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In the relatively recent CMS data, there is a hint on the existence of a resonance with the mass 28 GeV
decaying to a μþμ− pair and produced in association with a b quark jet and a second jet. Such a resonance
should also couple to photons through the fermion loop, therefore, it can be searched for in ultraperipheral
collisions (UPC) of protons. We set an upper bound on the Xγγ coupling constant from the data on μþμ−

pair production in UPC at the LHC. Our approach can be used for similar resonances should they appear in
the future.
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I. INTRODUCTION

LHC designed as a proton-proton collider can also be
considered as a photon-photon collider in which photons
are produced in ultraperipheral collisions of protons. The
interest in studying γγ collisions is twofold: first, QED
processes like γγ → lþl− [1–3], γγ → WþW− [4–7], γγ →
γγ [8–10] are investigated at very high energies never
before accessible at particle accelerators, and second,
production of new exotic particles can be looked for.
The case of long-lived heavy charged particles was con-
sidered in [11]. Dark matter particles are discussed in
[12–14]. In the paper [15], the production of exclusive
γγ → μþμ− events in proton-proton collisions at a center-
of-mass energy of 13 TeV with the ATLAS detector was
analyzed. The measurement was performed in the dimuon
invariant mass interval 12 GeV < mμþμ− < 70 GeV. If a
resonance with the mass in this interval does exist and
can decay to a μþμ− pair, we can obtain an upper bound
on its coupling with two photons from the data pro-
vided in [15]. A hint of such a resonance X with
the mass ð28.3� 0.4Þ GeV was reported by the CMS
Collaboration [16], and in what follows, we will obtain
bounds on its coupling to two photons. However, being

universal, our approach can be used for another resonance
if it exists.1

As it was noticed in [17], X can be responsible for the
deviation of the measured value of the muon anomalous
magnetic moment aμ from its theoretical value. Introducing
the coupling Y of the scalar X to muons according to

ΔL ¼ Yμ̄μX; ð1Þ

it was obtained in [17] that for Y ¼ 0.041� 0.006 one loop
contribution δaXμ ¼ð29�8Þ×10−10 explains the deviation
of the measured value of aμ from the Standard Model
result. It was also shown that such couplings are consistent
with other experimental bounds.
With this value of Y, we get

ΓX→μþμ− ¼
Y2

8π
MX

�
1−

4m2
μ

M2
X

�
3=2

¼ð1.8�0.5ÞMeV; ð2Þ

while according to [16], the width of the peak is

Γexp
X ¼ ð1.8� 0.8Þ GeV; ð3Þ

which is close to the detector mass resolution for
a dimuon system σ ¼ 0.45 GeV. That is why we will also
consider the case of ΓX approximately equal to ΓX→μþμ−

given in (2).
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1In particular, the X production mechanism in inclusive pp
collisions is not straightforward and requires introduction of other
new particles [17]. This is not relevant for the X production in γγ
collision.
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II. THE FIDUCIAL CROSS SECTION OF THE
ppðγγÞ → ppμ+ μ− REACTION

We are interested in the contribution of the X resonance
to this cross section. In [15], the cross section of μþμ−
production was measured in four intervals of the muon pair
invariant mass on which the entire interval 12 GeV <
mμþμ− < 70 GeV was divided. We are interested in the
interval 22 GeV < mμþμ− < 30 GeV, for which, according
to Table 3 of [15],

dσexp

dmμþμ−
¼ ð0.076� 0.005Þ pb

GeV
;

hence σexp ¼ ð0.61� 0.04Þ pb: ð4Þ
This cross section measurement corresponds to the

fiducial region pμ
T > p̂T ¼ 6 GeV and jηj < η̂ ¼ 2.4,

where pμ
T is the component of the muon momentum

transversal to the proton beam and η is the muon pseudor-
apidity: η ¼ − ln tanðθ=2Þ, where θ is the angle between
the muon momentum and the beam. The ATLAS muon
spectrometer is measuring muon momentum up to
jηj ¼ 2.7, but the trigger chambers cover the range
jηj < 2.4 that corresponds to the pseudorapidity cutoff
given above.
According to the equivalent photons approximation the

cross section of μþμ− pair production in ultraperipheral
collisions is given by

σðppðγγÞ → ppμþμ−Þ

¼
Z

∞

0

dω1

Z
∞

0

dω2σðγγ → μþμ−Þnðω1Þnðω2Þ; ð5Þ

where nðωÞ is the equivalent photons spectrum. In the
leading logarithmic approximation (LL),

nðωÞ ≈ nLLðωÞ ¼
2α

πω
ln
q̂γ
ω
; ð6Þ

where α is the fine structure constant, γ ¼ 6.93 × 103 is the
Lorentz factor of the proton with the energy 6.5 TeV, and q̂
is the maximal photon momentum at which the proton does
not disintegrate. In this approximation, the integrals in
Eq. (5) are divergent, and the integration domain is cut off
explicitly with q̂γ,

σLLðppðγγÞ→ ppμþμ−Þ

¼
Z

q̂γ

m2
μ=q̂γ

dω1

Z
q̂γ

m2
μ=ω1

dω2σðγγ → μþμ−ÞnLLðω1ÞnLLðω2Þ:

ð7Þ
The value of q̂ is determined by the proton form factor and
numerically q̂ ≈ 0.20 GeV [18].
It is convenient to substitute the integration over photon

energies by integration over s ¼ 4ω1ω2 and x ¼ ω1=ω2.

Then Eq. (5) changes to

σðppðγγÞ → ppμþμ−Þ

¼
Z

∞

ð2mμÞ2
σðγγ → μþμ−Þds

Z
∞

0

dx
8x

n

� ffiffiffiffiffi
sx
4

r �
n

� ffiffiffiffiffi
s
4x

r �
:

ð8Þ

To take the experimental cuts into account, we substitute
σðγγ → μþμ−Þ by the differential over pT cross section,

σðppðγγÞ → ppμþμ−Þ

¼
Z

∞

ð2mμÞ2
ds

Z ffiffi
s

p
=2

0

dσðγγ → μþμ−Þ
dpT

dpT

×
Z

∞

0

dx
8x

n

� ffiffiffiffiffi
sx
4

r �
n

� ffiffiffiffiffi
s
4x

r �
: ð9Þ

It is then straightforward to implement cuts over s and pT
by changing the integration limits to ŝmin < s < ŝmax and
p̂T < pT <

ffiffiffi
s

p
=2 [assuming ŝmin ≥ ð2p̂TÞ2 ≫ ð2mμÞ2]. To

implement the cutoff over pseudorapidity, one should
integrate over x in the interval [18],

1

x̂
< x < x̂; where x̂ ¼ expð2η̂Þ 1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2

T=s
p

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2

T=s
p : ð10Þ

Let us note that in the leading logarithmic approximation
from the condition ω≲ q̂γ, it follows that x should be
always smaller than ð2q̂γ= ffiffiffi

s
p Þ2. For numerical values of η̂,

p̂T , and ŝ ¼ fŝmin; ŝmaxg we are interested in, and for x
from the interval (10), this demand is satisfied.
Thus, for the fiducial cross section we obtain

σŝ;p̂T ;η̂
fid ¼

Z
ŝmax

ŝmin

ds
Z ffiffi

s
p

=2

p̂T

dσðγγ → μþμ−Þ
dpT

dpT

×
Z

x̂

1=x̂

dx
8x

n

� ffiffiffiffiffi
sx
4

r �
n

� ffiffiffiffiffi
s
4x

r �
; ð11Þ

where x̂ is defined in (10). In the leading logarithmic
approximation, the fiducial cross section is

σŝ;p̂T ;η̂
fid;LL ¼ α2

π2

Z
ŝmax

ŝmin

ln2
ð2q̂γÞ2

s
ds
s

Z ffiffi
s

p
=2

p̂T

dσðγγ → μþμ−Þ
dpT

×

�
1 −

1

3

�
ln x̂

ln ð2q̂γÞ2
s

�
2
�
ln x̂ dpT: ð12Þ

Let us begin with the calculation of the Standard Model
contribution to the cross section of μþμ− pair production,
given by the diagrams shown in Figs. 1(a) and 1(b).
The expression for the differential cross section is

[[19], Chap. 88]
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dσðγγ → μþμ−Þ ¼ 2πα2

s2

�
sþ t
t

þ t
sþ t

�
dt

¼ 8πα2

spT

1 − 2p2
T=sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4p2
T=s

p dpT: ð13Þ

Substituting it in (12) and integrating over pT, we get

σŝ;p̂T ;η̂
fid;LL ≈

8α4

π

Z
ŝmax

ŝmin

ln2
ð2q̂γÞ2

s
ds
s2

×

�
η̂

�
ln

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4p̂2

T=s
p

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p̂2

T=s
p �

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4p̂2
T

s

r �

−
1

4
ln2

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4p̂2

T=s
p

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p̂2

T=s
p �

þ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4p̂2
T

s

r
ln
�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4p̂2

T=s
p

1 −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p̂2

T=s
p ��

¼ 0.73 pb; ð14Þ

where we neglected the small second term in the square
brackets in (12) in order to perform integration analytically.
Taking into account the omitted term and integrating
numerically in (12), instead of 0.73 pb, we obtain 0.68 pb.
More accurate calculation depends on the internal

structure of proton and the probability for the protons to
survive the collision. For the latter, we will use the
expression suggested in Ref. [20],

PðbÞ ¼
	
1 − e−

b2
2B



2
; ð15Þ

where b is the impact parameter of the collision, and B was
measured to be 19.7 GeV−2 in the case of pp collisions
with the energy 7 TeV [21]. To utilize this function, we
introduce the equivalent photon spectrum at the distance b
from the source particle nðb;ωÞ, such that

nðωÞ ¼
Z

nðb;ωÞd2b: ð16Þ

Then the leading logarithmic spectrum [[22],
Chap. 15.5],

nLLðb;ωÞ ¼
αω

π2γ2
K1

�
bω
γ

�
; ð17Þ

where K1 is the modified Bessel function of the second
kind (the Macdonald function).
In the framework of the parton model and following

Ref. [23], Eq. (5) is replaced with

σðppðγγÞ → ppμþμ−Þ

¼
Z

∞

0

dω1

Z
∞

0

dω2σðγγ → μþμ−Þ

×
Z

d2b1

Z
d2b2nðb1;ω1Þnðb2;ω2ÞPðjb1 − b2jÞ:

ð18Þ

This change is then propagated into Eq. (11),

σŝ;p̂T ;η̂
fid ¼

Z
ŝmax

ŝmin

ds
Z ffiffi

s
p

=2

p̂T

dpT
dσðγγ → μþμ−Þ

dpT

×
Z

x̂

1=x̂

dx
8x

Z
b1>0

d2b1

Z
b2>0

d2b2n

�
b1;

ffiffiffiffiffi
sx
4

r �

× n

�
b2;

ffiffiffiffiffi
s
4x

r �
Pðjb1 − b2jÞ: ð19Þ

The internal structure of proton is characterized by the
Dirac form factor [24],

F1ðQ2Þ ¼ GDðQ2Þ
�
1þ ðμp − 1Þτ

1þ τ

�
;

GDðQ2Þ ¼ 1

ð1þ Q2

Λ2Þ2
; ð20Þ

where Q2 ¼ −q2, q is the photon four momentum,
τ ¼ Q2=4m2

p, mp is the proton mass, and μp ¼
2.7928473508ð85Þ is the proton magnetic moment [25],
GDðQ2Þ is the dipole form factor with Λ being strictly
fixed by the proton charge radius: Λ2 ¼ 12=r2p, rp ¼
0.8751ð61Þ fm [25].
The form factor enters Eqs. (5), (19) through the

equivalent photon spectrum [18],

(a) (b) (c)

FIG. 1. Diagrams which contribute to the production of muon pair in ultraperipheral pp collisions.
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nðωÞ ¼ α

π2ω

Z
q⃗2⊥F2

1ðq⃗2⊥ þ ω2=γ2Þ
ðq⃗2⊥ þ ω2=γ2Þ2 d2q⊥; ð21Þ

nðb;ωÞ ¼ α

π2ω

�Z
dq⊥q2⊥

F1ðq2⊥ þ ω2=γ2Þ
q2⊥ þ ω2=γ2

J1ðbq⊥Þ
�
2

;

ð22Þ

where q⃗⊥ is the photon transversal momentum, J1 is the
Bessel function of the first kind.
The so-called survival factor S2γγ [18,20,26] is defined

as the ratio of the integrands in Eqs. (5), (18),2

S2γγ ¼
R
b1>0

R
b2>0

nðb1;ω1Þnðb2;ω2ÞPðjb1−b2jÞd2b1d2b2
nðω1Þnðω2Þ

;

ð23Þ

however, in this paper, it is not calculated explicitly;
Eq. (19) is used instead.
Calculations for each interval of muon pair invariant

mass for Eq. (12), Eq. (11) with the spectrum (21), and
Eq. (19) with the spectrum (22) are presented in the Table I.
One can see that accounting for inelastic pp scattering
reduces the theoretical result by 5% approximately.
The amplitude of the μþμ− pair production through

intermediate X boson in γγ collisions [see Fig. 1(c)] is given
by the following expression:

A ¼ κF1
μνF2

μν
1

s −M2
X þ iΓXMX

μ̄μY; ð24Þ

where κ is the Xγγ coupling constant so that ΓX→γγ ¼
ðκ2M3

XÞ=ð16πÞ. For the cross section of the γγ → X →
μþμ− reaction, we obtain

jAj2 ¼ κ2Y2M6
X

1

ðs −M2
XÞ2 þ Γ2

XM
2
X
; ð25Þ

σγγ→X→μþμ− ¼ 2π

M2
X

ΓX→γγΓX→μþμ−

ð ffiffiffi
s

p
−MXÞ2 þ Γ2

X=4
; ð26Þ

where the factor 2 takes into account identity of photons.
In the limit mμ → 0 chiralities of the muons produced

through the diagrams in Figs. 1(a), 1(b) are not the same as
in Fig. 1(c). Consequently, these diagrams do not interfere
in this limit. Even with nonzero mμ the interference is zero
at s ¼ M2

X because then the phase between the sum
of the diagrams in Figs. 1(a), 1(b), and the diagram in
Fig. 1(c) is π=2. For other values of s, the interference is
suppressed relatively to X contribution by the factor

αΓXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΓX→μþμ−ΓX→γγ

p mμ

MX
ð1 − M2

X
s Þ, which is less than 10−2 for the

largest allowed values of ΓX→γγ in both cases of the narrow
or the wide resonance (ΓX ¼ 1.8 MeV or 1.8 GeV,
respectively).
In order to impose the cut on the transverse momentum

of muons with the help of expression (11) the following
differential cross section is used:

dσ ¼ jAj2
32πs

dð4p2
T=sÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4p2
T=s

p : ð27Þ

Substituting (27) and (25) in (12) and performing
integration over pT, we obtain

TABLE I. The measured cross section for each interval of muon pair invariant mass and the corresponding
theoretical calculations with different approximations: Eq. (12) is the calculation with the equivalent photon
spectrum taken in the leading logarithmic approximation; Eqs. (11), (21) is the calculation taking into account the
proton electromagnetic form factor; Eqs. (19), (22) also accounts for the probability of strong interactions at small
impact parameters. ”Survival ratio” is the ratio of the preceding two columns. Note that for the interval 30–70 GeV
the cutoff p̂T ¼ 10 GeV as it is in [15].

mμþμ− ;GeV σexp; pb [15]
Leading logarithmic

approximation, Eq. (12)
With the form factor,

Eqs. (11), (21)
Also with the survival
factor, Eqs. (19), (22)

Survival
ratio

12–17 1.22� 0.07 1.25 1.28 1.24 0.970
17–22 0.82� 0.05 0.87 0.896 0.866 0.967
22–30 0.61� 0.04 0.68 0.703 0.677 0.963
30–70 0.52� 0.04 0.49 0.506 0.483 0.953

2Survival factor can be also defined in a more elaborate way:
on the amplitude level. See [27–33] for details. Let us also note
that definition of S2γγ in Ref. [34] [Eq. (7)] is different: Ref. [34]
requires that the new system is produced outside of the colliding
particles, while Ref. [18] imposes no such restriction. The latter is
more accurate when the new particles do not interact strongly, so
we use the Ref. [18] definition of S2γγ here. In paper [33], it was
specifically stressed that impact parameter cut like in Ref. [34] is
unphysical.
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σŝ;p̂T ;η̂
fid;LLðXÞ

¼ 8α2ΓX→γγΓX→μþμ−

πM2
X

Z
ŝmax

ŝmin

ds
ðs−M2

XÞ2þΓ2
XM

2
X
ln2

ð2q̂γÞ2
s

×

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4p̂2
T

s

r �
2η̂þ ln

�
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4p̂2

T=s
p

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4p̂2

T=s
p ��

− ln
4p̂2

T

s

�
:

ð28Þ
In the case of a narrow resonance ΓX ≈ ΓX→μþμ− ¼

ð1.8� 0.5Þ MeV, the integration can be performed ana-
lytically, and we obtain

σŝ;p̂T ;η̂
fid;LLðXÞ

¼8α2ΓX→γγΓX→μþμ−

ΓXM3
X

ln2
ð2q̂γÞ2
M2

X

×

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4p̂2
T

M2
X

s �
2η̂þ ln

�
1−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4p̂2

T=M
2
X

p
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4p̂2

T=M
2
X

p ��
− ln

4p̂2
T

M2
X

�

≈6.1×104
ΓX→μþμ−

MX

ΓX→γγ

ΓX
pb: ð29Þ

However, if ΓX ¼ ð1.8� 0.8Þ GeV, then the width of the
resonance almost equals

ffiffiffiffiffiffiffiffiffi
ŝmax

p
−MX ¼ 2 GeV, so the

integration should be done numerically, and we obtain

σŝ;p̂T ;η̂
fid;LLðXÞ ≈ 49

ΓX→γγ

MX
pb: ð30Þ

III. NUMERICAL ESTIMATES

From the third line of the second and the fifth columns of
the Table I, we see that the contribution of the resonance X
into the fiducial cross section of muon pair production is
bounded in the following way3:

σfidðXÞ≲ 0.10 pb at 99.5% confidence level: ð31Þ

Comparing this number with the expression (29), we get
that if ΓX ≈ ΓX→μþμ− then the upper bound on ΓX→γγ is

BrðX → γγÞ < 2.6 × 10−2;

ΓX→γγ < 46 keV ≈ 1.6 × 10−6 MX at 99.5%

confidence level ðΓX ¼ 1.8 MeVÞ: ð32Þ

If the width of X is given by (3) then the bound extracted
from Eq. (30) is

BrðX → γγÞ < 3.2 × 10−2;

ΓX→γγ < 58 MeV ≈ 2 × 10−3MX at 99.5%

confidence level ðΓX ¼ 1.8 GeVÞ: ð33Þ

Resonance X couples with photons through a triangle
diagram with fermion running in the loop (see Fig. 2). Let
us check that the corresponding decay probability does not
violate bounds just obtained.
The amplitude generated by the triangle diagram with a

fermion f running in the loop equals [36]

A ¼ αF
4π

YXff
1

mf
XF1

μνF2
μν: ð34Þ

The width equals

ΓX→γγ ¼
α2F2

256π3
Y2
Xff

�
MX

mf

�
2

MX; ð35Þ

where

F ¼ −2β½ð1 − βÞϰ2 þ 1�; β ¼ 4m2
f

M2
X
; ð36Þ

ϰ ¼

8>><
>>:

arctan
	

1ffiffiffiffiffiffi
β−1

p


; β > 1

1
2
½i ln

	
1þ

ffiffiffiffiffiffi
1−β

p
1−

ffiffiffiffiffiffi
1−β

p


þ π�; β < 1:

ð37Þ

For mf ≪ MX, we obtain F ∼ ðmf=MXÞ2, and for
mf ≫ MX, we obtain F → −4=3.
In the case of muon running in the loop, we get

ΓX→γγ ≈ 10−11 MX, which is much smaller than bounds
(32), (33). For a hypothetical fermion with a mass
much larger than MX, the width is also very small.
However, for mf ∼MX and YXff ∼ 1, it approaches
keV: ΓX→γγðmf ¼ MX=2Þ ≈ 3Y2

Xff keV.

IV. CONCLUSIONS

A scalar resonance with the mass 28 GeV coupling to
muons in the way consistent with the recent CMS data [16]
is also consistent with the measurements of the cross
section for muon pair production in ultraperipheral

FIG. 2. Coupling of X to two photons through a fermion loop.

3When calculating the upper limit, in the case of negative
signal, Ref. [35] suggests using zero instead of the negative value.
This makes the upper limit a little less strong. This approach is
widely used in the LHC experimental community, so we follow it
here.
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collisions at the LHC [15], provided that the width of its
decay to a pair of photons ΓX→γγ < 46 keV or 58 MeV
depending on whether the width ΓX ¼ 1.8 GeV reported in
Ref. [16] is the real width of the resonance or an artifact of
the detector mass resolution.
The difference between the leading logarithmic approxi-

mation and the calculation that takes into account both the
proton form factor and the survival factor for the protons
colliding with the energy 13 TeV is at the level of few
percent. Integration of the logarithmic approximation can
often be performed analytically while the form factor and
especially the survival factor require computationally
expensive numerical calculations. Therefore, cross sections
for ultraperipheral collisions of protons in the lower region

of invariant masses of the produced system can be
estimated in the logarithmic approximation with the
form factor and the survival factor taken into account as
needed.
Our study demonstrates that we can look for New

Physics in ultraperipheral collisions at the LHC.
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