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ABSTRACT: We discuss the implications of the significant excesses in the diphoton fi-
nal state observed by the LHC experiments ATLAS and CMS around a diphoton invariant
mass of 750 GeV. The interpretation of the excess as a spin-zero s-channel resonance implies
model-independent lower bounds on both its branching ratio and its coupling to photons,
which stringently constrain dynamical models. We consider both the case where the ex-
cess is described by a narrow and a broad resonance. We also obtain model-independent
constraints on the allowed couplings and branching fractions to final states other than
diphotons, by including the interplay with 8 TeV searches. These results can guide at-
tempts to construct viable dynamical models of the resonance. Turning to specific models,
our findings suggest that the anomaly cannot be accounted for by the presence of only an
additional singlet or doublet spin-zero field and the Standard Model degrees of freedom;
this includes all two-Higgs-doublet models. Likewise, heavy scalars in the MSSM cannot
explain the excess if stability of the electroweak vacuum is required, at least in a leading-
order analysis. If we assume that the resonance is broad we find that it is challenging to
find a weakly coupled explanation. However, we provide an existence proof in the form
of a model with vectorlike quarks with large electric charge that is perturbative up to the
100 TeV scale. For the narrow-resonance case a similar model can be perturbative up to
high scales also with smaller charges. We also find that, in their simplest form, dilaton
models cannot explain the size of the excess. Some implications for flavor physics are briefly
discussed.
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1 Introduction

Very recently, both the ATLAS and the CMS collaborations at CERN have reported mutu-
ally consistent “bumps” in the diphoton invariant mass distribution around 750 GeV [1, 2].
Based on 3.2 and 2.6 fb~! of the 13 TeV LHC data, the corresponding deviations from the
background-only hypothesis have a local significance of 3.90 and 2.60 in ATLAS and CMS,
respectively. The bumps are best described by a relative width I'/M ~ 6% in ATLAS [1]
but a sub-resolution width in CMS [2]. However, this discrepancy is not statistically sig-
nificant and we will generally present results as a function of the unknown width. The
resonant excesses are suggestive of the decay of a new particle beyond the Standard Model
(BSM). The kinematic properties of the events in the excess region are reported not to show
significant deviations compared with events in sidebands. This disfavors significant con-
tributions to the production from decays of yet heavier particles or associated production
and motivates focusing on the case of a single production of a 750 GeV resonance.



The purpose of the present paper is to characterise this theoretically unexpected result
and discuss its implications for some leading paradigms for physics beyond the Standard
Model. It is divided into two main parts, the first of which comprises a model-independent
framework that aims to equip the reader with handy formulas for interpreting both the
signal and the most important resonance search constraints from existing LHC searches in
the context of BSM models. We derive a number of bounds, including model-independent
lower bounds on the branching ratio and partial width into photons of the hypothetical
new particle. The second part investigates concrete scenarios, including the possibility of
interpreting the resonance as the dilaton in a theory with spontaneous breaking of scale
invariance or as a heavy Higgs scalar a two-Higgs-doublet model (2HDM). We find the
properties of the observed excess to be quite constraining. In particular, a leading-order
analysis suggests that the interpretation as an s-channel resonance, if confirmed, cannot be
accommodated within the Minimal Supersymmetric Standard Model (MSSM) even under
the most conservative assumptions about the MSSM parameters and the true width of the
resonance; this conclusion holds if we require the absence of charge- and colour-breaking
minima.

2 Model-independent constraints

We start by discussing what can be inferred about the new hypothetical particle from data
alone. We will first describe the implications of the observed properties of the diphoton
bumps, and then examine the constraints from the absence of significant excesses in res-
onance searches in other final states that could be sensitive to other decay modes of the
same particle.

2.1 Implications of the excess alone

Both ATLAS and CMS observe excesses in a diphoton invariant mass region near 750 GeV [1,
2]. For the purposes of this work, we will generally assume the signal contribution to be
N = 20 events for £ = 5.8 fb~! integrated luminosity (adding up ATLAS and CMS), but
will make clear the scaling of our findings with N wherever feasible. We will assume a
signal efficiency (including acceptance) of € = 50%, even though, in general, this does have
some dependence on both the experiment and the details of the signal model.

The most straightforward signal interpretation is resonant s-channel production of a
new unstable particle. The observed signal strength corresponds to a 13 TeV inclusive cross
section to diphotons of

N\ /50%)\ (5.8 bt
013 X BRyy ~ 6.9 fb x (20) ( - O) < o ) . (2.1)

The diphoton final state precludes a spin-one interpretation due to the Landau-Yang

theorem [3, 4], and we will henceforth assume spin zero. We take the mass to be M =
750 GeV; small variations have no significant impact on our findings. The shape of the
excess in ATLAS may indicate a width of about I' = 45GeV [1]. However, we will also



contemplate the case of smaller width below, and discuss how our main findings depend
on this.

A minimal dynamical input is necessary to interpret the result and incorporate 8 TeV
LHC constraints. The width-to-mass ratio is small enough to justify a narrow-width ap-
proximation to the level of accuracy we aim at here. In the narrow-width limit, resonant
scattering amplitudes factorize into production and decay vertices, which we parameterize
by terms in a “Lagrangian” for the resonance S,
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In this parametrization, M is the mass of the resonance S. We emphasize that each term
denotes a particular production and/or decay vertex and that the parameterization £ does
not make any assumptions about hierarchies of scales.! If S is a pseudoscalar, ¢y = ¢, = 0,
while all the other couplings lead to the same results as we present in this section for the
scalar upon the replacements Sff — iSfy°f, XWX, — X‘“’XL where X () = puv
GHrva WHEW - 71V (up to minor differences in the phase-space factors from table 1 below).

v

The total decay width of S imposes one constraint on the couplings,
r T
7= > = > nileil® ~0.06, (2.3)
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where the (dimensionless) coefficients n; are listed in table 1 for the modes considered in the
present analysis. In particular, eq. (2.3) directly implies upper bounds on the magnitude of
each ¢;, since observations imply that the width cannot exceed the ATLAS-preferred value
of 45 GeV by more than a factor of about two.

It is possible and convenient to represent the observed signal in terms of the branching
ratios to the production mode and to vy. If a single production mode, p, dominates, the
number of signal events, IV, in the 13 TeV analyses fixes the product

M N N\ /45 GeV\ /5.8 fb1>
BR.,, xBR, =ny— ——— =k, X [ — , 2.4
" LT exg Ly 8 <20> ( r ) < L13 (24)

where, for the production modes mediated by the various couplings from eq. (2.2),

99 u@ dd s cc W OWwW wWwW zZZ ZZ Z~y ¥y

kp ~ {2.5, 5.5, 8.9, 96, 140, 310, 1600, 16000, 2400, 21000, 1400, 170} x 1075, (2.5)
We used the leading-order /s = 13 TeV production cross sections for M = 750 GeV,

o5 = ley P2l (2.6)

'In particular, the “couplings” ¢; are on-shell form factors that generally include contributions from light
particles and CP-even phases due to unitarity cuts. Contributions from particles with mass > M can be
matched to a local effective Lagrangian similar to eq. (2.2). We discuss examples in section 3.
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Table 1. Width coefficients.

where x};”p are listed in table 2.2 A direct consequence of eq. (2.4) is a lower bound on the
branching ratio into photons,

N\ /45 GeV)\ /5.8 tb~!
o, () (£0V) (3207, 2

Note that this bound becomes more stringent if the width of the resonance is reduced.

Alternatively, the excess events fix the product of couplings

ec| LT N (N r 5.8 th™1 (2.8)
CrCp|l = Ny ——— = — .
Y T MLy, 7 20 ) \ 45 GeV L )’
where
g9 wu dd s§& cc bb WW ww  zzZ ZZ Z~y Yy
pp ~ {530, 2.9, 3.7, 12, 15, 22, 28000, 84 , 49000, 160, 52000, 12000} . (2.9)

Importantly, increasing the production couplings, c,, increases also the decay rates to
the production modes. Since these compete with the v+ decay, ¢, cannot be arbitrarily
small. The smallest possible |c,| corresponds to the situation where the total width is
dominated by the production mode (which in particular implies I'y, < I, for production
modes other than v7). Since the dependence on |c,|? cancels between the production cross

2Results for VBF production, here and below, involve the use of the SWW and SZZ vertices in eq. (2.2)
implemented in MadGraph [5] using FeynRules [6]. This is correct in either of the following two situations:
(i) the origin of the vertices is local physics, originating in scales 3> M, such as in the dilaton case in
section 3.1.4; in such a case the vertices can be interpreted as a unitary-gauge Lagrangian couplings and
be used off shell; or (ii) the production process is dominated by nearly on-shell W, Z bosons (the same
prerequisite under which the equivalent-boson approximation [7, 8] is justified).



Vs [pb] 99 uti  dd s5 cc  bb

13 zg? 7.5-107% 250 150 14 9.8 4.4
8 ag? 1.7-100% 95 57 3.7 23 0.96

13/8 Tp 4.4 26 27 39 42 46
Vs [pb] Www WwW A 77 Zy vy

13 zg? 27-10% 030  87-1077 83-1072 7.8-1077 1.4-107°
8§ 2’ 65-1077 6.9-1072 21-1077 1.9-1072 21-1077 4.7-1076
13/8 4.1 4.3 4.2 4.2 3.7 2.9

Table 2. Leading-order production cross sections for a resonance with M = 750 GeV for couplings
cp =1, at the 13 TeV and 8 TeV LHC, and their ratio, r,. We have used the leading-order PDF set
NN23L01 [9] for the predictions of production via gg, qg, WW, W/, 727 and ZZ. For 7 initiated
production we use the CTEQ14QED PDF set [10] with photon PDF, while for 4 fusion we use the
results of ref. [11], which also discusses the validity of v+ fusion results obtained with various PDF
sets. For the gg and g modes, the process is pp — S. For WW, W/, Z 7 and ﬁ, both VBF
(pp — S + jj) and associated production (pp — S + W/Z) contribute. The latter is small for
WW and ZZ (approximately 1% of the inclusive value), but is significant for production via the
field-strength WW and ZZ operators (approximately 20% and 30% for WW and ZZ, respectively,
at 13 TeV; see also ref. [12]). Finally, for production via Zv, the processes pp — Sjj, pp — SZ,
and pp — Sv contribute with relative weights 94%, 2.6%, and 3.6%, respectively.

section and the diphoton branching fraction in this limit, this bound is independent of I'.
We hence have the following model-independent lower bounds on c,:

g9 wui dd s5 c& bb WW WW ZZ ZZ Zv vy
N
ey > /22— = {27, 4.1,5.2,17, 21, 31, 70, 220, 85, 250, 65, 23} x
n
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If, as it often does, a single production mode dominates in a concrete model, eq. (2.10)

can be directly used to identify how large ¢, needs to be. For production via v+ fusion,
saturating the lower bound determines in addition the width to be about 75 MeV. In the
case where several initial states contribute, a conservative lower bound is given by

ng N <N> <5.8 fb—1>
Cy| > | —= ——— =2.T X — . 2.11
’ 7| N~ €$‘15~3’g£13 \/ 20 L13 ( )

Importantly, egs. (2.8) and (2.9) imply that photon fusion accounts for the entire excess
once |cy| ~ 110, or less if the width is below 45 GeV. It then follows from eq. (2.10) that
production via the couplings ¢y and ¢z can never be an important production mechanism,
so we disregard this possibility henceforth. (See also the discussion in ref. [13].)

In figures 1 and 2, we plot the general relation between |c,| and |c,| for the case of
N = 20 excess events, switching on one production channel at a time. The mass and total
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Figure 1. The black line corresponds to N = 20 signal events in the diphoton analyses for
M = 750GeV and I' = 45 GeV when the resonance is produced from gg. Blue dashed lines are
contours of fixed branching ratio to modes other than «v or gg. The red-shaded area above the
thick horizontal line is excluded by dijet resonance searches [14] due to decays to gg alone. The
shaded gray region corresponds to values of ¢4, ¢, that produce a width larger than 45 GeV. The
vertical dashed red line indicates the c, value for which photon fusion alone would account for all
signal events even for I' = 45 GeV, thus ruling out the region of larger ¢, values.

width are fixed at 750 and 45 GeV, respectively. The partial widths to diphotons, I'y,, and
to the production mode, I', are assumed to be supplemented by decays to other possible
final states, I'other, to make up the total width:

Tother =T — Ty — T (2.12)

Contours of fixed BRother = Tother /I are shown in dashed blue. From the left panels of the
figures it is evident that for a given BRyiher there exist two solutions, one with small and
another with large ¢,. However, this second solution is generally incompatible with the
upper limit |cy| < 110, unless BRogher is close to 100%. The gray-shaded regions correspond
to values of ¢, and ¢ for which the total width is larger than 45 GeV. Horizontal red lines
and the corresponding red-shaded regions indicate the parameter space excluded by 8 TeV
dijet searches. We discuss them in the next subsection.

2.2 Interplay with previous LHC searches

Important additional information about the properties of the new particle can be obtained
based on the non-observation of any of its decays in Run 1 of the LHC, in particular in the
20 fb~! of data collected at /s = 8 TeV.
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Figure 2. Black lines correspond to N = 20 signal events in the diphoton analyses for M = 750 GeV
and I' = 45GeV. Different dashing styles indicate the various production modes, ui, dd, s3, c¢,
and bb. Blue dashed lines are contours of fixed branching ratio to modes other than 7y or the
production mode. The red-shaded areas above the various horizontal lines, with dashing styles
corresponding to the production modes, are excluded by dijet resonance searches [14] due to decays
to the production mode alone. The vertical dashed red line indicates the ¢, value for which photon
fusion alone would account for all signal events even for I' = 45 GeV, thus ruling out the region of
larger c,, values.

We first consider limits from the diphoton resonance searches. The most relevant limit
for the broad resonance hypothesis preferred by the ATLAS excess, I'/M =~ 6%, is the
CMS 95% CL limit

og x BRy, $2.5 b, (2.13)

which was derived for scalar resonances with I'/M = 10% [15]. For a narrow resonance,
which might be preferred by the CMS data, the same search sets the limit

o5 X BRyy < 1.3 1D (2.14)

Somewhat weaker limits, of 2.5 and 2.0 fb, were obtained by ATLAS [16] and CMS [17],
respectively, for RS gravitons with £ = 0.1, which are also narrow.

The compatibility of the observed excesses with the 8 TeV diphoton searches depends
primarily on the parton luminosity ratio, 7, listed in table 2,3 since the selection efficiencies

3More precisely, rp is the cross sections ratio. For VBF and associated production, it cannot be ap-
proximated by the parton luminosity ratio at V3 = 750 GeV (as was done in some of the recent papers
that claimed rvpr & 2.5) since in most events /3 is significantly higher than 750 GeV because of the two
forward jets or the additional electroweak boson.



decaymodez'—>‘ g9 qq tt WW ZZ hh Zh 717 Z7v ee+ uu

4000 1800 500 60 60 50 17 12 8 24

(s BRO™EIDL 1y g ps po) pol @i 22 23] R4 [s)

production p=| g¢gg | 2600 1200 320 38 38 32 11 77 5.1 1.5
wu | 1500 690 190 23 23 19 6.5 46 3.1 0.92
dd | 1600 700 200 23 23 20 6.7 47 3.1 0.94
ss | 2300 1000 280 34 34 28 96 6.8 45 1.4
BR; \ ™ cc | 2400 1100 300 36 36 30 10 7.3 4.8 1.5
(BRW> bb | 2700 1200 340 40 40 34 11 81 54 1.6
WW | 2400 1100 300 35 35 30 10 7.1 4.7 14
Z7Z | 2400 1100 310 37 37 31 10 73 49 1.5
Zr~ | 2200 980 270 33 33 27 92 6.5 4.3 1.3
vy | 1700 760 210 25 25 21 71 5.0 34 1.0

Table 3. Top: Bounds on 750 GeV resonances from 8 TeV LHC searches. Bottom: Derived bounds
on ratios of branching fractions for different production channel assumptions. For gg production,
bounds on the branching fraction to gg are even tighter than indicated, since decays to gg will
necessarily also be present and enter the dijet searches. The same applies to branching fractions to
gg when the production is from quarks.

of the searches are similar. The ATLAS+CMS excess, eq. (2.1), translates to

g9 ui dd s5 c&¢ bb WW ZZ Zy v

B N
USXBRW:‘WRw%(

) x {1.6, 2.6, 2.6, 1.8, 1.7, 1.5, 1.7, 1.6, 1.8, 2.4} fb.

20
(2.15)
We see that N = 20 excess events at 13 TeV are borderline compatible with the 8 TeV
analyses, especially if the resonance is broad. The gg, heavy-quark and electroweak-boson

Tp

production modes are somewhat favoured in this respect because their cross sections in-
crease more rapidly with /s.

The ATLAS and CMS collaborations performed searches for resonant signals in many
other final states as well. In table 3 we list the various two-body final states relevant to
a neutral color-singlet spin-0 particle, and the corresponding 95% C.L. exclusion limits,
(og x BR;)™#* from the 8 TeV searches. Searches for dijet resonances that employ b
tagging, and would have enhanced sensitivity to bb final states, only address resonances
heavier than 1TeV [26, 27], but the limits from ¢g searches still apply to bb. The recent
13 TeV dijet searches [28, 29] do not cover the mass range around 750 GeV at all, due to
triggering limitations. We also note that the limits quoted in table 3 are approximate. In
general, they do have some dependence on the width of the resonance, its spin, etc.

Table 3 also lists the resulting constraints on the ratios of branching fractions of the
particle, for different production channel assumptions. They are computed as

BRZ‘ max — (0'8 X BRi)maX
BR,W P 013 X BR»W

, (2.16)



where we use eq. (2.1) and the cross section ratios r, from table 2.

There is always a constraint from decays to dijets or dibosons since we take the reso-
nance to couple to either gg, qq, or the electroweak gauge bosons, for production. Also, the
production cross section needs to be relatively large to accommodate the excess without too
large c, so limits on dijet or diboson resonances may restrict part of the parameter space
of a concrete realisation. For the case in which a single production channel dominates,
we obtain upper limits on BR, and ¢, by saturating the corresponding dijet or diboson

bounds:
g9 ua dd s5 c& bbb WW ZZ Z~v vy 1/2
M BR,, )max 45 GeV
BR, < np—w ~ {25, 19, 25, 99, 120, 190, 76 , 94, 25, 4.2)% x € ,
F :Cs’p F
99 ul dd S5 ce b WW ZZ Zvy vy
r 1/4
97, 0.31, 0.35, 0.70, 0.79, 0.99, 350, 560, 390, 110 o .
|Cp‘ < { b b ) b ) bl 9 b ) } X (45 Gev>
(2.17)

The dijet-excluded regions in the ¢,—c, planes of figures 1 and 2 are the red-shaded areas.
By combining eq. (2.17) with egs. (2.4) and (2.8), we obtain a second lower bound on
BR,, and cy,

g9 ut dd s5 c& bbb WW ZZ Zv vy

N 81\ /4 1/2
BR., > {0.98, 2.8, 3.5, 9.7, 11, 16, 210, 260, 570, 400} x 10~ x (20) (58£ ) ( 5(136\/) :
13

g9 ud dd s§5 c¢ bbb WW ZZ Zv vy

N\ /5.8 fh! r o\
> 5.4, 9.2, 10, 17, 18, 22, 80 , 88, 130, 110 g .
lea] >4 }X\/<2o>< L1s ><45GeV)

(2.18)

Depending on the width and the production mechanism, these bounds can be stronger or
weaker than those in eqs. (2.7) and (2.10). Some comments are in order regarding the case
of photon fusion dominance. In this case, egs. (2.17) and (2.18) fix, for nominal width and
signal strength, |c,| ~ 110. This is because here we impose an upper bound of 2.5 fb for
the 8 TeV diphoton signal, which essentially agrees with the predicted 8 TeV signal, for
nominal width and number of excess events. For the same reason, this value agrees with
the one previously obtained based on saturating the 13 TeV signal with a single diphoton
coupling.

Figures 3 and 4 show, for I' = 45 GeV and 1 GeV, respectively, the required branching
fraction BRother to modes other than the production mode and ~v as a function of the
branching fraction of the production mode, BR,,. The black lines correspond to N = 20
signal events in the 13 TeV diphoton analyses. These plots highlight the importance of
BRother, which in most of the viable parameter space is the dominant branching fraction if
the width T is large. In blue lines, it is also shown to what extent BRyiher can be attributed
to various decays into Standard Model particles, in view of the 8 TeV LHC bounds on such
decays. For example, if apart from the decays to the production mode and v~ the resonance
can decay only to tt, the region above the corresponding blue line is excluded. The solid
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Figure 3. The required branching fraction into modes other than the production mode and v,
BRother, as a function of the production mode branching fraction, for N = 20 and I' = 45 GeV.

Different plots correspond to different production mechanisms. Red regions are excluded by 8 TeV
dijet resonance searches. Thin lines described in the legend show the maximal branching fractions
allowed by 8 TeV searches into final states from table 3. The label “all” refers to the bound on
the sum of all the final states from the table. For mixed dijet final states (gg+¢qq), we show bands

extending between curves obtained using the gg and the ¢q dijet constraint.
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Figure 4. The required branching fraction into modes other than the production mode and v,
BRother, as a function of the production mode branching fraction, for N = 20 and I' = 1 GeV.

Different plots correspond to different production mechanisms. Red regions are excluded by 8 TeV

dijet resonance searches. Thin lines described in the legend show the maximal branching fractions

allowed by 8 TeV searches into final states from table 3. The label “all” refers to the bound on
the sum of all the final states from the table. For mixed dijet final states (gg+¢qq), we show bands

extending between curves obtained using the gg and the ¢q dijet constraint.
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blue lines labeled “all” correspond to saturating all the two-body final states listed in
table 3, with the band interpolating between lines that use the gg and the ¢q dijet bounds.
The band is needed since the maximal possible BRother is generally achieved for a mixture
of gg and qq decays. Indeed, for a fixed BRyy, one can add decays to quarks. For a fixed
BRyg (for a given flavor ¢), one can add decays to either gluons or other quark flavors, but
gluons are preferable since they are less constrained. It is reasonable to expect the bound
on such mixed final states to lie somewhere within the band. The same discussion applies
to the bb band in the fixed BRy4 case.

We see that when the diphoton signal is achieved by a large coupling to gluons/quarks
and a small coupling to photons (right-hand side of the plots), it may be difficult to
obtain I' = 45 GeV with decays to SM particles alone (if we neglect the possibility of large
branching fractions to vv or multibody final states). On the other hand, in the case of
a small coupling to gluons/quarks and a large coupling to photons (left side of the plots)
there is no such limitation.

3 Models

We now turn to discuss concrete models. First, in section 3.1, we discuss interpretations of
the resonance as a scalar that is a singlet under the SM gauge group. Next, in section 3.2,
we consider the possibility of an SU(2)r, doublet. Finally, in section 3.3 we study whether
the resonance can be a heavy Higgs of the MSSM.

3.1 SM-singlet scalar

The possible interactions of a real singlet scalar with the SM fields, up to dimension-five
terms, are

Esinglet = (M‘I) + HHl@Q)HTH

P « « «

+ 7 (/ﬁgéGwG“” + /{yéBWB’“’ + nwéWwWW + /QHQID#HP + HH3|H\4>
b . . .

— ? (YVZ?HQld] + YZ;HQlUJ + Y;?HLiej + h.c.) . (31)

We first discuss the renormalizable scenario in which only the terms on the first line are
present. Next we consider a, still renormalizable, model where the diphoton and digluon
couplings ¢4 and ¢, are generated by additional vectorlike fermions. We also analyze the
pseudoscalar case, where the possible interactions differ in several important ways from
eq. (3.1), as we will discuss. We then turn to scenarios where the nonrenormalizable
couplings on the second and third line are present, generated by physics above the scale M
and resulting in “local” contributions to the couplings ¢, and c¢,. We consider the dilaton
scenario of ref. [30] (except that the dilaton is in addition to the Higgs) in which the rg y,w
are related to the § functions in the low-energy effective theory. Finally we discuss the
possibility of production of the resonance by quarks due to the presence of the couplings
in the last line of eq. (3.1).

- 12 —



3.1.1 Renormalizable model

We consider the case with only the renormalizable couplings in eq. (3.1). The p term
induces mixing of ® with the SM-like Higgs field, and we obtain two mass eigenstates, S and
the observed 125 GeV Higgs h. This results in S having tree-level couplings proportional
to those of the SM Higgs but suppressed by a universal factor,

95 = sag®V, (3.2)

where s, = sin «, a being the mixing angle. This mixing also modifies the couplings of the
observed 125 GeV Higgs boson with respect to what they would be in the SM. The modified
couplings are scaled by cos a with respect to their SM values. We must thus have s, < 0.2
to ensure that these modifications are compatible with Higgs and particularly electroweak
precision measurements [31]. The coupling to the light quarks is thus negligible, therefore
the production must be gluonic. At one-loop level, SM particles generate an effective ¢, and
cy. To get the largest possible ¢, and ¢, we take s, = 0.2 and obtain using the expressions
for the top and W-loop contributions in ref. [32]

gl = 1.6, |ey| =0.09. (3.3)

If we assume a 45GeV width, we need |cyc,| ~ 530 to accommodate the excess (cf.
eq. (2.8)), so these numbers are far too small. Even if we allow for a smaller width,
they still do not satisfy the bound |¢,| 2 2.7 from eq. (2.10).

Clearly we need large contributions from BSM states to ¢, and either ¢, or the cou-
plings ¢y to quarks, in eq. (2.2), to explain the size of the excess.

3.1.2 Boosting c,, ¢, with new vectorlike fermions

To investigate whether new colored and charged particles can generate large enough cg -,
we consider the minimal case of an additional vectorlike fermion, a triplet under QCD with
electric charge ()f, that couples to ® as

L =—yoPQQ — meQQ. (3.4)

The fermion loop generates cg . Any mixing of ® with the Higgs doublet would dilute the
vectorlike loop contributions (which would be generally larger than the SM loop contribu-
tions) to the diphoton and digluon couplings of the mass eigenstate S. Thus, we assume
that the mixing, which is in any case constrained to be small, is negligible and the mass
eigenstate is S = ®.

The fermion @ contributes [32]

¢g = 93y A1 2(7q), (3.5)
Cy = 2NCQ3‘G2yQA1/2(TQ)7 (3.6)

where N, = 3 is the number of color states, 7g = MQ/(4m22) and

Ayjalr) = 2724, o) = 4732 + (1 — ) f(7)], (3.7)
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Figure 5. For a SM-singlet scalar (left) or pseudoscalar (right), contributions of a vectorlike color-
triplet fermion with mass mq, charge @y and Yukawa coupling y¢ to the photonic, ¢, and gluonic,
¢g, couplings, scaled by 4/yq. Black lines are contours of the scale A at which the theory becomes
strongly coupled if the value of yg at the scale M is fixed by requiring the correct signal size
(N = 20), assuming I' = 45 GeV. The diagonal solid thick red lines stand for different values of
Qy; on each line, the corresponding scale for the Landau pole for the hypercharge interaction, A’
is shown. The horizontal blue dashed lines refer to different values of mg. We shade the regions
where y3 (M) is within 20% of [y5,"(M)]* (see eq. (3.12)). The dashed black line is the contour
where yo(M) = ygp(M).

where
arcsin® /7 T<1

f(ry=q¢ 1| 1+vi—71
—— |In————= —inw T>1.
4 1—v1—7"1
For mq < M/2 we obtain the constraint yg < 0.7 by requiring I'(S — QQ) < 45GeV.
This would not allow generating sufficiently large values of ¢, . We thus take mg > M/2.
In figure 5 (left), we show the resulting ¢, for a range of mg and Q. The values of ¢,

(3.8)

for yo = 4 can be directly read off from the plot, and one can easily find them for other
yg values by keeping in mind that ¢, scale linearly with yq.

The same fermions will generically also generate couplings to WYW =, ZZ and Z~.
While a detailed study of the various possibilities is beyond the scope of this paper, we note
that the bounds from table 3 are easily satisfied if, for example, the fermions are SU(2),
singlets. This is because they only contribute to the ky coupling from eq. (3.1), but not
to K, so one has BRz,/BR,, = 2tan® 6y =~ 0.6, BRzz/BR,, = tan? Oy ~ 0.1, and no
contribution to WW .

Since the Yukawa couplings yg needed to reproduce the diphoton signal are relatively
large, it is important to check to what extent the theory remains perturbative in the UV.
We first consider the case in which we assume a 45 GeV width for the resonance. In some
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regions of the parameter space, this implies a low cut-off for the theory at the scale at which
Yo becomes strongly coupled. For ny color-triplet, SU(2)-singlet vector-like fermions, the
RGE are given by*

dy y
danu = 1oz (34 6np)yg —6Q79” —83) | (3.9)
dg/ gl3 41
dinpg 1672\ 6 4nsQ7 ) (3.10)
dgs 93 2
=62 \ 713 11
dlnp 1672 ( [ 3nf) (3.11)

(see, e.g., ref. [34]); as said above we will only consider the minimal case ny = 1. We show
in figure 5 (left) contours of the scale A at which the theory becomes strongly coupled,
assuming yg to be just large enough at each point in figure 5 (left) to explain the excess.
We take as the strong coupling scale A the scale where either /N, yg or (only in some part
of the region marked A > 100 TeV) v/N.Q g’ becomes O(4r) (N, = 3).

For the theory to remain weakly coupled above the scale of roughly 10 TeV, a rather
large value for the electric charge )y is required, roughly above 3, for most of the shown
parameter space. For a large charge, the negative contribution to the running proportional
to yQQ%g’2 in eq. (3.9) can actually push the cut-off up to 100 TeV, as shown in the top-
right part of figure 5 (left). The RGE of yg has a perturbative quasi fixed point, which in
the one-loop approximation, eq. (3.9), is given by

1
yiP = 5 \/86% +692Q% ~ 1.15,/1+0.066Q3 . (3.12)

Therefore, for an IR value (at the diphoton resonance mass scale) satisfying yo < ygp, the
cutoff of the theory will likely be given by the Landau pole of the hypercharge interaction.
It is controlled at high energies by the rather large charge of the vector-like quarks. On
the other hand, for ygo > ygp, the Yukawa coupling typically grows with energy. In such
a case, the cutoff of the theory is set by the Landau pole of yg. We also note that
generically, for UV boundary conditions that satisfy yg(Auv) > ygp(AUV), we expect to
have yg‘ ~ ygp. Since the one-loop § function for y¢ is small in this region, the impact of
two-loop contributions may be nonnegligible. To indicate this, the region in which yé (M)
is within +20% of [y5,” (M)]? is shaded.

We note that after rescaling yg appropriately to explain the signal, the partial width
to photons and gluons never exceeds 5 GeV in the region Q; > 2/3, so significant decays
to other final states are needed to explain the 45 GeV width. The dijet constraint |c,| S 97
(see eq. (2.17)) is satisfied in the above region assuming that there are no dijet final states
other than gg.

We now consider the case in which the resonance is narrow and the width is dominated
by decays to gg. We then only need a |c,| ~ 2.7 according to eq. (2.10). In figure 6 (left) we

4Note that the couplings 13S® and AsS* do not alter these RG equations. For a more comprehensive
analysis that considers the running of the quartic coupling Ag, see for instance ref. [33] where it is shown
that if the value of Ag at the low scale is appropriately chosen, it can remain perturbative up to the Planck
scale.
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Figure 6. For a narrow-width SM-singlet scalar (left) or pseudoscalar (right), the scale of break-
down of perturbativity as a function of the color-triplet vectorlike fermion mass mg, assuming we
take the required yq at the scale M to explain the excess. For mg < 490 GeV (mg < 720 GeV)
with Q¢ = 4/3 (Qf = 5/3) for the scalar or mg < 700 GeV (mg < 1050 GeV) with @y = 4/3
(Qy = 5/3) for the pseudoscalar, yo(M) < y5° in eq. (3.12) and the 3 function is negative at the
scale M, so the theory is perturbative.

show the scale of breakdown of perturbativity assuming the required yq to obtain |¢,| = 2.7
from the loop of a vectorlike color-triplet fermion, as a function of its mass, mg. We see
that the theory might be perturbative up to high scales even for much smaller electric
charges.

3.1.3 A pseudoscalar

We now consider the case of a pseudoscalar. Unlike the scalar it cannot mix with the
SM Higgs and some couplings like those to longitudinal W’s and Z’s in eq. (3.1) are not
allowed. The possible interaction terms are

1 1lcp ~ 1 lew ~ 1 1c¢ ~
L=— -~ 28SB"B,, — — ~ L SWre I SGHeGe
16724 M M 16m24 M e 16m2 4 M v
S /. — B . — .
— ? (ZY;?HQidj +1iY; HQiuj +iY5H Liej + h.c.) — yoSQivsQ
1 1c _ 1 1lec - .
2 g aar ST e~ g5 SO O~ veS@isQ. (3.13)

where we have also included a coupling to a vectorlike quark . A pseudoscalar can appear
in composite models as a pseudo-Nambu-Goldstone boson (PNGB) with sizeable couplings
to photons and gluons because of anomalies [35], but here we will consider the possibility
where ¢, and ¢, are generated only from loops of the fermion (). These loop contributions
are given by [32]

¢y = 29290 AL 3(1Q), (3.14)
Cy = 4NCQ§e2yQAf/S2(TQ), (3.15)
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where 79 = M2/(4m2Q) and
ATS(r) = 2r' PADS (7) = 27 VP f(7), (3.16)

with f(7) defined in eq. (3.8).

Following the same procedure as in section 3.1.2, we obtain the results shown in the
right plots of figures 5 and 6. They are qualitatively similar to the scalar case, but the
theory can be perturbative up to somewhat higher scales for given @y and mg.

Again, in figure 5 (right) we shade the region in which yé(M) is within 20% of
[ng(M)]2 of eq. (3.12). This is the region where the cut-off can be high but at the
same time our one-loop computation may be less reliable. The dashed black line is the
contour where yg (M) = ng(M).

We thus find that for a T' &~ 45 GeV singlet resonance (in both the scalar and pseu-
doscalar cases) the size of the excess suggests strongly coupled physics at a few TeV unless
there are additional new particles around or below the mass of the resonance with large
electric charge. For the narrow width case we still need to require additional charged states
but the theory can be perturbative with a smaller electric charge. The hints of strongly
coupled physics motivate us to examine in more detail a popular strongly coupled scalar
candidate, the dilaton.

3.1.4 The dilaton

We consider a generalization of the dilaton scenario of ref. [30], taking the full SM, including
the Higgs doublet, to be part of a conformal sector (see also [36]). The dilaton is the
PNGB of the spontaneously broken scale invariance. The couplings of the dilaton in the
electroweak broken phase are given by

aw_® v o (- o T

L =7 (Ophsm)” +2 | myp WTW™ + 5 Z
=S mgff + e+ DO, ), (3.17)

7 8 8w

where the first three terms arise from the operator 2®|D,, H|?/ f. Note that the dilaton also
couples to the W+ and Z field strengths, but these operators have loop-suppressed Wilson
coefficients and thus their contribution is subdominant compared to the contribution from
2®|D, H|?/f. Furthermore, there will be a mixing term with the SM Higgs, that will arise
from the potential term ®H'H and possibly also from kinetic mixing, so that finally we
obtain two mass eigenstates, S and the observed 125 GeV Higgs h, where

S = sqhsv + co @, (3.18)
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and s, = O(v/f) and ¢, = 1 up to O(v?/f?).> We thus have for the couplings to the
massive vector bosons and fermions

%ca. (3.19)

For the dilaton, the couplings 4 ~ are completely determined using the low-energy theorems

gV =€y, with € =50+

and scale invariance [30]. The dilaton coupling to gluons is

)
? Zheavy boas

;e GG (3.20)

where bf] is the contribution of the field ¢ to the QCD g function,

5 - bhgs
16m2

and the sum is over all particles heavier than the scale f. Scale invariance implies

> bh+ > =0, (3.22)

heavy light

(3.21)

so that we finally obtain
Kg=—) by=T. (3.23)
light
Similarly one obtains [30]
Ky = —11/3. (3.24)

Note that if we do not include all the SM fields in the conformal sector but keep some of
them elementary (e.g., ref. [38]), we cannot use the above arguments to fix k., 4 which then
become model dependent.

The requirement f 2> M implies

gl 21, eyl S0.7, (3.25)

where we have assumed s, ~ v/f in estimating the small contribution from mixing. For
f =~ M, the total width, dominated by decays to WYW~, ZZ, hh and tt, is ' ~ 30 GeV.
For this width, eq. (2.8) requires |cqcy| ~ 430 to explain the excess. This cannot be
obtained with the numbers in eq. (3.25). We also note that VBF production is negligible,
considering the requirement in eq. (2.10).

Thus, we need additional large contributions to the QCD and QED g functions below
the scale f,

292 AbocpM

Acy = 93%, (3.26)
2¢2 Abqep M

Ac, = e%. (3.27)

®Note that in the presence of kinetic mixing the transformation from (®, hsm) to the mass eigenstates
is not orthogonal, and thus s, and c. cannot be expressed as a sine and cosine of a mixing angle (see for
instance pp. 56-57 in ref. [37]).
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For ny additional vectorlike colour-triplet, SU(2)-singlet fermions we have

4N .n

Abgep = —5— 103, (3.28)
2

AbQCD = gnf, (329)

where @ is the electric charge of the fermion. Clearly to enhance ¢, and ¢, to the extent
that |c4c,| = 430, we need either a very large charge Q¢ or a very large number of flavors
ny of additional fermions below the TeV scale. This scenario thus appears contrived and
we do not investigate it further.

3.1.5 Production by quarks

Finally, we discuss the possibility of production of & from quarks via the dimension-five

operators in eq. (3.1). Thus we consider the Lagrangian terms®
S _ L a1 S
£5-5 (Yl HQid; + Y H Qi + hec.) + I-iygf;_?Bm,B‘uy. (3.30)

We want to find a conservative bound on the maximal energy scale up to which the EFT
in eq. (3.30) could be consistent while being completely agnostic about the UV theory. We
will consider scenarios in which S couples primarily to a single quark flavor f and set the
corresponding Yg’d = Yy, as well as Ky, to their (conservative) perturbativity bounds as

follows: )
AN U
f A 8 f A
so that A can be identified with the maximum scale up to which the theory could be
predictive.” The couplings ¢y and ¢, in eq. (2.2) can be expressed in terms of A as follows,

(3.31)

1672 v
= ———,
T YN V2
One can find an absolute lower bound on ¢y by requiring that the production cross section of

S is at least 6.9 fb in accordance with eq. (2.1). For an f f initial state with f = {u,d, s, c, b}
this gives the bounds

cy = 2567 cos? Oy (3.32)

X .

lcul 2 0.005 = A <3200 TeV,
leal = 0.007 = A < 2300 TeV,
les] 20022 = A <720 TeV, (3.33)
lec| 2 0.026 = A <610 TeV,
lcp] 2 0.040 = A <400 TeV,

SGenerating the coupling to photons via the Wi, W operator instead of B,,B"" would require a
lower cut-off.

"We can think of the following crude picture of how such a large diphoton coupling could be realised. Let
us add a vector-like fermion @ as considered in section 3.1.2, but with mass mg ~ A, charge Q¢ ~ 47/g1
and Yukawa coupling to S of yg ~ 4mw. This would generate the diphoton coupling in (3.1) with f — A
and ky of order (47)? /a1, which indeed corresponds to the 4 in (3.31). This particular scenario does not
require any exotic states below A, however generates a very large step in the hypercharge 8 function, which
leads to a UV Landau pole for g1, and hence for the entire Standard Model, at or close to the scale A.
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respectively. From eq. (2.10), the coupling to photons, for an ff initial state, needs to

satisfy
ey 2 41 = A <1100 TeV,
ley] 2 5.2 = A S 880 TeV,
ley] 2 17 = A $270 TeV, (3.34)
ley] 2 20 = A <230 TeV,

ley] 2 30 = A <150 TeV,

for f = {u,d,s,c,b} respectively, thus giving somewhat stronger bounds than eq. (3.33).
The lower bound on |c,| above can be saturated only in the narrow width case with the
additional requirement that c; is a few times higher than the corresponding bound in
eq. (3.33) so that the width is dominated by the decays to the production mode (see the
discussion below eq. (2.10)). This would require that A is a few times lower than the bound
in eq. (3.33) which roughly coincides with the values in eq. (3.34).

If we assume a 45 GeV width for the resonance, eq. (2.8) must be satisfied, i.e. we
must have

leyeu| = 2.9 = A =160 TeV,

leyeal = 3.7 = A ~ 140 TeV,

leyes) = 12 = A ~ 80 TeV, (3.35)
leyee| = 15 = A~ 70 TeV,

leyep| = 22 = A =60 TeV,

for an ff initial state with f = {u,d, s, c, b}, respectively, where to obtain the values for
the cut-off we have used eq. (3.32).

Note that, in the quark mass basis, the off-diagonal elements of the Y matrices generate
terms like ¢;;Sf;f; with i # j. Tree level FCNC constraints (see, e.g., ref. [39]) constrain
these off-diagonal ¢;; to be < O(107%) for couplings involving the first two generations
and < O(1073) for couplings involving the b quark, thus much smaller than the values
of the diagonal couplings in eq. (3.33). This scenario would thus be interesting from a
flavor model-building point of view as one must find a way to suppress the off-diagonal
couplings with respect to the diagonal ones. For instance, notice that if S is a complex
scalar, the coupling ¢;;S fi f; has an accidental flavour symmetry that forbids additional
flavor violation, i.e. & can be formally viewed as a flavon field that carries an i-j flavor
charge and thus cannot mediate AF = 2 flavor violation. In such a case, any flavor
violation induced by this coupling is proportional to powers of the ¢, coupling and/or the
SM Yukawas that do not respect this accidental symmetry. The AF = 2 flavor violation
induced by the coupling ¢;; would thus be suppressed by loop factors and/or SM Yukawas.

Let us now assume that a mechanism for alignment exists thus eliminating any tree level
FCNC. In this case flavor violation can arise only at higher loop order. If the production
is dominated either by up or down-type S couplings we can assume that only one of Y* or
Y4 is non-zero and that it is aligned to the quark mass basis. For instance let us consider
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the case where in the down mass basis, the production is dominated by a single coupling of
S, e.g. Yy = diag(yg,0,0). In such a case flavor violation has to involve the CKM matrix,
VokMm. Spurionically, the flavor violating bilinear coupling between two quark doublets
is given by V(TJKMYdT Y Vekm. This spurion needs to be squared in order to generate the
most dangerous AF = 2 contributions, in this case to D — D mixing processes. As Yy
is the coefficient of a dimension-five operator in the unbroken phase, each coupling is
accompanied with an S field and thus the term YdT Y, is generated only at one loop by
integrating out S. This holds similarly for the CKM insertions, which can only arise from
internal W lines. Consequently, the leading contribution to AF = 2 (involving quark
doublets) would be suppressed by a three-loop factor and is thus negligibly small. There
are possible two-loop contributions (mixing doublet and singlet quarks) that are, however,
suppressed by the light-quark masses and are thus even smaller. Finally, an even stronger
(and phenomenologically not necessary) protection is obtained by assuming alignment and
U(2) universality in the form of Yy = diag(yq, y4,0) or Y, = diag(yu, yu,0). In such a case
the contributions arise solely via the mixing with the third generation.

3.2 Excluding the general pure 2HDM

In this part we discuss the possibility of explaining the excess within the framework of
the general two-Higgs-doublet model (2HDM), assuming no additional states beyond the
additional doublet.

It is useful to describe the theory in the so-called Higgs basis [40], where only one of
the two doublets, which corresponds to the SM Higgs, acquires a VEV. The SM-like Higgs
doublet, H,, has a VEV equal to 246 GeV and a CP-even component with exactly SM-like
couplings, whereas the other doublet, Hj, which contains the heavy CP-even and CP-odd
states, as well as the charged states, has a vanishing VEV. The coupling

— \v(H] Hy)(HIH,) + h.c. (3.36)

causes a misalignment between the Higgs basis and the CP-even mass basis [41] that is of
order A\yv?/M?2. If \y < O(1) we are in the so-called decoupling limit and can think of the
ratio € = Ayv? /M? as our formal expansion parameter (see ref. [40] and references therein
for relevant discussions). The above interaction term leads to couplings of the heavy CP-
even scalar, H°, and the pseudoscalar, A°, to the electroweak gauge bosons, VV. At the
same time, it causes deviations from SM values in the h°V'V couplings, h° being the lighter
CP-even state. The value of Ay is thus constrained by electroweak precision measurements.
Using the expressions in ref. [42] we find the constraint

Av] <3, (3.37)

which shows that we are in fact in the decoupling limit as € < 0.3.
One interesting consequence of the fact that v?/M? < 1, is that the mass splitting
between the neutral CP-even state, H°, and the odd one, A, which is due to the coupling

A
- ;(HJHZ,F + hec., (3.38)
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is generically small,

sm = | | sl 4o Gev (3.39)
m=|mgo —myo| ~ —— ~ e .

HY AT oM
for As = 1. As dm is compatible with the width of the excess, one may contemplate

the possibility that the observed signal actually arises due to the presence of these two
neighbouring states.

We will now show that the general pure 2HDM cannot account for the observed excess.
We note that in the Higgs basis the couplings of the heavy states to the light quarks can
differ from those of the SM Higgs, as was exploited in ref. [43]; this is because H}, acquires
no VEV and thus its couplings to the SM fermions do not contribute to their masses. In
particular, the couplings of Hj to the light quarks might be as large as allowed by the
model-independent constraints in figure 2. Thus, we consider production through either
quark-antiquark or gluon fusion. In addition, as the signal might be accounted for by the
presence of either H? or A°, or both, we should consider the production and decay of each
of these. We emphasise that to be conservative we do not require the width to be equal
to 45 GeV as the excess could be explained by two narrower states separated in mass by
a few tens of GeVs, which would be consistent with the reported diphoton spectrum. We
denote by Ny and N4 the number of events from the production and decay of H? and A°,
respectively. In the CP limit we can assume no interference between these two production
modes.

Gluon-gluon production Assuming that the masses of A and HY are less than 45 GeV
apart, both states would contribute to the excess. For the total width of the resonance to
not exceed 45 GeV, eq. (2.3), it is necessary that

Y2 =) B S05, (3.40)
f

where ¢y is the coupling of H 0 and A° to the SM fermions,
— e fr(H +4iA") fr + h.c. (3.41)

and By = (1 — 4m?c/M2)1/2, with mys being the fermion mass. Taking into account the

PS
1/2>

and (3.16), with decreasing quark mass, we find that for a fixed partial width to fermions

steep decrease of the fermion loop functions A, /2 and A defined respectively in egs. (3.7)
(and thus fixed Y?), the fermionic loop contributions to ¢, and ¢, are maximized for
ct/cpr > 1, where ¢4 is the coupling to the top and ¢y are couplings to fermions other than
the top.

It is possible to bound the contributions from A° because, unlike for H?, its couplings
to the photons and gluons are only due to fermion loops. The total number of events from
pseudoscalar decays can be expressed using eq. (2.4) as

0
N4 =8.0 x 10° x BR(A? = gg) x BR(A° — v7) x 42(&1/ . (3.42)
Using the inequalities
I'(A” = gg) I'(A” = vy)
BR(A? - gg) < ——— 2=~ BR(A" — < L 3.43
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along with the condition I'(A%) < 45 GeV we then obtain

I'(AY = gg) x T'(A° — )

N4 <8.0x 10° x A0 1) (3.44)
The partial widths are given by
) 2
r(A° — gg) = g;% > erAl(y)| (3.45)
2 f 2
(A" = yy) = 2‘47% > e NQFAT(rp)| (3.46)
!

where 7; = M?/(4m7%) and Af/% is defined in eq. (3.16). Taking ¢; > ¢y, as explained

above, one can now evaluate the upper bound in eq. (3.44),
N £0.02, (3.47)

where we have used I'(A° — tf) = & +/1 — 4mZ/M?M¢c} ~ 0.11 Mc}. We thus conclude
that the pseudoscalar contributions are negligibly small in this case.
We must then attribute all 20 signal events to H? decays,
20 = Ny < 18 % 10* Gev—t x LU =99)  pogo (3.48)
' I'(HY — ff) ’ '
where we have used eq. (2.4) and I'(H® — ff) < T'(H"). Now, as above, we take ¢; > cp/
in
2

0 QEM i
[(H” — gg) = > cpAypa(Ty) (3.49)
!

12873

to maximise the ratio I'(H® — gg)/T(H® — ff), which becomes independent of ¢y . Using
[D(HY — vy) = 1.99 x 107"M|c,|? from table 1 we then obtain the requirement

lcy| > 66. (3.50)

As we will soon show, such large values of |c,| are impossible to obtain in a pure 2HDM.

Quark-antiquark production As argued above, in general the heavy states can have
sizeable couplings to the first two generations. Ignoring possible severe constraints from
flavor physics we find that the weakest bound is from production due to uz. Again we
bound the pseudoscalar contribution first. Using eq. (2.4) we have

(A% — ua) T(A° — ~7)
T'(A%)

Ny =8.1x10% GeV~! x : (3.51)

As the up-quark loop contributes negligibly to I'(A° — ~7) compared with the top-quark
loop, the above expression is proportional to c2c?/Y? assuming that all the other fermionic

~ 93 -



couplings are zero. Keeping the bound from eq. (3.40) in mind, this is maximised for
c2 = 0.25 and ¢ = 0.28. For these values the pseudoscalar contribution yields less than
one event. Thus H” must account for all 20 events. From eq. (2.10) we have the requirement

ley| > 4.1, (3.52)

Let us now discuss whether |c,| as large as that required by egs. (3.50) and (3.52) can
be obtained by loops of charged particles for the H° in the pure 2HDM. In addition to
fermionic loops, the couplings of H? to photons receive contributions from loops of W+
and H*. In the Higgs basis the two couplings that can parametrize these contributions are
Ay, defined in eq. (3.37), and

— A+ (H} Hy)(H Hy) + h.c. (3.53)

where the term proportional to Ag+ (A\y) results in a coupling of the HY to the charged
Higgs (W). We take the maximal value of Ay allowed by electroweak precision constraints,
Ay &~ 3, as already mentioned above. There is no analogous restriction on the value of
Ag+. To check whether it is possible to satisfy the requirement in eq. (3.50), or at least
the one in eq. (3.52), we have added up the loop contributions from the top quark, the W
and the charged Higgs (see, e.g., ref. [32]) allowing for maximal constructive interference.
To maximise |c,|, we take the charged-Higgs mass to be as small as M /2, which can, for
instance, be obtained with a large value of A5. For O(1) values of Ag+, the contribution
of the charged-Higgs loop is very small compared to the dominant contribution from the
top loop as it is suppressed by m%,[,/qu+ We get, for Ag+ =1, |¢y| ~ 1.8. We find that
to satisfy even the bound |c,| 2 4.1 in eq. (3.52) requires very large values of Ay, above
1672 /3. For such large values of A\g+, a naive estimate tells us that the loop contributions
are a third of the tree-level ones, so perturbativity is questionable. Such large values of
A+ and A5 are also ruled out if we require their contribution to the running of Ay, between
the scales M and myz to be smaller than the electroweak precision bound (which applies
to Ay (myz)), that is if we require Aly < 3 (see ref. [42] for the RGE). This rules out both
gluon and quark initiated production as the bounds in egs. (3.50) and (3.52) are impossible
to satisfy.

Thus, we have verified that the general 2HDM, without any additional states, cannot
account for the observed anomaly.

3.3 The fate of the MSSM

We now turn to the Minimal Supersymmetric Standard Model (MSSM). As in the 2HDM,
which in its type-II form is contained in the MSSM as a subsector, the only candidate
particles for the resonance in the MSSM are H? and A°.® The most plausible production

8We consider the R-parity-conserving MSSM, otherwise in principle one could consider sneutrino candi-
dates, which can be similarly constrained. A resonant -~ signal can also arise within the MSSM from the
annihilation of a squark-antisquark near-threshold QCD bound state, most famously the stoponium [44].
However, based on expressions from [45], the stoponium has |cy| ~ /(22175 /3%)a2a? =~ 0.4, while eq. (2.10)
requires |cy| 2 2.7 even for the most favorable (but also a quite generic for stoponium) scenario where
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mechanism is gluon fusion, due to the smallness of the H; doublet’s Yukawa couplings to
light quarks and the fact that we are deep in the decoupling regime, Mo > my.

As we have seen above, the 2HDM fails by a large margin to accommodate the data.
However, in the MSSM there are extra contributions to the H%gg couplings from sfermions
and to the H%yy couplings from sfermions and charginos, in addition to those already
present in the 2HDM. The A%jg and A%yy vertices receive no sfermion contributions at
one loop as a consequence of CP symmetry, though they do receive contributions from
charginos.” Considering first H° as a candidate, dimensional analysis gives, for the contri-
bution of the two stops, for Mgysy = 1 TeV,

M
cg ~ 2% X ;’42 05 (3.54)
SUSY
and
M
¢y ~ 2N,€% % ;\)42 0.1, (3.55)
SUSY

Even allowing for similar contributions from other sparticles, this suggests that, generically,
lcgcy| < 1, which is nearly three orders of magnitude below what is required according to
eq. (2.8). However, we must also contemplate that the true resonance width could be
smaller than the “nominal” 45 GeV. The decay width of HY is dominated by tree-level
decays into top and bottom quarks, and is essentially determined in the MSSM as a function
of tan 3, with a minimum of about 2 GeV at tan § ~ 6. Hence, eq. (2.8) can be recast as

|eyeyl

v/T'(tan 3)/(45 GeV)

The question is how large the left-hand side may be. First, a small numerator could be

= py ~ 530. (3.56)
g

partly compensated for by a factor of up to five due to the denominator. Second, an MSSM
spectrum could also be quite non-degenerate, with hierarchies like m; < Mpo, p < my,;
this is in fact favoured by the observed Higgs mass. In particular, large 1 and/or A-terms
and a light stop can lead to a parametric enhancement ~ {u, A;}/m;z relative to the naive
estimates above. Third, there could also be important contributions from sbottoms and
staus, as well as charginos, which brings in a large subset of the MSSM parameters. A
conclusion about the fate of the MSSM requires a quantitative treatment, but a brute-force
parameter scan is not really feasible and in any case beyond the scope of this work. Instead,
the purpose of the rest of this section is to obtain simple yet conservative bounds on all
one-loop contributions over the entire MSSM parameter space.

the width is dominated by decays to the production mode, T'y, ~ (16/81)a2a?M =~ 0.0033 CeV. One
might also consider the gluinonium, whose binding is much stronger, though annihilation to ~+v is loop-
suppressed [45, 46]. However, pair production of M /2 a 375 GeV gluinos would have been almost certainly
noticed by now.

9As in the rest of this work, we assume C'P conservation. Without this assumption, the gluonic and
photonic couplings of some superposition of the two heavier mass eigenstates Hz and Hs will receive
sparticle loop contributions, so apart from a division of the diphoton signal between H2 and Hj3 resonant
contributions, we do not expect qualitative changes to our conclusions.
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First, we will impose 1 < tan 8 < 50. The reason is that in the decoupling limit the
HOt and Hb couplings are v/2m;/(vtan 3) and v/2my/ (v cot 3), respectively,'? which,
outside the stated tan 8 range, implies a decay width that significantly exceeds the width
allowed by observations, cf. section 2.1. (Independently, such large couplings would lead
to a Landau pole in y; or y,, and/or strong coupling at low scales. Our lower limit on
tan 8 also has very strong support from the observed Higgs mass of 125 GeV, which we
will not separately impose.) The key assumption will be the absence of charge- and colour-
breaking minima of the scalar potential. This could in principle be relaxed to only require
metastability over cosmological timescales; we leave this aside for future work. As we will
see, this assumption is sufficient to exclude the MSSM if the resonance interpretation is
confirmed.

3.3.1 Constraints from vacuum stability

An essential role in our argument is played by the upper bounds on the y parameter and the
soft trilinear terms that follow from requiring the absence of charge- and colour-breaking
minima of the MSSM scalar potential. The derivation of these bounds is well known [47—
54] and involves suitable directions of the MSSM scalar field space. We employ five such
directions

T, =Tk = HY

%)

B, =Br=HY T,=Tr=HY B,=Br=H 7T,=Tgp=H

(3.57)
(with all other scalar fields held at zero), of which the first two are D-flat. The five bounds
derived from these directions can be formulated in terms of the stop, sbottom and stau
masses, as:

M2 m2
2 (1+ ca5) — 72(1 —cap)(1+c25)?, (3.58)

|4 < V3 m% +m? —2m? +
1 t2

M2 m2
4y < VB [m2 +m? —2mf + =L (1 - eap) = —F (1~ ca5)2(1+c2p) , (3.59)

2 2
m?
|| < l—l—fsm I6]

M2 m2 9 3
—2mf + ? (1—e2p) = =5~ (1 + 28 — 5 +025) ;
(3.60)
tan 2
mp|pf tan 5 < mt\/ Rzﬁ mZ sin” 3
M? m2
\/mi +mp = 2mp o+ QHO (1+cp) = =7 (1—02/3—C§B_C§6> )
(3.61)

0For this subsection, we use a convention v ~ 174 GeV.
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tan? m2
el tan 8 < myy | PEL L 2 G2 g
Rz m?

M? m2
X \/m%%—m% —2m2 + 2H° (1+02ﬂ)—72 (1—025—%5—0%5) ,
(3.62)

where R = my/my ~ 50, Rr = my/m, ~ 100, and cog = cos(26). Eq. (3.59) also has an
analogue for A,, obtained by substituting b — 7.

In these expressions we have kept the exact dependence on [, but neglected small
terms of order m% /M}‘;,O (i.e. we have taken the decoupling limit). Also, we have employed
tree-level mass relations; this can easily be undone (for example, mp|u|tan 5 — yp|p| on the
left-hand side of eq. (3.61), and m; \/tan2 B/R% 4+ m%/m?sin® B — yt\/yg + (9> +¢"?)/2 on
its right-hand side).

We can combine the bounds into bounding functions ®;, ®;, and ®, of the sfermion

masses and (3 only. Firstly,

M?2 2
0, mZ +mZ —2mi + —H (1 + eap) — 5 (1~ cap) (1 + e29)” <0,
\/m + m th (1 —cop) — & (1 + cop — 625 + 026) otherwise.
(3.63)

If the condition for ®; = 0 is satisfied, there is no way to satisfy the A; constraint; setting
the bounding function to zero in this case will serve to effectively discard those unphysical
points below. Otherwise, ®; simultaneously bounds both |A4;| and |u|. A similar function
that simultaneously bounds |A4| and 72|u|tan B is provided by

2

M
q)g,:\/ﬁ\/ §1+m§2—2m§+ H

; 21— eap), (3.64)

and an identical function @, follows from this by substituting b — 7.

3.3.2 Conservative bounds on sfermion contributions

In the notation of ref. [55], the sfermion contributions to ¢, are given by

) gMHO g2 |ar®
Z Asusy. 7| (3.65)

If the contribution of a sfermion to ¢, is known, the corresponding contribution to ¢y is

given by
A = 2(e2 /@2 )ND Q2. (3.66)
Explicitly,
S
HO _ fifi f
Ausy 7 =4 Z M? ) (3.67)



where 77 = MI%,O/(KLm?;) and

arcsin?(y/7) 1 <,
h(r) =7Al" (1) = Lo (e ? . - (3.68)
4T 1_ /17% :

Consider first the stops. In the decoupling limit, their couplings to H° are

in(26;
gglt?_ = —cot fm} + x;sin(28)m% + my sin(26;)

(1 + A¢ cot ), (3.69)

where 0; is the stop mixing angle, and the coefficients x; depend on 6; and 3 and are
always less than one in magnitude. Using that h — 0 for 7 — 0,00 and |h| < h(1) ~ 1.47,

one easily shows that the first two terms lead to maximal contributions to A?{?SY 7 that

are bounded (in magnitude) by 2.74 cot f and 0.03, respectively. (Similar terms for the
sbottom and stau cases will be negligible.) The third term in the coupling leads to

AH° sin(26;) 4 my (A cot B+ p)
SUSY,f — 9 M121 .

x (h(11) — h(72)). (3.70)

Employing now the bounding function ®; from the previous subsection, it is not difficult
to show that

sin (267
i S0028)

. 1 (I)% Mzo
(At cot B+ p)| < mymin §<I>t(1+cotﬁ),mtm2 = B(11,72; Mpo).
t2 1

2
ms 4

(3.71)

The first argument of the min function follows from |sin| < 1, the second makes use of the
explicit formula for the stop mixing angle. We then have

Ay 1 < B(ri,m) |h(m1) — h(m)|. (3.72)

The right-hand side is bounded and the physical parameter space is the compact region
0 < 7 < 7/, where 7% = M2,/ (4m?in) depends on the experimental lower bound on
the lighter stop mass. Straightforward numerical techniques establish that

0
| Ay 7 < 337, (3.73)

where the maximum is obtained at tan 5 = 1, when one stop is at threshold (m = My /2)
and the other is relatively light. Below, we numerically obtain and use the bounds as a
function of tan 5. (We allow stop masses as light as 100 GeV in the scan, to escape any
doubts related to for instance compressed spectra where light stops might have escaped
detection at the LHC). The extremal point is generally ruled out by the observed Higgs
mass mp = 125 GeV, and very unlikely to be consistent with LHC searches, but we are
being conservative.
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Analogous steps lead to bounds on the sbottom and stau contributions. In this case,
terms proportional to mgT and mQZ in the Higgs-sfermion couplings lead to completely
negligible effects. For the remainder, we require a bound

in(20; 1 t
mbM(M—Abtanﬂ) < mymin [ =Py [cot 8 + an 3 ,
2 2 R
CI)% tan 3 1
M [cotBJr R ][1+R}>
ba b1
M2
= THOBE(TLTQ;MHO) ) (3.74)

The resulting bound is most effective in the intermediate tan 8 region, counteracting the
small denominator of eq. (3.56) in that region. The bound on the stau contribution, as
a function of tan 8 and the slepton masses, is identical to the sbottom one, except for
a missing colour factor (overcompensated in the photonic coupling by a ninefold larger
squared electric charge).

3.3.3 Contributions from other particles and verdict

The contributions from top, bottom, W, and charged-Higgs loops have already been dis-
cussed in the 2HDM section. In the decoupling limit, where Mg+ ~ Mpgo, they are es-
sentially functions of tan 8 only and easily incorporated. Regarding charginos, their effect
is equivalent to the contribution of two vectorlike, colourless particles; such contributions
have also been discussed above. We only need to bound the fermion loop function by its
global maximum and make no use of the relation of the chargino and Higgs mixing angles
to MSSM parameters in order to obtain the bound |c>7<+\ < 0.45 (for any tan ). Assuming
now the extreme scenario where all contributions to ¢, and ¢, simultaneously saturate
their bounds and are in phase with one another, we obtain a (very) conservative upper
bound on the left-hand side of eq. (3.56). This is displayed in figure 7. We observe that
this bound still misses the data by more than a factor of two, even at the point of closest
approach at tan 3 ~ 5. It is fairly clear that the bound could be made stronger by, for
example, employing more properties of the function h or formulating a higher-dimensional
extremization problem (closer to a full scan of the MSSM parameter space). It is also
clear that the pseudoscalar A° fares worse than H? as a resonance candidate: the chargino
contribution to its coupling to photons is similarly constrained as in the H case, while
sfermion contributions to both the photonic and gluonic couplings are absent, giving a
much tighter bound on the left-hand side of eq. (3.56) in this case.

3.3.4 Production from quarks?

So far we only considered the production from gluons. A similar leading-order analysis
for quark-antiquark initial states again leads to a negative conclusion. The bounds just
established translate to an upper bound |c,| < 5.3, attained (for tan > 1) at tan 3 =
1. This can be combined with the model-independent analysis of section 2. First, the
constraint in eq. (2.10) rules out initial states other than ui or dd. Eq. (2.18) then implies
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Bound on |¢,-¢c,|/VI'/45GeV , compared to LHC13 signal
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Figure 7. Comparison of the upper bound on the left-hand side of eq. (3.56) to the signal suggested
by the diphoton excesses, as a function of tan 5. The red horizontal line corresponds to the signal,
and the blue dots represent our conservative upper bound.

(T'/(45GeV))/* < 0.5, which together with eq. (2.17) implies |¢,| < 0.15 for u@ initial state
(Jeg| < 0.18 for dd initial state). (The couplings ¢, and ¢y denote the Yukawa couplings
of the scalar mass eigenstate H', as defined in section 2. For finite tan 3 this state is a
superposition of the neutral components of H, and Hy, and yet another superposition of
the doublets in the “Higgs basis” of the preceding subsections.) At the same time, the
signal constraint together with the expression for the width-to-mass ratio (egs. (2.8) and
(2.3), respectively) imply

2.9(3.7)
[
Using the tree-level relations |¢;| = % cot B3, |ep| = % tan 3, we find this to be in conflict
with the upper bound unless 3 < tanf < 15 for wu initial state (4 < tanf < 14 for dd
initial state), in which case |¢,| > 0.10 (or |c¢g| > 0.13). Employing again the tree-level
relations, these tan  ranges correspond to an up-quark mass above 100 GeV (down-quark

750 GeV

2 2 2
‘Cf| > \/(nA/'Y’C'Y| +nt|ct‘ +nb’cb| ) 45 Gev N (375)

mass above a few GeV), both in gross contradiction with observation.

However, higher-order corrections in the MSSM could potentially affect our conclu-
sions. Although it is hard to see how they could give O(1) or larger corrections to the
H%g or H%y~ vertices, loop corrections can contribute O(1) fractions of the down-type
quark masses, through an induced coupling to the doublet H,.'! In this case, ¢ entering
eq. (3.75) is no longer determined by my and tan 8, and so for tan f — oo one would have
only a very weak bound |¢,| > 0.005 (|c4| > 0.007) due to the partial width into diphotons.
While a complete investigation goes beyond the methodology and scope of this paper, we
can put some relevant restrictions on such a scenario.

1We thank Martin Gorbahn for stressing this to us.
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The fact that 77 resonance searches do not show an excess results in an upper bound
on the tree-level 7 mass, giving

tree < 74

m
T tan 3

GeV. (3.76)

This follows directly from the upper bound on the ratio BR;;/BRyy = (nr/ny)(|cr[?/|ey|?)
(cf. eq. (2.16) and table 3), using |c,| > 5.3, giving |c-| < 0.026. (This might be relaxed to
about 0.03 for a mix of gg and ¢g production.) This implies that either tan 8 < 10 or the
dominant fraction of the 7 mass would have to come from one-loop contributions.

Such one-loop contributions have been considered in the literature (see, e.g., ref. [56])
and are due to neutralino-stau and chargino-sneutrino loops, with the latter suppressed
by the small |y,| = v/2|c,|/sin 8 < 0.06. Discarding them, the remaining neutralino-stau
contributions are proportional to the left-hand side of eq. (3.62) times a combination of
coupling constants, times a loop function.'? For tan/3 > 8.3, the Myo and my depen-
dence of the stability bound of eq. (3.62) can be conservatively dropped. The one-loop
contribution of a given neutralino to the 7 mass is then bounded by the dimensionless

2 2 2 2 2
mz, +mz, my 1(mz,mz,, my,)

(with I defined in [56]), which is globally bounded in magnitude by one, times a factor

combination

independent of sparticle masses. Summing the latter over neutralinos and maximizing
over mixing angles, we find that Am'°P < 0.2 GeV for tan 8 > 8.3. Therefore, if such a
scenario can work at all, it necessarily implies small tan 5. We leave a detailed investigation

for future work.

3.3.5 Cautionary note

We stress that our conclusions here are specific to the MSSM, and attest to the high predic-
tivity of the model. If the MSSM cannot survive in regions of metastability (where charge
and colour-breaking minima exist but are not tunneled to over cosmological timescales), or
be saved by higher-order corrections, more complicated supersymmetric models may still
accommodate the excess, although the techniques described here may be useful in scruti-
nizing them. Another logical possibility of saving the MSSM would be production through
the decay of heavier particles (say, stops, which could themselves be produced from gluino
and squark decays). As mentioned in the beginning, the experimental data do not seem to
support such a mechanism.

4 Summary and Outlook

This work deals with the core phenomenology of the diphoton excess observed by the LHC
experiments ATLAS and CMS around 750 GeV diphoton invariant mass. We have consid-
ered both the case where the data are interpreted by a narrow and a broad resonance. We

121f nonholomorphic soft terms are allowed, the left-hand side of eq. (3.62) is modified but remains
proportional to the relevant 77HC coupling, such that the coupling remains bounded by the right-hand
side.
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obtained model-independent constraints on the allowed couplings and branching fractions
to various final states, including the interplay with other existing bounds. Our findings
suggest that the anomaly cannot be accounted for by the presence of a single additional
singlet or doublet spin-zero field and the Standard Model degrees of freedom; this includes
all two-Higgs-doublet models. We also found that, at least in a leading-order analysis,
the whole parameter space of the MSSM fails at explaining the excess if one requires the
absence of charge and colour breaking minima. If we assume that the resonance is broad,
we find that it is challenging to find a weakly coupled explanation. However, we provide
an existence proof in the form of a model with vectorlike quarks with large electric charge.
For the narrow resonance case, a similar model can be perturbative up to high scales also
with smaller charges. We have also considered dilaton models where the full SM including
the Higgs doublet is a part of the conformal sector. We find that these models cannot
explain the size of the excess unless we add new fields below the TeV scale to give large
extra contributions to the QED and QCD beta functions. As already mentioned, in all the
scenarios studied by us we find that new particles below the TeV scale need to be present
in addition to the resonance. They must have couplings to the scalar itself, to photons,
maybe to gluons, and possibly also carry flavor information. Further study of their LHC
phenomenology would be interesting to follow. Finally, models in which the new resonance
has significant couplings to the light quarks motivate thinking about the linkage between
flavor physics and the physics related to the resonance.

Note: Other early-response studies of the various possible implications of the excess,
that appeared approximately simultaneously with ours, are refs. [57-73]. Also, after the
submission, an earlier study of diphoton resonances [74] was pointed out to us.
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