1.1663787 ⇥ 10�5 GeV�2, ↵

em

= 1/127.94, ↵s = 0.1184, m̄c(mc) =
1.275GeV, m̄b(mb) = 4.18GeV, MZ = 91.1876GeV and Mt = 172.9GeV. In addition, we obtain the dependent
parameters MW = 79.83 GeV and s2W = 0.2336 at tree level. We thus edit the input files of SuperIso v3.3 which
by default uses inputs from the 2011 Review of Particle Physics [46].

v� = ��3� � ��2� �= 0

sH =
2
�

2v�

v
� 0.25 v =

�
v2

� + 8v2
� � 246 GeV

[Hartling, Kumar, Logan `14]
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mH±± and the parameter sin qH, or sH, where s2
H denotes the fraction of the W boson mass gen-

erated by the vacuum expectation value of the triplets. The expected signal event yields for
VBF production of H±± decaying to W±W± is directly proportional to s2

H. The remaining five
parameters in the model are adjusted to achieve the given mH±± hypothesis, while requiring
one of the scalar singlets to have a mass of 125 GeV. By using the (mjj, m``) two-dimensional
distribution in the signal region and the mjj distribution in the WZ control region simulta-
neously to discriminate between signal and background processes, 95% CL upper limits on
sVBF(H±±)B(H±± ! W±W±) can be derived, as shown in Fig. 3 (left). The excluded sH val-
ues as a function of mH±± are shown in Fig. 3 (right). As discussed before, the WZ background
contribution in the signal region is constrained using the control region and the EW production
is treated as a background. The blue region shows the parameter space for which the H±± to-
tal width exceeds 10% of m(H±±), where the model is not applicable [39]. The observed limit
excludes sH values greater than 0.18 and 0.44 at m(H±±) = 200 and 1000 GeV, respectively.
The Georgi–Machacek model also predicts singly charged Higgs bosons. Results based on this
model have been reported by the CMS Collaboration in a search for VBF H± ! W±Z produc-
tion [40]. The observed limits of this search for doubly charged Higgs bosons are stronger by
about a factor of two.

 (GeV)±±Hm
200 300 400 500 600 700 800 900 1000

) (
fb

)
±

W±
 W

→ ±±
(H

B) ±±
(H

VB
F

σ

100
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300

±W± W→ ±±VBF H
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 Median expected
 68% expected
 95% expected

 (13 TeV)-135.9 fb

CMS

 (GeV)±±Hm
200 300 400 500 600 700 800 900 1000
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0.2
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0.8

1
±W± W→ ±±VBF H
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 Median expected
 68% expected
 95% expected

 > 0.1±±H / m±±HΓ 

 (13 TeV)-135.9 fb

CMS

Figure 3: Expected and observed 95% CL upper limits on the cross section times branching
fraction, sVBF(H±±)B(H±± ! W±W±) (left) and on sH in the Georgi–Machacek model (right)
as a function of doubly charged Higgs boson mass. The blue area in the upper-right corner
covers the region where the model is not applicable [39].

In summary, we present the first observation of electroweak production of same-sign W boson
pairs in proton-proton collisions. The data sample corresponds to an integrated luminosity of
35.9 fb�1 collected at

p
s = 13 TeV with the CMS detector. Events are selected by requiring

exactly two leptons of the same charge, moderate pmiss
T , and two jets with large rapidity sep-

aration and large dijet mass. The two dominant sources of background events after the event
selection requirements have been applied are nonprompt leptons and the WZ ! 3`n process.
The observed significance is 5.5 standard deviations, where a significance of 5.7 standard devi-
ations is expected based on the SM. The ratio of measured event yields to that expected from
the standard model at leading-order is 0.90 ± 0.22. A cross section measurement in a fiducial
region is reported consistent with SM predictions. Bounds on the structure of quartic vector
boson interactions are improved by a factor of up to six compared to previous results. Upper
limits are given on the production cross section times branching fraction of doubly charged
Higgs bosons.

[CMS `17]

2

ticles in H ! V V, V = Z,W±, especially because the
H±±W⌥W⌥ coupling can be enhanced in comparison
to HW+W� due to the model’s triplet character. Fur-
thermore, Ref. [25], which reports a SUSY search em-
ploying the 7 TeV 4.98 fb�1 data set, comprises signal
regions with relatively small HT � 80 GeV (compen-
sated with a larger missing energy requirement) which
can be exploited to formulate constraints on the triplet
model. This will be the focus of Sec. III. Subsequently,
in Sec. III A, we demonstrate that a slight modification
of the search strategy of Ref. [25] is su�cient to obtain
superior constraints on the triplet model even for a pes-
simistic estimate of reducible backgrounds and other un-
certainties. We also discuss in how far these estimates
can be improved by including the 8 TeV data set. In
Sec. IV we discuss an analysis on the basis of a WBF se-
lection at

p
s = 14 TeV center-of-mass energy, which will

yield strong constraints on the triplet models’ parameter
space.

As we will argue, the results of these sections are not
specific to a particular triplet model and largely gener-
alize to any model with Higgs triplets. Since the tree-
level custodial symmetry preserving implementation of
Higgs triplets exhibits a richer phenomenology, we specif-
ically analyze the impact of the described searches in
the context of the Georgi-Machacek (GM) model [11]
(which we quickly review in Sec. II to make this work
self-contained). In particular, we input the direct search
constraints for doubly charged scalars into a global scan
of the electroweak properties, also taking into account
EWPD. We give our summary in Sec. VI.

II. A CONSISTENT MODEL OF HIGGS
TRIPLETS

The Georgi Machacek model [11] is a tree-level custo-
dial isospin-conserving implementation of Higgs triplets
based on scalar content

� =

✓
�⇤

2 �1

��⇤

1 �2

◆
, ⌅ =

0

@
�⇤

3 ⇠1 �1

��⇤

2 ⇠2 �2

�⇤

1 �⇠⇤1 �3

1

A . (1)

u

u

d

H++

d

W+

W+

FIG. 1: Sample weak boson fusion diagram involved in the
production of H±±. We do not show the H±± decay. By
crossing one of the up-flavor quarks to the final state and
the non-connected down-flavor to the initial we recover the
Drell-Yan-type production modes.

� is a SM-like Higgs doublet necessary for introducing
fermion masses, and ⌅ combines the complex (�1,�2,�3)
and real (⇠1, ⇠2,�⇠⇤1) triplets such that an additional
SU(2)R can act in the usual fashion (⌅ ! UL⌅U†

R and

� ! ŨL�Ũ †

R) leaving custodial isospin unbroken af-
ter � and ⌅ obtain vacuum expectation values (vevs)
h⌅i = v⌅ , h�i = v� .

For the purpose of this paper we choose a Higgs sector
Lagrangian

L =
1

2
Tr

⇥
D2,µ�†Dµ

2�
⇤
+

1

2
Tr

⇥
D3,µ⌅†Dµ

3⌅
⇤�V (�,⌅)

+ � Yukawa interactions , (2a)

where we introduce the potential that triggers elec-
troweak symmetry breaking

V (�,⌅) =
µ2
2

2
Tr (�c�) +

µ2
3

2
Tr (⌅c⌅) + �1 [Tr (�c�)]2

+ �2Tr (�c�) Tr (⌅c⌅) + �3Tr (⌅c⌅ ⌅c⌅)

+ �4 [Tr (⌅c⌅)]2 � �5Tr
�
�cta2�tb2

�
Tr

�
⌅cta3⌅t

b
3

�
. (2b)

This choice reflects the properties of the Higgs triplet
model in a simplified way [11] and can be motivated from
imposing a Z2 symmetry [12].
D2, D3 are the gauge-covariant derivatives in the

SU(2)L doublet and triplet representations. Hypercharge
U(1)Y is embedded into SU(2)R as in the SM, the su(2)
generators in the triplet representation are

t13 =
1p
2

0

@
0 1 0

1 0 1

0 1 0

1

A , t23 =
ip
2

0

@
0 �1 0

1 0 �1

0 1 0

1

A ,

t33 =

0

@
1 0 0

0 0 0

0 0 �1

1

A . (3)

The masses of the electroweak bosons mW ,mZ after
symmetry breaking follow from the sum of the Higgs
fields’ vevs, constraining

(246 GeV)2 = v2� + 8v2⌅ . (4)

Defining the mixing angles

cos ✓H =: cH =
v�
vSM

,

sin ✓H =: sH =
2
p

2v⌅
vSM

(5)

turns out to be useful. Since custodial isospin is pre-
served, in the unitary gauge the Higgs masses group into
two singlets, one triplet and one quintet (the quintet in-
cludes our doubly charge scalar H±±

5 , which we will in-

��3� � ��2� �= 0
[Cheung, Gosh `02] 
[Godfrey, Moats `10] 
[CE, Re, Spannowsky `13] 
[Hartling, Kumar, Logan `14]
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Figure 12: The (a) expected and (b) observed lower limits on the H±±R boson mass for all branching ratio
combinations that sum to 100%.
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Figure 13: Lower limit on the H±±L boson mass as a function of the branching ratio B(H±±L ! `±`±). Several
cases are presented: (a) H±±L decays only into electrons and "X", (b) H±±L decays only into muons and "X", and
(c) H±±L decays only into electron–muon pairs and "X", with "X" not entering any of the signal regions. Plot (d)
shows the minimum observed and expected limit as a function of B(H±±L ! `±`±).
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Figure 10: Upper limit on the cross-section for pp! H++H�� for several branching ratio values presented in the
form B(ee)/B(eµ)/B(µµ): (a) 100%/0%/0%, (b) 0%/0%/100%, (c) 0%/100%/0%, and (d) 30%/40%/30%.
The theoretical uncertainty in the cross-section for pp ! H++H�� is presented with the shaded band around
the central value.
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Figure 11: The (a) expected and (b) observed lower limits on the H±±L boson mass for all branching ratio
combinations that sum to 100%.
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Figure 1: Feynman diagram of the pair production process pp ! H++H��. The analysis studies only the
electron and muon channels, where at least one of the lepton pairs is e±e±, e±µ±, or µ±µ±.

Additional motivation to study cases with B(H±± ! `±`±) < 100% is given by type-II see-saw models
with specific neutrino mass hypotheses resulting in a fixed branching ratio combination [13, 25, 26]
which does not necessarily correspond to B(H±± ! `±`±) = 100%.

The ATLAS Collaboration previously analysed data corresponding to 20.3 fb=1 of integrated lumin-
osity which were recorded in 2012 at a centre-of-mass energy of 8 TeV [27]. This study resulted
in the most stringent lower limits on the mass of a potential H±±L particle. Depending on the fla-
vour of the final-state leptons, the observed limits vary between 465 GeV and 550 GeV assuming
B(H±±L ! `±`±) = 100%. The analysis presented in this paper extends the one described in Ref. [27]
and is based on of 36.1 fb=1 of integrated luminosity collected in 2015 and 2016 at a centre-of-mass
energy of 13 TeV. A similar search has also been performed by the CMS Collaboration [28].

2 ATLAS detector

The ATLAS detector [29] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and an almost 4⇡ coverage in solid angle.1 It consists of an inner
tracking detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic (EM) and hadronic calorimeters, and a muon spectrometer. The inner tracking
detector covers the pseudorapidity range |⌘| < 2.5. It is composed of silicon pixel, silicon micro-
strip, and transition radiation tracking detectors. A new innermost layer of pixel detectors [30] was
installed prior to the start of data taking in 2015. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic energy measurements with high granularity. A hadronic (steel/scintillator-
tile) calorimeter covers the central pseudorapidity range (|⌘| < 1.7). The end-cap and forward re-
gions are instrumented with LAr calorimeters for both EM and hadronic energy measurements up to
|⌘| = 4.9. The muon spectrometer surrounds the calorimeters and features three large air-core toroidal
superconducting magnets with eight coils each. The field integral of the toroids ranges between 2.0

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in
units of �R ⌘

p
(�⌘)2 + (��)2. Rapidity is defined as y ⌘ 0.5 ln [(E + pz)/(E � pz)] where E denotes the energy and pz

is the momentum component along the beam direction.

3
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SUð4Þ|fflffl{zfflffl}
Hc

× SUð5Þ × SUð3Þ × SUð3Þ0 ×Uð1ÞX ×Uð1Þ0|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
GF

;

ð1Þ

with fermions transforming asψ ∈ 6, χ ∈ 4, ~χ ∈ 4̄ under the
“hypercolor” gauge group Hc ¼ SUð4Þ. Strong SUð4Þ
dynamics cause the breakdownof theglobal symmetriesGF,

SUð5Þ → SOð5Þ ð2Þ

and

SUð3Þ × SUð3Þ0 → SUð3Þ; ð3Þ

as well as the breaking of Uð1Þ0. The author of [17] argues
that Eq. (2) occurs at a higher scale than Eq. (3); the low
energy effective theory can then be parametrized by the coset

GF=HF ¼ SUð5Þ
SOð5Þ

×
SUð3Þ × SUð3Þ0

SUð3Þ
×Uð1Þ0: ð4Þ

The unbroken global symmetry group HF contains the
subgroup

HF ⊃ SUð3Þc × SUð2ÞL × SUð2ÞR × Uð1ÞX; ð5Þ

which can be weakly gauged to arrive at the SM gauge
structure.
The symmetry breaking pattern leaves a number of

distinct exotics in the theory’s spectrum (for instance,
there is a “hypergluon” [36–38] and an inert singlet).
Our analysis targets the enlarged Higgs spectrum compared
to MCHM4 [7] or MCHM5 [39]. The Nambu Goldstone
bosons that arise from SUð5Þ → SOð5Þ transform under
SUð2ÞL ×Uð1ÞY as

10 þ 2%1=2 þ 30 þ 3%1; ð6Þ

and we can interpret the 2%1=2 multiplet as the SM Higgs
field. Weakly gauging the electroweak group as part of
Eq. (5), together with the presence of a heavy top quark,
induces a Coleman-Weinberg potential [40] for this multi-
plet, which triggers electroweak symmetry breaking as the
vacuum becomes dynamicallymisalignedwith respect to the
SUð2ÞL ×Uð1ÞYðY ¼ T3

R þ XÞ preserving direction [4].
A phenomenological smoking gun of this scenario is the

appearance of a 3%1 multiplet, which contains a doubly
charged Higgs boson that, however, has no relation to the
electroweak scale as vacuum misalignment proceeds
entirely through 2%1=2 interactions. This phenomenological
situation is vastly different from other Higgs triplet scenar-
ios [24–27,41]: first, tension with the ρ parameter (either in
custodial [42] or noncustodial realizations [41]) is relaxed,
and related fine-tuning is absent. Second, since 30;%1 do not

participate in electroweak symmetry breaking, they will not
leave an observable signature in weak boson fusion final
states [28–30,43–45], which are particularly suited to
custodial Higgs triplet models. Instead their production
will need to happen through pair production [41] entirely
fixed by the quantum numbers of the weak isotriplet.
With the only distinction of Eq. (4), the model of [17]

follows the paradigm of the MCHM scenario; massive
bottom and top quarks are included through partial com-
positeness [6,46] by introducing three top partners fTig
and one bottom partner B that lift the fundamental t, b
masses. Similarly to MCHM5, this introduces a range of
effective Higgs-fermion interactions. The interaction most
relevant to the present work is given by [17]

L ⊃ −
ffiffiffi
2

p
iλqb̄LXRH−− þ H:c: ð7Þ

where X denotes a top partner with charge 5=3 that is
characteristic for custodial symmetry preserving composite
Higgs scenarios [21].1 The X field, together with four other
toplike fields in MCHM5, forms a charged current that
couples to the W field. The decay of the doubly charged
Higgs boson into same-sign Ws, albeit absent at tree level,
hence proceeds at loop level by including a mass insertion,
as indicated in Fig. 1. This decay is therefore directly
related to the mixing angles that generate the physical b
quark mass.2 Note that there is also the possibility that this
decay is an anomaly term induced [35] with a different CP
and Lorentz structure.3 In practice, the decay amplitude can
be evaluated by rotating the top quark partners to the mass
eigenbasis, which results in a nondiagonal coupling struc-
ture of the W in the space of top and bottom quarks. The
very decay of the doubly charged Higgs into same-sign W
therefore carries a lot of (although degenerate) information
about the particular structure of mass generation through
partial compositeness.

FIG. 1. Typical Feynman diagram contributing to the decay
H−− → W−W− in the Lagrangian eigenbasis.

1Note that the chirality structure of the interaction Eq. (7) will
induce higher-dimensional CP-violating effective interactions
(see below). Similar loop-induced effects are present in the
SM as well.

2This is similar to the decay H → γγ, gg in the SM, with the
photons and gluons having no relation to spontaneous symmetry
breaking.

3We are grateful to Gabriele Ferretti for pointing out this
possibility.
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the propagation of systematic uncertainties must be taken
into account. When there is no connection to data, as is the
case for this purely MC study, this is hard to do, and we
stress that we use this tool rather to judge the potential
reach of the observables we have chosen to study. In
addition, one should add that there might exist observables
with better discriminating power than the ones we have
chosen so far. The best discriminating power in identifying
these is to compare sensitivity yields to the matrix element
method [81,82], which is, by construction, the most
discriminating observable between two specified signal
and background hypotheses. Available tools like MadMax

[83], MadWeight [84], shower and event deconstruction
[85,86] have demonstrated their potential in phenomeno-
logical analyses [87–92], and extensions to higher-order
matrix elements have been proposed [93–95]. The set of
observables we use for a proof-of-principle investigation of
the sensitivity reach that can be obtained with these
methods are the ones defined in the previous section.
The event selection is given by Eq. (12). Our results as
computed by TMVA are presented in Table V. For the Fisher
discriminant as well as the BDT, we observe a constant
enhancement as a function of the Higgs mass compared to
our cut-and-count analysis of the previous section.
Translated into branching ratios this means that with the
help of a BDT, for example, we could reach 10% better
upper bounds than stated in Table IV. In addition, the
discovery reach for the LHC cannot be pushed much
further than mH!! ¼ 800 GeV, even when accepting
the results of a BDT. There is one exception, namely,
the 300–400 GeV mass region. The numbers quoted in
Table V indicate 20% better bounds on BRðH!! →
W!W!Þ than Table IV.
We stress that the dominating background here is of

reducible nature. Indeed, it is dominated by QCD radiation
and can therefore be determined by relying on data-driven
methods. Due to this fact it might be possible to train the
Fisher discriminant or a BDT on data [96]. In that case
the approach would be robust concerning systematic
uncertainties.

D. Interpretation of results in composite scenarios

Let us finally estimate the impact of the above search on
the parameter space of the composite Higgs scenarios as
discussed in Sec. II.

Following [17], the couplings of the top partners to the
W bosons in the limit of χ ¼ v2=f2 ≪ 1, with f denoting
the analogue of the pion decay constant, carry a factor
∼e=ð2

ffiffiffi
2

p
sin θwÞ. Small values of χ are favored by current

data [97]. The extension of [17] does not modify the bulk of
the 125 GeV Higgs phenomenology, and the smallness of
this parameter as inferred from, e.g., H → ZZ observations
directly generalizes to our case.
The dominant contribution to the loop induced decay is

then given by the mass scale set by the top partners as well
as the angle that lifts the left-handed bottom mass and
“rotates in” the bottom partner to the vertex of Eq. (7). We
will denote this angle with sin λ (see again [17] for details).
For illustration purposes we identifyMB ¼ MT1

¼ MX and
focus on the contribution of the lowest-lying top partner,
whichwill be the numerically least-suppressed contribution.
With these assumptions, the effective H!! → W!W!

interactions can be parametrized by matching the Lorentz
structure to an effective Lagrangian in terms of a power
series in a single scale ∼M−n

X . Keeping operators up to
dimension five, we obtain

Leff ¼
α

128π

λq sin λ
sin2θw

H−−

Mx
ð2WþμνWþ

μν − 3Wþμν ~Wþ
μν

− 4m2
WW

þμWþ
μ Þ þ H:c: ð24Þ

In addition, the potential presence of a Wess-Zumino-
Witten term [98,99] would lead to the presence of the
effective interaction [35]

TABLE V. Discovery significance S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
at a 3 ab−1 LHC of our cut-and-count analysis compared to a Fisher discriminant and a

BDT for different Higgs mass parameters mH!! . Both multivariate analyses use the same observables as presented in our cut-and-count
analysis.

mH½GeV' 200 300 400 500 600 700 800 900 1000

Cut and count 10 6.7 4.8 3.7 2.8 2.2 1.7 1.3 1.0
Fisher discriminant 12 8.2 5.7 4.3 3.3 2.5 1.9 1.5 1.2
BDT 13 8.8 6.4 4.8 3.6 2.8 2.2 1.7 1.3

FIG. 7. The signal strength as a function of the Wess-Zumino-
Witten interaction of Eq. (25) for representative values mH!! ¼
200 GeV, f ¼ MX ¼ 2 TeV, λq ¼ 2π and sin λ ¼ 0.1.
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• model predicts a number of exotics phenomenological implications

2

This will allow us to identify the parameter domain of the
model, which is mostly driven by Higgs searches, and we
will confront our findings with concrete predictions from
the lattice in IIA. We summarise and conclude in Sec. IV

II. THE MODEL

this section requires some polishing... ldd to do
The model of [9] is based on a symmetry group

SU(4)| {z }
GHC

⇥SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)
X

⇥ U(1)0| {z }
GF

.

(1)
with Weyl fermions transforming  2 6,� 2 4, �̃ 2 4̄
under the hypercolor gauge group GHC = SU(4). The
strong dynamics of GHC will cause a symmetry break-
ing of the global flavour symmetries SU(5) ! SO(5)
and SU(3) ⇥ SU(3)0 ! SU(3)

c

as well as a broken
U(1)

X

. Based on the maximally attractive channel hy-
pothesis [10], we can expect SU(5) ! SO(5) to occur
at a higher scale than SU(3) ⇥ SU(3)0 ! SU(3)

c

. This
leads to a low-energy e↵ective theory based on the global
symmetry breaking pattern

G
F

/H
F

=
SU(5)⇥ SU(3)⇥ SU(3)0 ⇥ U(1)

X

⇥ U(1)0

SO(5)⇥ SU(3)⇥ U(1)
X

=
SU(5)

SO(5)
⇥ SU(3)⇥ SU(3)0

SU(3)
⇥ U(1)0 . (2)

Since SO(5) � SO(4) ' SU(2) ⇥ SU(2), the unbroken
global symmetry group H

F

contains the custodial sub-
group

H
c

= SU(3)
c

⇥ SU(2)
L

⇥ SU(2)
R

⇥ U(1)
X

(3)

and following the standard paradigm of composite Higgs
scenarios, we weakly gauge the SM subgroup H

c

�
GSM = SU(3)

c

⇥SU(2)
L

⇥U(1)
Y

, where hypercharge is a
linear combination for SU(2)

R

and U(1)
X

, Y = T 3
R

+X.
Weakly gauging a subgroup and heavy quark mass gen-
eration through partial compositeness [11, 12] amount to
explicit violation of G

F

, and the analysis of the one-loop
e↵ective action [9] shows that this indeed gives rise to
NGB misalignment and electroweak symmetry breaking
SU(2)

L

⇥ U(1)
Y

! U(1)QED, completely analogous to
the minimal e↵ective realisations [2, 3]. The di↵erence
between the MCHM5 scenario of [3] is the rather unique
prediction of additional NGBs from the SU(5) ! SO(5)
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, of which the 21/2 can be identified as
the SM Higgs doublet.

This extended scalar sector reveals parallels with the
so-called Georgi-Machacek model [13–15] (for recent phe-
nomenological investigations see also [16–20]), which also
predicts the appearance of a real as well as a complex
SU(2)

L

triplet in the scalar sector. The crucial di↵erence

between these theories is, neglecting the SM-inert singlet
in the following, that these extra states do not contribute
to the breaking of electroweak symmetry breaking [9].
Hence, potential fine tuning problems which are associ-
ated with the ⇢ parameter [21] in custodial triplet sce-
narios are avoided entirely in this model.

The construction of the low-energy e↵ective theory
follows the approach pioneered by Callen, Coleman,
Wess and Zumino (CCWZ) [22, 23]. Denoting the

SU(5)/SO(5) generators by T Â, we can introduce a non-
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similarities with [Georgi, Machacek `85]

• partial compositeness: expect modifications in association with 
heavy fermions



24

(hĥi2 = 3
2
(↵+2�)
↵+8� ) this leads to the identification

↵ =
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2
F̂LL � ĈLR

1

2
(3g2 + g02)

� = �F̂RR � 1

4
F̂LL +

1

2
F̂LR . (9)

The condition for EWSB reads

↵+ 2� = F̂LR � 2F̂RR � 1

2
(3g2 + g02)ĈLR � 0 (10)

and the ⇠-parameter reads

⇠ ⌘ v2

f2
=

↵+ 2�

4�
=

2F̂LR � 4F̂RR � (3g2 + g02)ĈLR

4F̂LR � 8F̂RR � 2F̂LL

(11)

At last note that
FLR ⇠ (�1�2)

2 ⇠ y2 , FRR ⇠ �4
2 , FLL ⇠ �4

1 ,

which introduces one new EHC-parameter since the Yukawa-parameter is given.

2.2.2 Higgs triplet mass corrections

From [1] eq.3.4.

V = ĈLR

✓
3g2 + g02)(2H†H +

16

3
�†
+�+) + 8g2�0�0

◆
+ 8F̂LL�

†
+�+ (12)

This leads to the following mass corrections

m2
�
0

= 16g2ĈLR ,

m2
�
+

= 16(g2 +
g
02

3
)ĈLR + 8F̂LL (13)

which is identical in the g0 ! 0 and �2 ! 0 limit.
Now Y (tR) = 1/6 and Y (tL) = 2/3 and Y = TR

3 + X and then one gets with TR
3 (tL,R) =

�1, 2, 0 one gets indeed X(tL,R) = 2/3.5 Because of this reversal of matters it is still TL which
transforms non-trivially under SU(2)R and therefore it is �1 from LEHC � �1T̄LBR + . . . (14)
which should give rise to the triplet splitting and it indeed does.

2.2.3 Consequences

Here I summarise some of the consequences and give an outlook on the the new functions FLL

and FRR to be confirmed.

• It is remarkable that no new terms arose. No �-term needed. Possibly this can be
understood more generally.

5Somewhat doubtful what is meant by the familiar custodial symmetry of the SM. I thought the limit of
custodial symmetry is g0 ! 0, Yu = Yd and to group (uR, dR) into a SU(2)R-doublet.
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Higgs Potential

As discussed above, the Higgs particle is one of the
NGBs of the UV complete theory. In the hypercolour the-
ory in isolation, no potential is generated for the NGBs;
hence the Higgs potential can only arise from interac-
tions with the SM sector. In particular there are two
contributions to the one-loop e↵ective potential: the first
one is due to the coupling to the weak gauge bosons (cf.
Eq. (II.13)) and the second one to the coupling to the top
and the composite fermions. Using the standard compos-
ite Higgs potential parametrisation

V̂ (ĥ) = ↵ cos(2ĥ) � � sin2(2ĥ) , (II.16)

the dimensionless parameters ↵ and � are given by

↵ = �ĈLR
1

2

�
3g2 + g02

�
< 0 ,

2� = �y2Ĉtop , (II.17)

where CLR = ĈLRf4 is defined in Eq. (II.14) and Ctop

is a top-baryon 4-point function of O(�2
q

�2
t

) originating
from the terms in Eq. (II.7), as discussed in detail in [31].
Note that Eq. (II.16) includes radiative corrections as dis-
cussed in [33] in a more systematic way. Up to a constant
the potential Eq. (II.16) can be written as

V̂ (ĥ) = 4�(sin2(ĥ) � ⇠)2 , (II.18)

where

⇠ ⌘ v2

f2
= sin2(hĥi) =

↵ + 2�

4�
. (II.19)

The important condition, for EWSB, reads

↵ + 2� > 0. (II.20)

Hence the sign of �, and its magnitude compared to ↵,
are the first constraints that the UV complete theory
needs to satisfy.

The ↵-� parameter space is shown in Fig. 1 with phe-
nomenologically acceptable values of ⇠ 2 [0, 0.12] shown
in purple. The Higgs mass is related to the second deriva-
tive of the potential

m̂2
h

= V̂ 00(hĥi) = 32�⇠(1 � ⇠) = 8� � 2↵2/� , (II.21)

and gives a second constraint, cf. Fig. 1, in the ↵-� plane
by combining Eqs. (II.19) and (II.21)

m2
h

v2
= 32�(1 � ⇠) = 8(2� � ↵) ' 0.258 . (II.22)

From Fig. 1, 0.012 < �↵ < 0.02 and 0.06 < � < 0.11,
are inferred whose range mainly depends on unknown
radiative corrections to the Higgs mass. The value of
↵ allows us to set a lower bound, at leading order in
the EFT, on the PNGB triplets masses. The latter are

no EWSB
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FIG. 1: Contour plot for ⇠ = (↵ + 2�)/(4�), Eq. (II.19). In
the white region no EWSB occurs and the purple level curves
are values of ⇠ ranging from 0 to 0.12 where the latter value is
a representative constraint taken from Ref. [4]. An additional
constraint comes from the Higgs mass m2

h/v
2 = 8(2� � ↵) '

0.258, Eq. (II.22), for which we have allowed generous 20%
radiative corrections. The intersection of the purple and grey
region is the physically allowed parameter space of the model
that has to be satisfied by the UV theory.

given by the contribution of the weak gauge bosons only,
Eq. (II.13), (r

g

⌘ 3g2/(3g2 + g02))

m̂� =
⇣32|↵|

3

⌘ 1
2

= 4

✓
ĈLR

✓
g2 +

g02

3

◆◆ 1
2

' 0.36 ,

m̂�0 =
⇣32|↵|

3
r
g

⌘ 1
2

= 4(ĈLRg
2)

1
2 ' 0.34 ,

which are identical in the limit g02 ! 0 of no hypercharge.
The mass di↵erence of the charged to neutral is positive,
m� � m�0 � 0, as for the pions in the SM [34]. Since
the hypercharge contribution is small the two masses are
very close in numerical value. From the LHC bound ⇠ =
v2/f2 < 0.12 it follows that f >⇠ 5.7m

h

and thus

m�
>⇠ m�0 > 1.97m

h

. (II.23)

In summary the Higgs potential is parameterised by
the two constants ↵ and �, Eq. (II.16), which are experi-
mentally constrained by m

h

/v, v/f and the requirement
of EWSB. On the other hand ↵ and � can be deter-
mined from well-defined correlation function of the UV
hypercolor theory, Eq. (II.17). Hence the determination
of either ↵ or � alone can exclude the model. Somewhat
more precisely, the model can be excluded/validated by
computing � ⇠ Ctop, and using the Higgs mass con-
straint. Since in practice, cf. the discussion below, com-
puting ↵ ⇠ CLR is more feasible the latter is going to be
the computation that excludes/validates the model. The
quantity CLR has been computed recently in [35] for an
SU(4) gauge theory in the quenched approximation with

small mass splitting can expect small EWPD corrections compared 
to effective MCHM5 scenario e.g. [Gilioz et al. `12]

A concrete model of compositeness: LECs

[Ferretti `14] [Golterman, Shamir `15, 17]

4-point baryon correlator breaks SU(2) 
triplet states not necessarily affected



inform strong interaction?

25

• searches for extra scalar / pseudoscalar Higgs bosons with 
couplings to top quarks 

7

obtain a Drell-Yan cross section of 84 fb‡, which decreases
exponentially for heavier masses.

Current analyses [65, 66] set constraints mostly from
searches for same-sign lepton production, which are
motivated from a Majorana-type lepton sector opera-
tors involving the 31 multiplet in the Georgi-Machacek
model [20, 22]. Although leptons are not included in Fer-
retti’s proposal [10], we can expect the biggest coupling
to arise from ⌧ leptons following the partial composite-
ness paradigm. Ref. [66] sets a constraint in this channel
of ⇠ 100 fb, which is not stringent enough to constrain
the presence of a doubly charged Higgs boson as pre-
dicted in the model even when we consider decays to ⌧
leptons.

If this lepton operator is not considered, the domi-
nant decay will be to same sign W bosons via fermion
loops [67]. Ref. [65] does not make any specific assump-
tions on jet or missing energy activity and set constraints
of ⇠ 1 fb. Including the W branching fractions the weak
pair production of the doubly-charged scalar in our model
readily evades these constraints. The recent analysis [67]
that specifically targets the pp ! 4` + missing energy
smoking signature shows that the LHC should in princi-
ple be able to probe a mass regime up to 700 GeV.

Charged Scalars

Charged Higgs boson searches have been performed
during Run-1 by ATLAS [68] and CMS [69] from the
production o↵ top quarks and set constraints of 0.6-0.8 pb
in the considered mass region. In our scan, we find cross
sections§ in the range of ' 1 fb after averaging between
the 4 and 5 flavour scheme as detailed in [70]. W conclude
that available LHC analyses are not sensitive enough to
constrain the exotic Higgs spectrum because of the small
production cross section.

Neutral Scalars

The interactions of Eq. (II.7) also introduces Yukawa-
type interactions with the heavy SM fermions and top
partners after diagonalisation of Eqs. (II.9) and (II.10).
The dominant production modes of the extra neutral
scalars is then gluon fusion with heavy SM fermions and
top partners running in the gluon fusion loops.¶

‡We use a combination of Feynrules [60–62], Ufo [63] and MadE-

vent [64] for the calculation of the cross section.
§Again we use a combination of Feynrules [60–62], Ufo [63] and
MadEvent [64]

¶There is also the possibility of small anomaly-induced terms which
we will not consider in this work; they are expected to be paramet-
rically small [18].
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FIG. 3: Scan over the neutral, CP even 31 state including AT-
LAS [71] and CMS [72, 73]. Currently no model-independent
LHC constraint exists for the t̄t-channel.

We calculate the gluon fusion cross sections,k for the
parameters that reproduce the correct top and bottom
masses, which satisfy constraints of the current top part-
ners outlined above as well as the 125 GeV Higgs mea-
surements. A flat QCD K ' 1.6 factor [77–81] is in-
cluded.

Since the 30 state couples to ⇠ �
q

b̄
L

B
R

/
p

2 + h.c. the
phase space enhanced decay into physical bottom quarks
dominates, irrespective of the smallness of the coupling.
For these final states there are currently no sensitive
searches given the large expected QCD backgrounds and
the challenge of triggering such final states in the first
place.
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FIG. 4: Scan over the neutral, CP odd 31 state including AT-
LAS [71] and CMS [72, 73]. Currently no model-independent
LHC constraint exists for the t̄t-channel.

kUsing a modified version of Vbfnlo [74] together with Fey-

nArts/FormCalc/LoopTools [75, 76].
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that available LHC analyses are not sensitive enough to
constrain the exotic Higgs spectrum because of the small
production cross section.

Neutral Scalars

The interactions of Eq. (II.7) also introduces Yukawa-
type interactions with the heavy SM fermions and top
partners after diagonalisation of Eqs. (II.9) and (II.10).
The dominant production modes of the extra neutral
scalars is then gluon fusion with heavy SM fermions and
top partners running in the gluon fusion loops.¶

‡We use a combination of Feynrules [60–62], Ufo [63] and MadE-

vent [64] for the calculation of the cross section.
§Again we use a combination of Feynrules [60–62], Ufo [63] and
MadEvent [64]

¶There is also the possibility of small anomaly-induced terms which
we will not consider in this work; they are expected to be paramet-
rically small [18].

tt̄
�� ⇥ 10
Z� ⇥ 10

CMS ��

ATLAS Z�

m [GeV]

�
B

R
[f
b
]

700600500400300200

1000

100

10

1

0.1

0.01

0.001

FIG. 3: Scan over the neutral, CP even 31 state including AT-
LAS [71] and CMS [72, 73]. Currently no model-independent
LHC constraint exists for the t̄t-channel.

We calculate the gluon fusion cross sections,k for the
parameters that reproduce the correct top and bottom
masses, which satisfy constraints of the current top part-
ners outlined above as well as the 125 GeV Higgs mea-
surements. A flat QCD K ' 1.6 factor [77–81] is in-
cluded.

Since the 30 state couples to ⇠ �
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b̄
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/
p

2 + h.c. the
phase space enhanced decay into physical bottom quarks
dominates, irrespective of the smallness of the coupling.
For these final states there are currently no sensitive
searches given the large expected QCD backgrounds and
the challenge of triggering such final states in the first
place.
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kUsing a modified version of Vbfnlo [74] together with Fey-

nArts/FormCalc/LoopTools [75, 76].
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top partners running in the gluon fusion loops.⇤⇤

We calculate the gluon fusion cross sections,†† for the
parameters that reproduce the correct top and bottom
masses, which satisfy constraints of the current top part-
ners outlined above as well as the 125 GeV Higgs mea-
surements. A flat QCD K ' 1.6 factor [88–92] is in-
cluded.

Since the 30 state couples to ⇠ �
q

b̄
L

B
R

/
p

2 + h.c. the
phase space enhanced decay into physical bottom quarks
dominates, irrespective of the smallness of the coupling.
For these final states there are currently no sensitive
searches given the large expected QCD backgrounds and
the challenge of triggering such final states in the first
place.

Loop-induced decays (see Appendix B) to �� are al-
ready fairly constrained after Run-1. For instance, CMS
limit �Br(��) <⇠ 1-10 fb between 180 and 800 GeV with
little dependence on the resonance width [83] (see also
the analysis by ATLAS [93] with similar sensitivity).
CMS have updated their results also including 13 TeV
data [84], which mostly extends the sensitivity region
up to m ' 4 TeV with limits �Br(��) <⇠ 0.2 fb for
m > 2 TeV. Numerically we find the diphoton branch-
ing ratios to be suppressed by three orders of magnitude
compared to bb̄ for the 30 state in our scan, which leaves
it unconstrained by these measurements (identical con-
clusions hold for other loop-induced decays).

The neutral 31 states do not couple to bottom quarks
but both CP-even and odd interactions follow from the
operator ⇠ p

2�
q

t̄
L

Y
r

+ h.c. This opens up the interest-
ing phenomenological possibilities below the tt̄ threshold.
We find that for such a mass choice the decay into glu-
ons typically dominates.‡‡ However, it is worthwhile to
also check the sensitivity to these states in other final
states, also extending beyond the aforementioned dipho-
ton analysis.

The production of Z� final states was constrained in
Run-1 analyses [94, 95], which focused on mass ranges
inspired by the SM m <⇠ 190 GeV with only weak con-
straints �BR(Z�) <⇠ 100 fb. ATLAS and CMS have ex-
tended these searches to the higher mass regime [82, 96]
with 13 TeV data and set limits O(10) fb above 300 GeV.
The hierarchy in branching ratios, however, makes nei-
ther the diphoton searches nor the Z� analyses sensitive
enough to impose mass limits on the considered CP even
state, Fig. 3.

Searches for ZZ and WW decays, which are also medi-
ated at the loop level are available [97, 98] and constrain

⇤⇤There is also the possibility of small anomaly-induced terms which
we will not consider in this work; they are expected to be paramet-
rically small [24].

††Using a modified version of Vbfnlo [85] together with Fey-

nArts/FormCalc/LoopTools [86, 87].
‡‡We retain full mass dependencies and include all non-diagonal
Higgs interactions in the decay diagrams at one-loop. We consider
decays to ZZ, WW , gg, �� and Z�.
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ing ratios to be suppressed by three orders of magnitude
compared to bb̄ for the 30 state in our scan, which leaves
it unconstrained by these measurements (identical con-
clusions hold for other loop-induced decays).

The neutral 31 states do not couple to bottom quarks
but both CP-even and odd interactions follow from the
operator ⇠ p

2�
q

t̄
L

Y
r

+ h.c. This opens up the interest-
ing phenomenological possibilities below the tt̄ threshold.
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also check the sensitivity to these states in other final
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ton analysis.
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inspired by the SM m <⇠ 190 GeV with only weak con-
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with 13 TeV data and set limits O(10) fb above 300 GeV.
The hierarchy in branching ratios, however, makes nei-
ther the diphoton searches nor the Z� analyses sensitive
enough to impose mass limits on the considered CP even
state, Fig. 3.

Searches for ZZ and WW decays, which are also medi-
ated at the loop level are available [97, 98] and constrain

⇤⇤There is also the possibility of small anomaly-induced terms which
we will not consider in this work; they are expected to be paramet-
rically small [24].
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☛ plenty of resonant opportunities in the “LHC precision era”


