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Excess around 750 GeV?



Certainly too early to claim victory. But, tantalizing…
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Exactly 4 years ago, m𝛾𝛾 ≈ 125

- There is some hope this time too?

in the innermost pixel layer is one of the ≈ 3.5% which are inactive, to reduce the contamination from
misidentified electrons

The angle between the two selected photons is determined from the interaction vertex position and the

photon impact points in the calorimeter. For converted photons with tracks having a precise measurement

in the z direction, the vertex position is estimated from the intercept of the line joining the reconstructed

conversion position and the calorimeter impact point with the beam line. For all other photons, the

vertex position is estimated from the shower position measurements in the first and second layers of the

calorimeter which can be used to calculate the photon direction. Finally, the independent vertex position

measurements from both photons are combined also taking into account the average beam spot position

in z. For photons reconstructed in the endcap region, a correction is applied to the z coordinate of the

vertex position estimated from the photon in order to compensate for a difference between data and MC

simulation. This correction is determined as a function of η from electrons in Z→ ee decays.
The diphoton invariant mass distribution (mγγ ) is shown in Figure 1 (top) for the 22489 events passing

the selection in the mass region 100 GeV< mγγ <160 GeV. The sum of the background-only fits in
different categories described in Sections 3 and 4, as well as the signal expectation for a SM Higgs boson

with mass equal to 120 GeV, are also shown. Details of the background and signal models are given in

Section 4. Figure 1 (bottom) shows the residual of the data with respect to the sum of the background-

only fits as a function of mγγ .
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Figure 1: Invariant mass distribution for the inclusive data sample, overlaid with the sum of the

background-only fits in different categories described in Sections 3 and 4 and the signal expectation

for a mass hypothesis of 120 GeV corresponding to the SM cross section. The figure below displays the

residual of the data with respect to the background-only fit sum.
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Figure 8: The observed and expected 95% confidence level limits, normalised to the SM Higgs boson

cross sections, as a function of the hypothesized Higgs boson mass.
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Figure 1: Background model fit to the mgg distribution for the combined data in all 4 event
classes, together with a simulated signal (mH=120 GeV/c2). The magnitude of the signal is what
would be expected if its cross section were 5 times the SM expectation.

Given the narrowness of the Higgs mass peak which has a resolution approaching 1 GeV/c2 in
the classes with best resolution, the search is carried out in steps of 0.5 GeV/c2.

Table 3 lists the sources of systematic uncertainty that have been taken into account in the
evaluation of the limits, together with the magnitude of the variation of the source that has
been applied.

The limit set on the cross section of a Higgs boson decaying to two photons using the frequen-
tist CLS computation and an unbinned evaluation of the likelihood, is shown in Fig. 2. Figure 3
shows the limit relative to the SM expectation, where the theoretical uncertainties on the ex-
pected cross sections from the different production mechanisms are individually included as
systematic uncertainties in the limit setting procedure. The fluctuations of the observed limit
about the expected limit are consistent with statistical fluctuations to be expected in scanning
the mass range. It has also been verified that the shape of the observed limit obtained is un-
changed if the choice of background model fitting function is changed over a wide range of
functional forms, although the expected limit improves by as much as 10% if functions with
less free parameters than the 5th order polynomial are used.

The results obtained from the binned evaluation of the likelihood are in excellent agreement
with the results shown in Figs. 2 and 3.

Figure 4 shows the local p-value calculated, using the asymptotic approximation, at 0.5 GeV/c2

intervals in the mass range 110< mH < 150 GeV/c2. The local p-value quantifies the proba-
bility for the background to produce a fluctuation as large as observed, and assumes that the
relative signal strength between the event classes follows the Monte Carlo signal model for the
Standard Model. The local p-value corresponding to the largest upwards fluctuation of the
observed limit, at 123.5 GeV/c2, has been computed to be 9.6⇥10�3 (2.34s) in the asymptotic
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Figure 2: Exclusion limit on the cross section of a SM Higgs boson decaying into two photons
as a function of the boson mass.
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Figure 3: Exclusion limit on cross section of a SM Higgs boson decaying into two photons
relative to the SM cross section, as a function of the boson mass.
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Back to 750



“signal rate”:  4 fb? 
Large. Same order as the SM Higgs to diphoton rate. 
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Di-photon resonance

X0
�

�



Di-photon resonance

- Can be spin 0 or 2. 


Not spin-1. Landau-Yang theorem. 



Completely identical to the argument of the 125 
GeV di-photon resonance.



- Spin 0 is much more compelling than spin-2.


Very difficult to write down a complete model of 
spin-2. 

X0
�

�



How can neutral particle goes to photon, which 
only couples to charged particles

X0
�

�

Must be charged particles here. 

For the SM higgs, they are top quark and W boson

Can top and/or W do it for the X(750)? 



No. Can not (just) be top or W.

750 GeV res. can not be alone. 


Must have more new physics!!



- Say X couples to top and or W, with arbitrary 
coupling. 



BR(di-photon) is less than 10-4.



4 fb to di-photon means 10s -100 pb to ttbar and or 
WW.



A factor of 4 or 5 in the production rates between 8 
and 13 TeV. 



ttbar and/or WW signal of at least pb at 8 TeV.

t , W

t , W



Possible to have pb(s) level tt or WW 
resonance at Run 1?
- No. 



-Must be more new physics in addition 
to the 750 GeV resonances!!

in the CMS exlcusion limit) can set an e↵ective limit of 1.5 fb. We are not plotting the ATLAS

results since they are weaker as one can see from table 1.

Constraints on other channels

In Table 2 we list the observed limits from other channels that can be applicable to the diphoton

excess. The limits shown are the observed limits and are set on � ⇥ BR except for the dijet limits

which are set on �⇥BR⇥A where A is the acceptance. The most notable absences from this table

are searches for bb̄ and Z�. While double b-tagged dijet searches have been performed they either

do not extend as low as 700 GeV or set limits on an e↵ective coupling rather than a cross section.

As will be seen from the models, we never expect this channel to be constraining. Searches at high

mass for Z� have not been performed.

final state 700 GeV 750 GeV

tt̄ (scalar) 1100 fb 960 fb ATLAS [5]

tt̄ (vector) 950 fb 790 fb ATLAS [5]

tt̄ (narrow) 540 fb 450 fb CMS [6]

tt̄ (wide) 620 fb 520 fb CMS [6]

ZZ (``jj) 50 fb 40 fb ATLAS [7]

ZZ (``jj) 60 fb 50 fb CMS [8]

ZZ (combined) 20 fb 10 fb CMS [9]

WW (`⌫jj) 60 fb 70 fb ATLAS [10]

jj† 25.0 pb 14.0 pb ATLAS [11]

`+`� 1.5 fb 1.3 fb ATLAS [12]

Table 2. Observed upper limits (at 95% CL) on the �⇥BR of a 700 GeV and a 750 GeV resonance decaying
to various final states from 8 TeV LHC data. †The limit on is � ⇥ BR⇥A.

In Table 3 we rescale the limits from 8 TeV by their gg parton luminosity ratio [13] because

in the models we consider the production is dominated by gluon fusion. A strict comparison of

compatibility of a proposed model with 8 TeV limits would involve simulating the signal model at

8 TeV but the numbers in Table 3 o↵er a quick comparison.

3 Pseudoscalar interactions

We consider the SM extended by the addition of an SM singlet pseudoscalar ⌘ which transforms

under CP as

⌘
CP��! �⌘. (1)
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Production

- Unlikely from qqbar. 


Suppressed by small quark masses, otherwise 
suffer from sever flavor constraints. 



- Possibly (like the Higgs)

Need more new physics here as well, colored! 

X



What kind of scalar?

- CP even, real scalar. 


Typically will mix with the Higgs. 



More constraining



Decays like Higgs with tiny BR to di-photon.



Difficult to work.



- CP odd, pseudo-scalar.


Much better candidate.



Pseudo-scalar (η) interaction

final state scaled

tt̄ (scalar) 4.5 pb

tt̄ (vector) 3.7 pb

tt̄ (narrow) 2.1 pb

tt̄ (wide) 2.4 pb

ZZ (``jj) 180 fb

ZZ (``jj) 230 fb

ZZ (combined) 45 fb

WW (`⌫jj) 320 fb

jj† 65 pb

`+`� 6.1 fb

Table 3. Observed LHC limits at 13 TeV on �⇥BR rescaled from 8 TeV using the gg parton luminosity [15].

The scalar potential is given by
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We assume that CP is conserved, which at the level of the scalar potential simply acts as a Z2

symmetry on ⌘. This forbid mixing with the Higgs, which would tend to result in potentially large

rates to W+W� or even to hh. The di↵erence between Z2 and CP becomes apparent when one

considers non-renormalizable interactions. At dimension 5 the only interactions involving ⌘ are

Lint =
yf
⇤f

⌘(ifLHfR + h.c.) +
cB
⇤g

g02
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aµ⌫ +

cg
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↵s

4⇡
⌘Ga

µ⌫G̃
aµ⌫ , (3)

where yf is the Yukawa coupling of the fermion f and cB, cW , and cg are parameters. For simplicity

we supress all fermion operators by a common scale ⇤f and all gauge field operators by a common

scale ⇤g. These scales can of course be di↵erent and it is straightforward to generalize Eq. (3). The

normalization we use is Bµ⌫ = ✏µ⌫↵�B↵� .

Notice that loops of SM fermions will already contribute to the interactions between the pseu-

doscalar and gauge boson pairs. The parameters cB, cW , and cg in Eq. (3) denote contributions in

addition to those from SM loops. As we are particularly interested in the diphoton rate, we define

the parameter c� = cB + cW which denotes the additional UV contribution to ⌘Fµ⌫F̃µ⌫ .

One possibility for UV physics that could generate the dimension 5 operators above are heavy

vector-like particles. In this case, one needs to be careful that the new particles do need lead to

additional signals that would rule out the pseudoscalar explanation. For instance, requiring the

new particles to be heavier than half the pseudoscalar mass protects against large branching ratios

to these new particles. The limit where the new particles are just above threshold is interesting as

4
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4

with SM top anomaly-like



Pseudo-scalar (η) interaction

- Need anomaly contribution for large di-photon BR.



- Will have Z𝛾 and ZZ.
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doscalar and gauge boson pairs. The parameters cB, cW , and cg in Eq. (3) denote contributions in

addition to those from SM loops. As we are particularly interested in the diphoton rate, we define

the parameter c� = cB + cW which denotes the additional UV contribution to ⌘Fµ⌫F̃µ⌫ .

One possibility for UV physics that could generate the dimension 5 operators above are heavy

vector-like particles. In this case, one needs to be careful that the new particles do need lead to

additional signals that would rule out the pseudoscalar explanation. For instance, requiring the

new particles to be heavier than half the pseudoscalar mass protects against large branching ratios

to these new particles. The limit where the new particles are just above threshold is interesting as
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Figure 3. The diphoton rate at 13 TeV using ⇤f = 500 GeV and ⇤g = 500 GeV. The blue region is
excluded by tt̄ searches.

Results

From Figs. 3 and 4 one can see that it is possible to achieve the observed signal rate of ⇠ 1 � 5

fb. In both cases the only constraints come from tt̄. Dijet searches are not sensitive enough to

contribute and we have used safe values of cW = 0. From the interplay of the e↵ective operators of

Eq. (3) two parameter regions that can explain the excess can be identified:

• A single scale where ⇤f ' ⇤g as in Fig. 3. Given that the scales are not too large, the

pseudoscalar to gluon coupling must come mainly from the top loop and one requires a large

c� value to get the diphoton rate.

• Suppressed fermions where ⇤f � ⇤g as in Fig. 4. Here the pseudoscalar to top coupling is

small enough that tt̄ are not too constraining. Then gluon fusion can receive a moderate

enhancement and the pseudoscalar to photon coupling also only needs a moderate enhance-

ment.

Now that we have identified viable regions of parameter space we comment on the width in

more detail than Eq. (7). Fig. 5 shows the width as a function of ⇤f and the invisible branching

ratio. With only the SM states we have discussed, there is no invisible width and the ⌘ tends to be

narrow. A wider resonance can be obtained by adding an invisible width. The invisible branching

ratio suppresses the tt̄ branching ratio while still allowing the diphoton rate to be large enough.
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Figure 4. The diphoton rate at 13 TeV using ⇤g = 600 GeV and cg = 2. The blue region is excluded by tt̄

searches.

4 The mass scale of a pseudoscalar

In this section we describe a model in which one can naturally find a pseudoscalar of mass ⇠750

GeV. In this model, both the Higgs and the ⌘ are pNGBs of a global symmetry. The argument

is based on the composite Higgs scenario (for a nice review, see [18]) where the lightest particles

of the composite sector are pNGBs. The minimal case exacts identifies the pNGB multiplet with

the Higgs multiplet which crucially depends on the global symmetries [19]. One can consider

non-minimal scenarios, however, where there are additional light pNGBs which can have various

quantum numbers and could even be SM singlets. See [20–24] for previously studied examples.

The presence of an additional pNGB singlet can provide an interesting framework. Achieving a

large enough diphoton rate, however, may be challenging in concrete models. We comment on the

di�culties, but leave a detailed study to future work.

The general framework

In adding another light scalar, where light is relative to the cuto↵, one is once again faced with

a hierarchy problem. Just as identifying the Higgs as a pNGB can explain its small mass, the

presence of an additional ⇠750 GeV pseudoscalar can be naturally justified if it is also a pNGB of

a global symmetry.

In order to accommodate an extra singlet (or extra singlets) we need to go beyond the minimal

composite Higgs model [19] and consider a larger global group G. The coset G/H then contains the

SM Higgs doublet and extra scalars,2. To control custodial breaking e↵ects that may be induced

by the additional scalars it is phenomenologically important to add extra discrete symmetries [24].

2A notable case is SO(6)/SO(5) with a Higgs and a pseudoscalar singlet [20], see appendix.
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Figure 1. Branching ratio to Z� (left) and ZZ (right) normalized to the diphoton branching ratio. The
signal rate is fixed to 5 fb and the colored regions are excluded by 8 TeV diboson searches. The dotted red
line shows where the branching ratio vanishes.

ratio to Z� (left) and ZZ (right) normalized to the diphoton branching ratio. In the plot ⇤f is

decoupled and consequently tt̄ searches are not relevant.

Partial Widths

Given the interactions in Eq. (3) we can compute the partial decay widths. We only show the most

relevant which are tt̄, gg, ��, and to a lesser extent, bb̄.

�tt̄ =
Nc

8⇡

m2
t

⇤2
f

m⌘

s

1� 4m2
t

m2
⌘

, (4a)

�bb̄ =
Nc

8⇡

m2
b

⇤2
f

m⌘

s

1� 4m2
b

m2
⌘

, (4b)

�gg =
1

2⇡

⇣↵s

4⇡

⌘2 m3
⌘

⇤2
f

����A�(⌧) + 2cg
⇤f

⇤g

����
2

, (4c)

��� =
1

4⇡

⇣ ↵

4⇡

⌘2 m3
⌘

⇤2
f

����NcQ
2
tA�(⌧) + 2c�

⇤f

⇤g

����
2

, (4d)

where A�(⌧) is the pseudoscalar loop function

A�(⌧) = ⌧f(⌧), ⌧ =
4m2

f

m2
⌘

, (5)
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Not controlling weak scale masses in an obvious 
way. Even landscape may not help.

- However, the 750 GeV pseudo-scalar may be the 
first hint of a natural theory.



Take a page from SM
Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C38, 090001 (2014) (URL: http://pdg.lbl.gov)

For decay limits to particles which are not established, see the appropriate
Search sections (A0 (axion) and Other Light Boson (X0) Searches, etc.).

Scale factor/ p

π0 DECAY MODESπ0 DECAY MODESπ0 DECAY MODESπ0 DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

2γ (98.823±0.034) % S=1.5 67
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γpositronium ( 1.82 ±0.29 ) × 10−9 67

e+ e+ e− e− ( 3.34 ±0.16 ) × 10−5 67

e+ e− ( 6.46 ±0.33 ) × 10−8 67

4γ < 2 × 10−8 CL=90% 67

ν ν [e] < 2.7 × 10−7 CL=90% 67

νe νe < 1.7 × 10−6 CL=90% 67
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π0π0π0 α = −0.0315 ± 0.0015
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Composite Higgs

Λ=10 TeV : new gluon and quarks

      m*   ≈TeV(s), resonances 

η: 750 GeV

Higgs.

By the appropriate insertions of spurions, yL and yR, we can construct the would-be Yukawa

term

yttLhtR

✓
1 + i⌘

⌘

f
+O

✓
1

f2

◆◆
+ h.c., (15)

where ⌘ is an O(1) coe�cient.

The couplings of the h and ⌘ to top quarks is found to be

ghtt
gSMhtt

= 1� kF
v2

f2
,

g⌘tt
gSMhtt

= i
v

f
⌘. (16)

where gSMhtt is the top coupling to the Higgs in the standard model. Notice that derivation has been

completely general, and the only assumptions have been related to the CP nature of the singlet.

It is also manifest that, from the SM perspective, the coupling of the ⌘ arises at dimension 5 in

complete analogy with the simplified discussion of Sec. 3.

Mass of the pseudoscalar

The mass of the ⌘ is determined by the parameter that breaks its shift symmetry. Even though

the ⌘ is an SM singlet, if the embeddings of qL or uR break T⌘, then the ⌘’s shift symmetry will be

broken. Then Eq. (15) will contribute to the ⌘’s mass via a contribution to �⌘h. This contribution

is chirality breaking and involves a Higgs fields. There is a chirality preserving contribution that

we expected to directly contribute to m2
⌘ and arises in the following way.

After having integrated out the composite sector, at low energies for uR we have

uR/puR + y2RFuR(p
2,m⇤)uR/puR

✓
c⌘

⌘2

f2
+ . . .

◆
, (17)

where FuR is a form factor that encodes the contribution of the resonances of the strong sector.

The poles of FuR correspond to the masses of the resonances of the strong sector. Here we use m⇤
to denote the various mass scales of the resonances that we expect below 4⇡f , but above f .

Note that Eq. (17) is generic for pNGBs that couple to tR. It is possible that in specific models

c⌘ can vanish due to accidental symmetries [19, 23]. In other models c⌘ can be proportional to ⌘.

Here we simply consider it to be an O(1) coe�cient. We find a term in the e↵ective potential of

the form

c⌘
Ncy2R
4⇡2

m2
⇤⌘

2 + · · · , (18)

where c⌘ is an O(1) coe�cient. Fixing to the top Yukawa, we find

yt '
f

m⇤
yLyR (19)

and taking yL ⇠ yR we arrive at the estimate,

m2
⌘ ' Ncyt

2⇡2

m3
⇤

f
. (20)
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For reasonable values of the parameters we get the estimate,

m⌘ ' 700 GeV
⇣ m⇤
1.3 TeV

⌘3/2✓600 GeV

f

◆1/2

. (21)

Interestingly, this is of the right size. It is worth further emphasizing that this mass is at the

naturalness limit for ⌘ since no tuning is required. This is di↵erent than for the Higgs where we

need to tune a di↵erent combination of coe�cients involving the left handed quarks and gauge

fields to successfully achieve electroweak symmetry breaking, v ⌧ f .

In this respect, we usually expect a ratio given by

m⌘

mh
⇠
r

g⇤
yt

f

v
. (22)

Notice that the usual tuning in composite Higgs models requires g⇤ ' m⇤/f ' O(1), i.e. top

partners within reach of the LHC. The same prediction derived from the Higgs mass is true in this

model from the ⌘ mass.

Interactions of the singlet

In order to connect the composite ⌘ with the results of Sec. 3 we wish to make an estimate of

c�/⇤g. We start with the top coupling, which from Eq. (16), tells us that tops will couple to the

pseudoscalar with a v/f suppression according to

1

⇤f
' ⌘

f
. (23)

In the limit where the ⌘ is the lightest new state, the loop induced couplings to gluons and photons

are dominated by top contributions.

In the composite sector there are particles (the top partners) charged under both SU(3) and

electromagnetism that can also run in the loop. From the view of the composite sector, ⌘ is a NGB

which means that any shift breaking interaction with top partners must go through an elementary

composite mixing. For an estimate, we note that each power of ⌘ comes with at least one power of

y ⇠ yR ⇠ yL.

From the top partners we find an estimate of

c�
⇤

' y

 
X

n

yf

m⇤

!
v

f

Ncq2

m⇤
A�(4m

2
⇤/m2

⌘)

' n
v

f

yt
m⇤

Ncq
2,

(24)

where there are n top partners with charges q. Notice also that a numerical factor is given by

the loop function that could be as large as ⇠ 5 since we are in the limit m⌘ . 2m⇤ and can be

near threshold. The challenge of finding large enough c� presents itself from the fact that top

partner searches have been performed and it seems di�cult to evade a bound of ⇠700 GeV (see for

example [28]). For this range of top partner masses the numerical factor from the loop function is

close to 1. A similar scaling is expected for the top partner contribution to cg (without the color

and electric charge factors).

12

Natural to have 750 with reasonable parameters



Di-photon rate in composite Higgs
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Figure 6. Composite pseudoscalar model.

from WW and ZZ searches. In fact, a nice feature of the pseudoscalar explanation is that sym-

metries enforce a loop level coupling to both photons and transverse vector bosons, easily evading

diboson constraints.

In this section, we briefly outline two other scenarios that could be plausible, namely a spin-0

scalar resonance and a spin-2 resonance. Of course, there are other scenarios one can envisage

which we do not comment on at all. One example of this would be a 750 GeV particle decaying to

two O(100 MeV) particles that each decay to photon pairs. The large boost of the light particles

then cause the pair of photons to be detected as a single photon.

5.1 Scalar resonance

A model very similar to the one discussed so far consists of an extra real scalar singlet s added to

the SM. While with the pseudoscalar one can assume CP-conservation to forbid mixing with the

SM and hence sizeable decay to diboson, in this case there is no symmetry that can protect (since

Z2 is not useful in this context). Anyhow, it is possible to assume that the only coupling of the

new scalar s are to Fµ⌫Fµ⌫2 and Gµ⌫Gµ⌫ , possibly induced by heavy vector-like fermions (charged

under the SM color and hypercharge, to the least). As discussed in section 2, we find useful to work

below the scale of the new fermions, since for phenomenological reasons we would like to avoid

decays to the new states. 2 All in all, this model is parametrized by only two interactions,

L =
↵

4⇡

1

⇤1
sFµ⌫F

µ⌫ +
↵s

4⇡

1

⇤2
sGa

µ⌫G
µ⌫a (26)

2Additional model building is necessary to render the new fermions unstable, otherwise one has to deal with

potentially stable colored particles.
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Di-photon rate in composite Higgs
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Figure 6. Composite pseudoscalar model.
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New QCD vs composite Higgs

- The presence of ttbar. 



- Presence of top-partner. 
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Figure 1. Branching ratios of the pseudoscalar as a function of c� which parameterizes UV contributions
to the pseudoscalar-photon-photon interactions. The parameters used are ⇤g = 500 GeV and ⇤f = 750 GeV
(left) and ⇤f = 3 TeV (right).

In Fig. 1 we show the branching ratios as a function of c� using ⇤t = 700 GeV. One can see that

the width is dominated by tt̄ but that �� can be sizable in certain regions of parameter space.

In Fig. 1 we show the branching ratios as a function of c� for two values of ⇤f = 750 GeV and

⇤f = 3 TeV while ⇤g = 500 GeV and cg = 1. We see that tt̄ dominates the branching ratio unless

it is supressed by a very large ⇤f value. The branching ratios to Z� and ZZ are estimated by

only including their contribution from c� and neglecting the top loop contribution to their partial

widths.

From Eq. (4) one can quickly estimate the width to be

�

m⌘
' Nc

8⇡

m2
t

⇤2
f

' 10�2

✓
600 GeV

⇤f

◆2

. (7)

The pseudoscalar tends to be narrow especially when ⇤f becomes very large.

Production rate

From the branching ratios, one can see that the ⌘ in produced in gluon fusion. We show the total

production cross section as a function of mass and the gauge field scale ⇤g in Fig. 2 for ⇤f =

750 GeV (left) and ⇤f = 3 TeV (right). The only SM fermion we include in the loop is the top

quark. We compute the pseudoscalar cross section at NNLO using HIGLU [16] and rescale the

cross section to account for an additional gluon fusion contribution via cg = 1. The value of ⇤g

controls the relative rate due to the additional dimension 5 contribution.

Simple estimates of the production rate are useful and straighforward to obtain using infor-

mation provided by the Higgs working group [17] which provides the production rates for heavy

Higgses produced in gluon fusion as a function of mass at 8 TeV. First, one needs to account for the

di↵erence between scalar and pseudoscalar production. At leading order di↵erence can be obtained
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Alternative: 2-step decay
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Alternative: 2-step decay

- Good “straw man” to test experimentally.



- A “fall back” model if everything else is ruled out.



- Need a lot more new physics to complete the story.
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extras



Larger width?

- By adding “invisible” decays. 
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Figure 5

where gSMhV V is the Higgs-vector-vector coupling in the standard model and kV is an O(1) coe�cient.

The pseudoscalar does not couple to SM vector at tree level. From Eq. (13) one can derive a lower

bound on the scale f which is found to be f & 600 GeV [25,26]. Another important implication of

Eq. (13) is that the gauge interactions do not contribute to the one loop generation of a bare mass

of the pseudoscalar.

The fermion sector

At this point the couplings between the pNGBs and the SM fermions have not been specified. In

this work we focus primarily on the coupling of the pseudoscalar to the top quark because it has

the largest Yukawa coupling. The usual generation of masses for SM quark in composite Higgs

models proceeds via the partial compositeness mechanism [27] where the elementary fields couple

to operators from the composite sector. Schematically the coupling is

yLqL · U · + yRuR · U · + h.c., (14)

where  represent composite operators and yL and yR are related to the fermion Yukawas. While

Eq. (14) can be made formally non linearly invariant under G, the SM fermions are embedded in

incomplete multiplets of G which breaks the global symmetries. This breaking in turn generates

Yukawa couplings and a potential for the pNGBs. Generically, the Higgs potential always receives

a contribution from at least the left handed mixing.

The interactions of the singlet, on the other hand, are model dependent. In particular, if the

embeddings of qL and/or uR are not eigenstates of the generator T⌘, then in general the interactions

of Eq. (14) break the shift symmetry of ⌘ and contribute to its potential. It is also important to

ensure that the embeddings are consistent with our assumption of CP conservation. It has been

shown that this can be done in concrete examples [19].
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Di-photon rate, two scenarios

The contribution from top quark 
dominates production.

The contribution from anomaly
dominates production and decay.

All require new physics at 500 GeV to TeV 
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Figure 3. The diphoton rate at 13 TeV using ⇤f = 500 GeV and ⇤g = 500 GeV. The blue region is
excluded by tt̄ searches.

Results

From Figs. 3 and 4 one can see that it is possible to achieve the observed signal rate of ⇠ 1 � 5

fb. In both cases the only constraints come from tt̄. Dijet searches are not sensitive enough to

contribute and we have used safe values of cW = 0. From the interplay of the e↵ective operators of

Eq. (3) two parameter regions that can explain the excess can be identified:

• A single scale where ⇤f ' ⇤g as in Fig. 3. Given that the scales are not too large, the

pseudoscalar to gluon coupling must come mainly from the top loop and one requires a large

c� value to get the diphoton rate.

• Suppressed fermions where ⇤f � ⇤g as in Fig. 4. Here the pseudoscalar to top coupling is

small enough that tt̄ are not too constraining. Then gluon fusion can receive a moderate

enhancement and the pseudoscalar to photon coupling also only needs a moderate enhance-

ment.

Now that we have identified viable regions of parameter space we comment on the width in

more detail than Eq. (7). Fig. 5 shows the width as a function of ⇤f and the invisible branching

ratio. With only the SM states we have discussed, there is no invisible width and the ⌘ tends to be

narrow. A wider resonance can be obtained by adding an invisible width. The invisible branching

ratio suppresses the tt̄ branching ratio while still allowing the diphoton rate to be large enough.
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Figure 4. The diphoton rate at 13 TeV using ⇤g = 600 GeV and cg = 2. The blue region is excluded by tt̄

searches.

4 The mass scale of a pseudoscalar

In this section we describe a model in which one can naturally find a pseudoscalar of mass ⇠750

GeV. In this model, both the Higgs and the ⌘ are pNGBs of a global symmetry. The argument

is based on the composite Higgs scenario (for a nice review, see [18]) where the lightest particles

of the composite sector are pNGBs. The minimal case exacts identifies the pNGB multiplet with

the Higgs multiplet which crucially depends on the global symmetries [19]. One can consider

non-minimal scenarios, however, where there are additional light pNGBs which can have various

quantum numbers and could even be SM singlets. See [20–24] for previously studied examples.

The presence of an additional pNGB singlet can provide an interesting framework. Achieving a

large enough diphoton rate, however, may be challenging in concrete models. We comment on the

di�culties, but leave a detailed study to future work.

The general framework

In adding another light scalar, where light is relative to the cuto↵, one is once again faced with

a hierarchy problem. Just as identifying the Higgs as a pNGB can explain its small mass, the

presence of an additional ⇠750 GeV pseudoscalar can be naturally justified if it is also a pNGB of

a global symmetry.

In order to accommodate an extra singlet (or extra singlets) we need to go beyond the minimal

composite Higgs model [19] and consider a larger global group G. The coset G/H then contains the

SM Higgs doublet and extra scalars,2. To control custodial breaking e↵ects that may be induced

by the additional scalars it is phenomenologically important to add extra discrete symmetries [24].

2A notable case is SO(6)/SO(5) with a Higgs and a pseudoscalar singlet [20], see appendix.
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Composite Higgs

- Higgs boson (and WL  ZL) and others such as  
η(750) NGB of symmetry breaking G/H. 



- Small explicit symmetry breaking (involving 
external fields) generates Higgs potential. (NGB ➜ 
pNGB).

  

In presence of an approximate global symmetry the Higgs could be a pseudo-GB

Higgs (and W/Z goldstones) are part 

of the strong sector 

The external fields are the SM 

quarks and (transverse) gauge bosons

The couplings to the SM sector break the shift symmetry 

and generate a potential at 1-loop.

(Ambitious) tasks
● Find a realistic global symmetry breaking
● Generate EWSB radiatively and achieve a Higgs boson of 125 GeV
● Consistency with precision data (& reach phenomenology in direct searches)
● Have a prediction on the scale of the resonances
● Minimize the fine-tuning

Composite Higgs modelsComposite Higgs models Georgi Kaplan '80s

...

Contino, Pomarol



750 GeV and naturalness



750 GeV and naturalness

- Fine-tuning of Higgs


compare mh2  and c/16π2 MNP2 



Not finding new physics yet at the LHC, MNP > TeV.



Higgs mass is a few percent tuned. 


In almost all new physics scenarios: SUSY, 
composite/Randall-Sundrum, etc.



750 GeV and naturalness

- Fine-tuning of Higgs


compare mh2  and c/16π2 MNP2 



Not finding new physics yet at the LHC, MNP > TeV.



Higgs mass is a few percent tuned. 


In almost all new physics scenarios: SUSY, 
composite/Randall-Sundrum, etc.

- What would be a natural scalar mass?


mscalar2  ≈ c/16π2 MNP2 



mscalar > 500 GeV



750 GeV and naturalness

- Fine-tuning of Higgs


compare mh2  and c/16π2 MNP2 



Not finding new physics yet at the LHC, MNP > TeV.



Higgs mass is a few percent tuned. 


In almost all new physics scenarios: SUSY, 
composite/Randall-Sundrum, etc.

- What would be a natural scalar mass?


mscalar2  ≈ c/16π2 MNP2 



mscalar > 500 GeV

- So, a plausible scenario is a natural theory (only with 
Higgs slightly tuned).



Big picture

- Likely to be a (pseudo)scalar at 750 GeV.



- Large rate to di-photon. Need additional new 
physics!



Both charged and colored.



Perhaps around 500 GeV to TeV-ish, exact range 
model dependent.



- Looking good for being part of a natural theory.


New physics span over a decade of energy beyond 
TeV. 



Going forward



For the LHC

- Will probably know the answer by summer 2016. 



- Should look for associated excess in Z𝛾, ZZ



Perhaps also WW, ttbar, hh
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Figure 1. Branching ratios of the pseudoscalar as a function of c� which parameterizes UV contributions
to the pseudoscalar-photon-photon interactions. The parameters used are ⇤g = 500 GeV and ⇤f = 750 GeV
(left) and ⇤f = 3 TeV (right).

In Fig. 1 we show the branching ratios as a function of c� using ⇤t = 700 GeV. One can see that

the width is dominated by tt̄ but that �� can be sizable in certain regions of parameter space.

In Fig. 1 we show the branching ratios as a function of c� for two values of ⇤f = 750 GeV and

⇤f = 3 TeV while ⇤g = 500 GeV and cg = 1. We see that tt̄ dominates the branching ratio unless

it is supressed by a very large ⇤f value. The branching ratios to Z� and ZZ are estimated by

only including their contribution from c� and neglecting the top loop contribution to their partial

widths.

From Eq. (4) one can quickly estimate the width to be

�
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m2
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f
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600 GeV

⇤f
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. (7)

The pseudoscalar tends to be narrow especially when ⇤f becomes very large.

Production rate

From the branching ratios, one can see that the ⌘ in produced in gluon fusion. We show the total

production cross section as a function of mass and the gauge field scale ⇤g in Fig. 2 for ⇤f =

750 GeV (left) and ⇤f = 3 TeV (right). The only SM fermion we include in the loop is the top

quark. We compute the pseudoscalar cross section at NNLO using HIGLU [16] and rescale the

cross section to account for an additional gluon fusion contribution via cg = 1. The value of ⇤g

controls the relative rate due to the additional dimension 5 contribution.

Simple estimates of the production rate are useful and straighforward to obtain using infor-

mation provided by the Higgs working group [17] which provides the production rates for heavy

Higgses produced in gluon fusion as a function of mass at 8 TeV. First, one needs to account for the

di↵erence between scalar and pseudoscalar production. At leading order di↵erence can be obtained
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If it is there, beginning of a new era 
of particle physics. 

- LHC May also see a few more new physics 
particles. 



- Very unlikely to see all of them.



For example: composite Higgs

Hard to see the full spectrum 
with the increase of reach 
from 8 to 14 TeV

TeV composite resonances, 
some maybe reachable at the LHC

the rest

O(10 TeV)

η(750)

h(125)

Certainly need to go beyond the LHC!



Beyond the LHC, future facilities 

Jianming Qian (University of Michigan) 16 

Proposed e+e- Colliders 

TLEP 

ILC in Japan 

at CERN 

CEPC in China 

There is also CLIC, see the presentation by Frank Simon 

来自中国的建议 
• 2012年9月“第二届中国高能加速器物理战略发展研讨会”提出了

建造周长为50-70km环形加速器的建议： 

– CEPC：质心能量为240GeV的高能正负电子对撞机(Higgs 工厂） 

– SppC：在同一隧道建造质心能量为50-90 TeV的强子对撞机。 

• 2013年6月12-14日香山会议共识：“环形正负电子对撞机Higgs工
厂(CEPC)+ 超级质子对撞机(SppC)是我国高能物理发展的重要选项
和机遇” 

• 2014年2月28日“第三届中国高能加速器物理战略发展研讨会”结
论：“环形正负电子对撞机Higgs工厂(CEPC) + 超级质子对撞机
(SppC)是我国未来高能物理发展的首要选项” 

e�e+  Higgs Factory 

pp collider  

Circular.   “Scale up” LEP+LHC

CLIC

250 GeV

FCC-ee (CERN),  CEPC(China)

~100 TeV

FCC-hh (CERN),  SppC(China)



Best strategy will take a 
while to sort out. 



Here are a few first 
impressions. 





Recall the big picture:

- Likely to be a (pseudo)scalar at 750 GeV. Large 
coupling to proton.



- Large rate to di-photon. Need additional new 
physics!



Both charged and colored.



Perhaps around 500 GeV to TeV-ish, exact range 
model dependent.



- Looking good for being part of a natural theory.


New physics span over a decade of energy beyond 
TeV. 



Big ring ++ 

- The motivation for having a very large ring, with 
the goal of a super proton collider with higher 
energy (10s to 100 TeV), would be super strong. 



Completely unravel a new layer of new physics. 



Another 50+ years exciting discoveries.



- Lepton colliders, such as  CLIC(to lesser extent 
the ILC), can cover some ground, especially the 
new charge particles. But unlikely the full story. 



On the road to the super proton-
proton collider.
- Completely sensible to have a Higgs factory stage.



The suite of precision measurement give highly valuable 
and complementary information.
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A bit of history 

- 30+ years ago. SM was incomplete. We need to 
find the missing particles. Not sure about gauge 
symmetry.



- That journey is completed by the LHC with the 
discovery of the Higgs boson.



- Along the way, LEP-I and LEP-II provided a huge 
amount of information that have determined the 
direction of the field. 



Nailed the Higgs boson to be light. 



Guided the search strategies at the LHC.



Much of this are still highly relevant today.



A likely story for CEPC+SPPC

- CEPC will tell us 


Is the η(750) part of a natural theory, part of 
the solution to the naturalness problem?



What classes of models should be the focus of 
the SPPC program.



- SPPC


Completely discover all the new physics particles, 
and lead us into a new Standard Model. 



Naturalness.

- η(750) sharpens the naturalness problem 
dramatically. 



- If it is part of the natural model: will see large 
deviations at the Higgs factory and point to 
particular class of models. SppC will discover full 
set of new particles. 



- If it is not part of the natural model, together 
with Higgs, it points to new paradigm changes in 
naturalness. 



Need new colliders to guide us. 



For example: composite Higgs
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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For example: composite Higgs
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we
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Conclusions

- The di-photon excess at 750 GeV intriguing. 


Certainly can only be part of a much bigger story.



- LHC can start to go further.



- Yet, new and big colliders definitely needed to tell 
most of the story. 



Minimal composite Agashe, Contino, Pomarol

  

The first prediction is a shift in the Higgs couplings

● Large f, SM-limit
● f=v, Technicolor-limit

The lowest-energy lagrangian (below mρ) is highly constrained by G/H

Writing the pion lagrangian and introducing the gauging with minimal substitution we get,

Agashe, Contino, Pomarol

is determined dynamically
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LHC data suggest
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M
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= (g f/2) sin θ
First prediction: deviation in Higgs coupling

 → important constraints



scale ⇤g. These scales can of course be di↵erent and it is straightforward to generalize Eq. (3). The

normalization we use is Bµ⌫ = ✏µ⌫↵�B↵� .

Notice that loops of SM fermions will already contribute to the interactions between the pseu-

doscalar and gauge boson pairs. The parameters cB, cW , and cg in Eq. (3) denote contributions in

addition to those from SM loops. As we are particularly interested in the diphoton rate, we define

the parameter c� = cB + cW which denotes the additional UV contribution to ⌘Fµ⌫F̃
µ⌫ .

One possibility for UV physics that could generate the dimension 5 operators above are heavy

vector-like particles. In this case, one needs to be careful that the new particles do need lead to

additional signals that would rule out the pseudoscalar explanation. For instance, requiring the

new particles to be heavier than half the pseudoscalar mass protects against large branching ratios

to these new particles. The limit where the new particles are just above threshold is interesting as

the loop functions are maximal at threshold and could lead to sizable e↵ects. In this work, these

e↵ects are parametrized with the aforementioned operator coe�cients.

After fixing the pseudoscalar mass to 750 GeV, the parameter space consists of two dimensionful

parameters ⇤f and ⇤g and three dimensionless parameters cB, cW , and cg. One can see from the

fact that c� = cB + cW that the diphoton coupling can be increased by enhancing either the

⌘Bµ⌫B̃
µ⌫ operators or the ⌘W a

µ⌫W̃
aµ⌫ operator. Increasing cW will increase the WW coupling as

well. In this work we set cW = 0 so that the WW is not constraining, however, if the diphoton

excess turns out to be real, further study of the full parameter space is warranted. Thus we have

the parameter space (⇤f ,⇤g, c� , cg).

Partial Widths

Given the interactions in Eq. (3) we can compute the partial decay widths. We only show the most

relevant which are tt̄, gg, ��, and to a lesser extent, bb̄.

�(⌘ ! tt̄) =
Nc

8⇡

m2
t

⇤2
f

m⌘

s

1� 4m2
t

m2
⌘

, (4a)

�(⌘ ! bb̄) =
Nc

8⇡

m2
b

⇤2
f

m⌘

s

1� 4m2
b

m2
⌘

, (4b)

�(⌘ ! gg) =
1

2⇡

⇣↵s

4⇡

⌘2 m3
⌘

⇤2
f

����A�(⌧) + 2cg
⇤f

⇤g

����
2

, (4c)

�(⌘ ! ��) =
1

4⇡

⇣ ↵

4⇡

⌘2 m3
⌘

⇤2
f

����NcQ
2
tA�(⌧) + 2c�

⇤f

⇤g

����
2

, (4d)

where A� is the pseudoscalar loop function

A�(⌧) = ⌧f(⌧), ⌧ =
4m2

f

m2
⌘

, (5)

and the function f(⌧) is given by

f(⌧) = ✓(⌧ � 1) arcsin2
✓

1p
⌧

◆
� ✓(1� ⌧)

1

4

✓
log

1 +
p
1� ⌧

1�
p
1� ⌧

� i⇡

◆2

. (6)
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Partial compositeness

- Mixing angles not completely fixed. 



- For top quark, the mixing should be large, O(1).


Top quark heavy because it is composite. 



- Less so for light quark and lepton.

The low energy resonances are spin-1 vectors broadly characterized by a mass m⇢ ⇠ g⇢f

and a sizable coupling g⇢ to particles in the composite sector such as the longitudinal modes

W±
L , ZL, and the Higgs, as shown in the left panel of Fig. 1. All the other resonances, especially

the fermionic ones are expected at a scale m⇤ = g⇤f with g⇢ < g⇤ . 4⇡. With the symmetry

breaking pattern SO(5)/SO(4), the lowest lying vector modes are in the 6 of SO(4). The global

symmetry SO(4) = SU(2)L ⇥ SU(2)R is also explicitly broken by the SM gauge symmetry

SU(2)L. (talk about U(1) here). The SM model weak gauge couplings are denoted by g and

g0. Under the SM SU(2) ⇥ U(1)Y , the composite vectors transform as 30(⇢L) and 10,±(⇢R).

Similar to the vector meson dominance in QCD, the composite vectors mix with the SM gauge

boson with mixing g/g⇢. The masses of the composite vectors are approximately degenerate,

broken only by SM gauge interactions, on the order of g2(g02)/g2⇢.

An important ingredient in viable composite Higgs models is the partial compositeness of

the standard model quarks. This is a mechanism to give mass to chiral fermions and is a

linear mixing between standard model elementary quarks and composite vector-like fermions,

as shown in the right panel of Fig. 1. Schematically, the Lagrangian is

Lpc = �m  ̄ � yLf(q̄L + h.c.)� yR(ūL + h.c.). (1)

The degree of compositeness can vary for the left and right chiralities of quarks and is given by

sin�L,R ⌘ yL,Rq
(m /f)2 + y2L,R

. (2)

The standard model Yukawa couplings are then

yf =
m 

f
sin�f

L sin�
f
R, (3)

where the label f has been added to allow for each fermion to have a di↵erent degree of

compositeness. This is relevant in our study of vectors because the composite fermions couple

directly to the composite vectors. The coupling between standard model fermions and vector

resonances therefore receives a contribution both from vector mixing and from fermion mixing.

The limit of sin�f
R = 1 corresponds to right compositeness where the right handed fermions

are fully composite. We will be interested in exploring the parameter space near this region

where the degree of left compositeness is solved to be

sin�f
L =

1

sin f
R

yff

m 
. (4)

In standard composite Higgs light fermion resonances are required to achieve the observed Higgs

mass [20].1

Putting this together we can summarize the coupling between the composite vectors and

the SM states in Table 1 and Fig. 2.

1There are some models, namely the 14+ 1 [] and X [] which can obtain the correct Higgs mass, at the price
of fine tuning.

3

ballpark to produce the resonances with an acceptable rate.

In the minimal composite Higgs model [13] , there are colored top partners with masses

correlated with the Higgs mass and in the range of 600 to 800 GeV, although higher masses

are possible. Partly motivated by the null result of such top partners at the LHC, a class

of Composite twin Higgs models with light color neutral top partners have been proposed

[14, 15]. In particular, in the scenario emphasized in Ref. [15], the vector resonance can be

as light as 2 TeV, making it an interesting target for LHC searches. In comparison with the

minimal composite Higgs model, the main di↵erence in the absence of the decay channel into

the colored top partner. This makes the di-boson signal even more prominent in the composite

twin Higgs models.

Minimal composite Higgs [13] Zbb [16]

In this paper, we give a detailed discussion on the LHC signals of the composite vector

resonances. We discuss production rates and all possible decay channels with an emphasis on the

di-boson channel. We also take into account all constraints including precision measurements

from LEP, and direct searches at the LHC. In addition to considering the general parameter

space, we also give detailed discussion in the case the mass of the vector resonance is around 2

TeV.

The rest of the paper is organized as follows

2 The basic framework

In this section we introduce the various aspects that compromise a composite Higgs model.

In order to describe the TeV-scale phenomenology we expand the Lagrangian keeping only

renormalizable operators. Various composite models can then be matched to this Lagrangian

through the coe�cients.

The Higgs is a pseudo Nambu Goldstone boson from the breaking of a global symmetry

at a scale f > v. The minimal model is SO(5)/SO(4) [13, 17] which can be described in four

dimensions as a two or three-site model [18, 19] or using the CCWZ formalism (for examples,

see []).

⇢
W±

L , ZL, h

W±
L , ZL, h

⇠ g⇢

 qL, uR, dR

⇠ y

Figure 1. Left: Coupling between composite vectors ⇢ and the longitudinal modes of W±
L , ZL and

the Higgs boson. Right: Mixing between elementary and composite fermions.

2

Let us rename the elementary fields with hats, qL ! bqL, uR ! buR, QL ! bQL, and ŨR ! b̃UR. The

left handed quarks are then found with the rotation

bqL = ctLqL � stLQL,

bQL = stLqL + ctLQL,
stL ⌘ yLq

(m
4

/f)2 + y2L

, ctL ⌘ m
4

/fq
(m

4

/f)2 + y2L

, (38)

and similarly for the right handed quarks

buR = ctRuR � stRŨR,

b̃UR = stRuR + ctRŨR,
stR ⌘ yRq

(m
1

/f)2 + y2R

, ctR ⌘ m
1

/fq
(m

1

/f)2 + y2R

. (39)

In our simplified parameter space these are used as

sin�L,R ⌘ yL,Rq
(m

 

/f)2 + y2L,R

. (40)

A.3 Vector interactions

Having derived the rotations and specified the Lagrangian in Eq. (28) we can now perform the

rotations and derive the interactions in the physical basis (before electroweak symmetry breaking).

The interactions that emerge can be divided into two pieces: the SU(2)L triplet Lagrangian and

the singlet Lagrangian (i.e. the SU(2)R triplet). The triplet Lagrangian is [10]

L
triplet

=� 1

4
D

[µ⇢
a
⌫]D

[µ⇢⌫] a +
m2

⇢

2
⇢aµ ⇢µa

+ ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H + g2⇢c⇢⇢HH⇢aµ⇢
µaH†H

+
g2

g⇢
c
3

⇢aµJ
µa
3

+
g2

g⇢
cq⇢

a
µJ

µa
q +

g2

g⇢
c`⇢

a
µJ

µa
`

� g

2
c⇢⇢W ✏abcW

µ⌫a⇢bµ⇢
c
⌫ +

g⇢
2
c⇢⇢⇢✏abc⇢

a
µ⇢

b
⌫D

[µ⇢⌫] c � g2⇢
4
c⇢⇢⇢⇢✏abe✏cde⇢

a
µ⇢

b
⌫⇢

µc⇢⌫d.

(41)

The coe�cients in our two-site model are

c̄H = cH +O (g2/g2⇢) =
1

2
+O (g2/g2⇢) , c⇢⇢HH = O (g2/g2⇢) ,

c
3

= �(1� s2L,tg
2
⇢/g2) +O (g2/g2⇢) , c⇢⇢W = 1,

cq = �(1� s2L,qg
2
⇢/g2) +O (g2/g2⇢) , c⇢⇢⇢ = �1 +O (g2/g2⇢) ,

c` = �1 +O (g2/g2⇢) , c⇢⇢⇢⇢ = 1 +O (g2/g2⇢) .

(42)

The covariant derivative on ⇢ is defined as

D
[µ⇢

a
⌫] ⌘ Dµ⇢

a
⌫ �D⌫⇢

a
µ, Dµ⇢

a
⌫ ⌘ @µ⇢

a
⌫ + g✏abcW b

µ⇢
c
⌫ , (43)

and the operator ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H is

ig⇢c̄H⇢aµH
†⌧a

$
D

µ

H = ig⇢c̄H⇢aµ(H
†⌧aDµH � (DµH)†⌧aH). (44)

24

Lpc = �m  ̄ � yLf(q̄L + h.c.)� yRf(ūR + h.c.)

composite fermion with the same gauge 
quantum numbers as SM fermion.
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Figure 5. The width of the pseudoscalar as a function of the fermion suppresion scale ⇤f and the invisible
branching ratio for c� = 5 (left) and c� = 10 (right). The blue region is excluded by tt̄ searches and the
green region has a diphoton rate between 1 and 10 fb. The parameters used are ⇤g = 500 GeV and cg = 2.

As we avoid discussion a particular model, for our purposes it is su�cient to highlight a few

generic facts for models with a pseudoscalar singlet pNGB in addition to the Higgs pNGB multiplet.

The full set of pNGBs can be parametrized as

U(⇧) = exp

✓
i

f
( bH + ⌘T⌘ + . . .)

◆
, (11)

where bH is a compact notation for the matrix of pNGBs that will be identified with the SM Higgs

and ⌘ is the pseudoscalar associated with the broken generator T⌘. The . . . indicate additional

pNGBs that could be present.

The standard model SU(2)L ⇥ U(1)Y gauges a subgroup of the unbroken H. In particular, for

⌘ to be a singlet, we must have

[T⌘, TSM] = 0, (12)

where TSM are the generators corresponding to the SM gauge fields. This has relevance for phe-

nomenology, since as a singlet the ⌘ does not couple to SM gauge fields.

The general couplings of the pNGBs to SM vectors are given by

ghV V

gSMhV V

= 1� kV
v2

f2
+O

✓
v4

f4

◆
,

g⌘V V

gSMhV V

= 0, (13)

where gSMhV V is the Higgs-vector-vector coupling in the standard model and kV is an O(1) coe�cient.

The pseudoscalar does not couple to SM vector at tree level. From Eq. (13) one can derive a lower

bound on the scale f which is found to be f & 600 GeV [25,26]. Another important implication of

Eq. (13) is that the gauge interactions do not contribute to the one loop generation of a bare mass

of the pseudoscalar.
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The fermion sector

At this point the couplings between the pNGBs and the SM fermions have not been specified. In

this work we focus primarily on the coupling of the pseudoscalar to the top quark because it has

the largest Yukawa coupling. The usual generation of masses for SM quark in composite Higgs

models proceeds via the partial compositeness mechanism [27] where the elementary fields couple

to operators from the composite sector. Schematically the coupling is

yLqL · U · + yRuR · U · + h.c., (14)

where  represent composite operators and yL and yR are related to the fermion Yukawas. While

Eq. (14) can be made formally non linearly invariant under G, the SM fermions are embedded in

incomplete multiplets of G which breaks the global symmetries. This breaking in turn generates

Yukawa couplings and a potential for the pNGBs. Generically, the Higgs potential always receives

a contribution from at least the left handed mixing.

The interactions of the singlet, on the other hand, are model dependent. In particular, if the

embeddings of qL and/or uR are not eigenstates of the generator T⌘, then in general the interactions

of Eq. (14) break the shift symmetry of ⌘ and contribute to its potential. It is also important to

ensure that the embeddings are consistent with our assumption of CP conservation. It has been

shown that this can be done in concrete examples [20].

By the appropriate insertions of spurions, yL and yR, we can construct the would-be Yukawa

term

yttLhtR

✓
1 + i⌘

⌘

f
+O

✓
1

f2

◆◆
+ h.c., (15)

where ⌘ is an O(1) coe�cient.

The couplings of the h and ⌘ to top quarks is found to be

ghtt
gSMhtt

= 1� kF
v2

f2
,

g⌘tt

gSMhtt
= i

v

f
⌘. (16)

where gSMhtt is the top coupling to the Higgs in the standard model. Notice that derivation has been

completely general, and the only assumptions have been related to the CP nature of the singlet.

It is also manifest that, from the SM perspective, the coupling of the ⌘ arises at dimension 5 in

complete analogy with the simplified discussion of Sec. 3.

Mass of the pseudoscalar

The mass of the ⌘ is determined by the parameter that breaks its shift symmetry. Even though

the ⌘ is an SM singlet, if the embeddings of qL or uR break T⌘, then the ⌘’s shift symmetry will be

broken. Then Eq. (15) will contribute to the ⌘’s mass via a contribution to �⌘h. This contribution

is chirality breaking and involves a Higgs field. There is a chirality preserving contribution that we

expected to directly contribute to m2
⌘ and arises in the following way.

After having integrated out the composite sector, at low energies for uR we have

uR/puR + y2RFuR(p
2,m⇤)uR/puR

✓
c⌘

⌘2

f2
+ . . .

◆
, (17)
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where FuR is a form factor that encodes the contribution of the resonances of the strong sector.

The poles of FuR correspond to the masses of the resonances of the strong sector. Here we use m⇤
to denote the various mass scales of the resonances that we expect below 4⇡f , but above f .

Note that Eq. (17) is generic for pNGBs that couple to tR. It is possible that in specific models

c⌘ can vanish due to accidental symmetries [20, 24]. In other models c⌘ can be proportional to ⌘.

Here we simply consider it to be an O(1) coe�cient. We find a term in the e↵ective potential of

the form

c⌘
Ncy

2
R

4⇡2
m2

⇤⌘
2 + · · · , (18)

where c⌘ is an O(1) coe�cient. Fixing to the top Yukawa, we find

yt '
f

m⇤
yLyR (19)

and taking yL ⇠ yR we arrive at the estimate,

m2
⌘ ' Ncyt

2⇡2

m3
⇤

f
. (20)

For reasonable values of the parameters we get the estimate,

m⌘ ' 700 GeV
⇣ m⇤
1.3 TeV

⌘3/2
✓
600 GeV

f

◆1/2

. (21)

Interestingly, this is of the right size. It is worth further emphasizing that this mass is at the

naturalness limit for ⌘ since no tuning is required. This is di↵erent than for the Higgs where we

need to tune a di↵erent combination of coe�cients involving the left handed quarks and gauge

fields to successfully achieve electroweak symmetry breaking, v ⌧ f .

In this respect, we usually expect a ratio given by

m⌘

mh
⇠

r
g⇤
yt

f

v
. (22)

Notice that the usual tuning in composite Higgs models requires g⇤ ' m⇤/f ' O(1), i.e. top

partners within reach of the LHC. The same prediction derived from the Higgs mass is true in this

model from the ⌘ mass.

Interactions of the singlet

In order to connect the composite ⌘ with the results of Sec. 3 we wish to make an estimate of

c�/⇤g. We start with the top coupling, which from Eq. (16), tells us that tops will couple to the

pseudoscalar with a v/f suppression according to

1

⇤f
' ⌘

f
. (23)

In the limit where the ⌘ is the lightest new state, the loop induced couplings to gluons and photons

are dominated by top contributions.
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Notice that the usual tuning in composite Higgs models requires g⇤ ' m⇤/f ' O(1), i.e. top

partners within reach of the LHC. The same prediction derived from the Higgs mass is true in this

model from the ⌘ mass.

Interactions of the singlet

In order to connect the composite ⌘ with the results of Sec. 3 we wish to make an estimate of

c�/⇤g. We start with the top coupling, which from Eq. (16), tells us that tops will couple to the
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In the limit where the ⌘ is the lightest new state, the loop induced couplings to gluons and photons

are dominated by top contributions.
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Composite Higgs at lepton collider

Higgs is not (quite) elementary, will have deviations in Higgs 
couplings.

�Wh ⇠ �Zh ⇠ v2

f2

Composite resonances couples to W and Z. Will give rise to 
deviation in EW precision observables.

S ' N

4⇡

v2

f2

A clear big step above the LHC.

Experiment Z (68%) f (GeV) g (68%) m
˜tL (GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV

ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV

TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Table 7. Interpreting Higgs coupling bounds in terms of new physics reach.

Experiment S (68%) f (GeV) T (68%) m
˜tL (GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV

CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV

TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 8. Interpreting S and T parameter bounds in terms of new physics reach. CEPC (imp.) is assuming

the improvement in both sin2 ✓`
e↵

and �Z , as discussed in Section 3.1.

into bounds on the scale f in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value of S where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs. 1 and 2. We also translate these into bounds on
f and on m

˜tL , respectively. Of course, bounds on new physics are always model-dependent and the
relative sizes of various operators will depend on the model. Here we can see that for a composite Higgs,
the most powerful probe is the very well-measured coupling of the Higgs to the Z boson. The bounds
from this measurement dwarf those from the S and T parameters. On the other hand, bounds on the
left-handed stops from the T parameter and from Higgs coupling measurements are very similar, with
the T parameter bound generally being slightly stronger. This points to an important complementarity
between Higgs factory measurements and Z factory (or W and top threshold) measurements. Both
sets of measurements are crucial to obtain a broad view of what possible new electroweak physics can
exist at the TeV scale.

We have treated the Higgs measurements independently of the (S, T ) plane fits to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, the S parameter
operator h†�ihW i

µ⌫Bµ⌫ modifies the partial widths for Higgs boson decays to two electroweak bosons.
The proper procedure once all the data is available will be to do a global fit combining all known
pieces of information.
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Experiment Z (68%) f (GeV) g (68%) mt̃L
(GeV)

HL-LHC 3% 1.0 TeV 4% 430 GeV
ILC500 0.3% 3.1 TeV 1.6% 690 GeV

ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV
CEPC 0.2% 3.9 TeV 0.9% 910 GeV
TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Experiment S (68%) f (GeV) T (68%) mt̃L
(GeV)

ILC 0.012 1.1 TeV 0.015 890 GeV
CEPC (opt.) 0.02 880 GeV 0.016 870 GeV
CEPC (imp.) 0.014 1.0 TeV 0.011 1.1 GeV

TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV
TLEP-t 0.009 1.3 TeV 0.006 1.5 TeV

Table 1.1 Interpreting the Higgs coupling and the bounds on the oblique S and T parameters in terms of new
physics reach [6]. CEPC (imp.) is assuming the improvement in both sin2 ✓`

e↵ and �Z .

higgs operator [@(h†h)]

2, which leads to a shift in the Z-higgs coupling after electroweak symmetry184

breaking:185

1

2

cH

M2
[@µ(h†h)]

2 ! (1 + 2

cH

M2

v2

M2
) ⇥ 1

2

(@µH)

2 ! �Zh =

2v2cH

M2
(1.9)

Under RG evolution from the scale M down to the Z, this coupling also induces the S and T parameters;186

keeping the logarithmically enhanced term gives us187

S =

1

6⇡
log

M

mW
⇥ 2v2cH

M2
= .06 ⇥ ⇥�Zh (1.10)

and similarly188

T =

3

8⇡cos

2✓W
log

M

mW
⇥ 2v2cH

M2
= .2 ⇥ ⇥�Zh (1.11)

where we have chosen M ⇠ 300 GeV as a reference. The projected CEPC sensitivity to S, T on the Z189

poles is �S, �T ⇠ .01, but we see that this is significantly weaker than the direct reach in �Zh.190

The CEPC also has some sensitivity to higgs self-interactions arising from the (h†h)

3 operator.191

Amusingly, this operator does not induce any of the other dimension 6 operators involving the Higgs un-192

der 1-loop RG evolution. But there is infrared calculable correction to the Z-Higgs coupling at 1-loop,193

shown in Fig. 1.7, which probes deviations in the triple Higgs coupling at the 50% level [9].
3

1

1

1
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Z
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Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

recourse to the details of renormalization of the irrelevant

operator in Eq. (3), however proceeding to NNLO in this

case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-

ated production. At NLO the Higgs self-coupling en-

ters the associated production amplitude in two ways. It

enters quadratically via a modified Higgs wavefunction

counter-term, feeding into associated production at NLO

as a modification of the hZZ coupling. The self-coupling

also enters into the amplitude linearly through diagrams

such as Fig. 1. Depending on gauge choice there are also

diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are deter-

mined using the FeynArts, FormCalc, and Loop-
Tools suite of packages [18, 19] by calculating the full

one-loop electroweak corrections to associated produc-

tion (see Refs. [20–23]) and extracting the dependence

on the self-coupling parameter. The counter-terms for all

SM-Higgs couplings are calculated automatically follow-

ing the electroweak renormalization prescription of [24].

The analytic form of the correction at a CM energy

�
S

can be extracted from the FeynArts and FormCalc
[18, 19] output in terms of the various one-loop integrals

B(p2, M2
1 , M2

2 ) =

�
KdDq

[q2 � M2
1 ][(q + p)

2 � M2
2 ]

, (4)

and

Cµ1,..,µN (k2
1, (k1 � k2)

2, k2
2, M

2
1 , M2

2 , M2
3 ) =

�
Kqµ1 · · · qµN dDq

[q2 � M2
1 ][(q + k1)

2 � M2
2 ][(q + k2)

2 � M2
3 ]

, (5)

where

K =

µ4�D

i⇡D/2r�
, r� =

�

2
(1 � �)�(1 + �)

�(1 � 2�)
. (6)

The two-point scalar function encountered here is defined

as

B0 = B(M2
H , M2

H , M2
H), (7)

and the first derivative of this function as

B0
0 = @B(p2, M2

H , M2
H)/@p2|p2=M2

H
. (8)
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FIG. 2: Corrections to �(e+e� ! hZ), for a given variation
in the self-coupling, �h, as a function of the CM energy from
220 to 500 GeV.

The three-point scalar functions are

C0 = C(M2
H , S, M2

Z , M2
H , M2

H , M2
Z), (9)

and C1, which is the scalar coe�cient of k1 in Cµ1 with

the same arguments. C00, C11, C12 are the scalar coef-

ficients of gµ,⌫ , k1k1, and k1k2 in Cµ1,µ2 . All of these

functions can be easily evaluated using the LoopTools
package [18, 19]. With these definitions the full form of

the self-coupling correction is

��(S) =

��h �=0

��h=0
� 1 (10)

=

3↵M2
H�h

16⇡ sin(✓W )

2M2
W �

⇥

Re

�
2

�
S + M2

Z � M2
H

�
(12M2

ZS � �) � ��

�
,

where

� = (M2
H � M2

Z)

2
+ 10M2

ZS + S2 � 2M2
HS, (11)

� = B0 � 4C00 + 4C0M
2
Z + 3B0

0M
2
H (12)

and

 = C1 + C11 + C12. (13)

Eq. (10) was calculated in the R� gauges, and the absence

of the � parameter demonstrates the full gauge invariance

of the result. Furthermore, although a number of UV-

divergences appear individually, the final result is UV-

finite as these divergences cancel in B0 � 4C00 and also

in .

At various CM energies the fractional corrections to

the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� = 1.4, 0.3, �0.2 ⇥ �h% , (14)

where only the lowest-order term in �h has been retained

as other higher-dimension operators may contribute at

O(�2
h), and the coe�cient of this term is unknown. The

full energy dependence is shown in Fig. 2.

Figure 1.7 1-loop corrections to the Zh coupling which are sensitive to the triple Higgs coupling.
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ILC500-up 0.2% 3.9 TeV 0.9% 910 GeV

CEPC 0.2% 3.9 TeV 0.9% 910 GeV

TLEP 0.1% 5.5 TeV 0.6% 1.1 GeV

Table 7. Interpreting Higgs coupling bounds in terms of new physics reach.
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ILC 0.012 1.1 TeV 0.015 890 GeV

CEPC (opt.) 0.02 880 GeV 0.016 870 GeV
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TLEP-Z 0.013 1.1 TeV 0.012 1.0 TeV
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Table 8. Interpreting S and T parameter bounds in terms of new physics reach. CEPC (imp.) is assuming

the improvement in both sin2 ✓`
e↵

and �Z , as discussed in Section 3.1.

into bounds on the scale f in composite Higgs models and on the left-handed stop mass in SUSY
models, respectively, to give some indication of how measurement accuracy translates to a reach for
heavy particles. In Table 8, we present the value of S where the line T = 0 intersects the 68% CL
ellipse, and vice versa, from our calculation in Figs. 1 and 2. We also translate these into bounds on
f and on m

˜tL , respectively. Of course, bounds on new physics are always model-dependent and the
relative sizes of various operators will depend on the model. Here we can see that for a composite Higgs,
the most powerful probe is the very well-measured coupling of the Higgs to the Z boson. The bounds
from this measurement dwarf those from the S and T parameters. On the other hand, bounds on the
left-handed stops from the T parameter and from Higgs coupling measurements are very similar, with
the T parameter bound generally being slightly stronger. This points to an important complementarity
between Higgs factory measurements and Z factory (or W and top threshold) measurements. Both
sets of measurements are crucial to obtain a broad view of what possible new electroweak physics can
exist at the TeV scale.

We have treated the Higgs measurements independently of the (S, T ) plane fits to illustrate the
new physics reach of di↵erent observables. However, they are related: for example, the S parameter
operator h†�ihW i

µ⌫Bµ⌫ modifies the partial widths for Higgs boson decays to two electroweak bosons.
The proper procedure once all the data is available will be to do a global fit combining all known
pieces of information.
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