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C O N T E N T

• Measurement of dijet production with a leading proton in 
proton-proton collisions at √s = 8 TeV 

• Exclusive ρ0(770) photoproduction in ultra-peripheral pPb 
collisions at √sNN = 5.02 TeV 

• Measurement of exclusive Υ photoproduction from protons in 
pPb collisions at √sNN = 5.02 TeV 

• Evidence for light-by-light scattering & searches for axion-like 
particles in ultraperipheral PbPb collisions at √sNN = 5.02 TeV



• First CMS-TOTEM measurement with  
tagged protons in low pile-up data at 8 TeV 

• Dijets in CMS, scattered proton in RP. 
Background: inclusive dijets in coincidence with  
random RP track from pileup or beam-background proton. 
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Matching: compare ξ calculated from 
protons and from jets  

 
ξCMS- ξTOTEM < 0 selects signal events 

Jet selection: 
pT > 40 GeV, |𝜂| < 4.4, ξ < 0.1 and  

0.03 < |t| < 1 GeV2

4

proton, which escapes undetected from the CMS detector, and the system X, which contains
high-pT jets, separated from the proton by a large rapidity gap.
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Figure 1: Schematic diagram of diffractive dijet production. The diagram shows an example of
the gg ! dijet hard scattering process; the qq and gq initial states also contribute.

The proton is scattered at small angles, has small fractional momentum loss x = 1 � |p
f
|

|pi | , and

small absolute value of the 4-momentum transfer squared t =
�

p f � pi

�2, where pi and p f are
the four-momenta of the incoming and outgoing protons, respectively. The scattered proton
does not leave the beam-pipe and can only be detected by using the TOTEM RP detectors,
which allow for a direct measurement of x (hereafter referred to as xTOTEM), as well as t.

Conversely, if only CMS information is used, as in Ref. [8], the fractional momentum loss can
only be estimated from the energies and longitudinal momenta of the particles measured in
CMS:

x±CMS =
Â
�
E

i ± p
i
z

�
p

s
, (2)

where the positive (negative) sign corresponds to the scattered proton moving towards the
positive (negative) z direction. In this case, t cannot be measured.

The reconstruction of xCMS by means of Eq. (2) is carried out with particle-flow objects. The
combination of the limited CMS pseudorapidity coverage (|h| < 5) and the detector inefficiency
causes xCMS to be smaller than xTOTEM, i.e. xCMS � xTOTEM  0.

The momentum fraction of the partons initiating the hard scattering, x
+ and x

�, can be esti-
mated from the energies and longitudinal momenta of the measured jets as:

x
± =

Âjets

�
E

jet ± p
jet
z

�
p

s
, (3)

where the sum is carried out over the two highest transverse momentum jets in the event, and
an additional third jet if present. The latter is selected with pT > 20 GeV.

Finally, the fraction b of the Pomeron momentum carried by the interacting parton is measured
from the values of x and xTOTEM as b = x/xTOTEM.

November 15, 2018Lina Huertas Guativa QCDDIFF2018

Single diffractive dijet production

๏ This analysis presents the measurement of hard diffraction 
processes with a leading proton using the CMS and TOTEM 
detectors. 

๏ The dijet system, separated from the proton by a LRG, is 
measured with the CMS detectors. 

๏ As the acceptance in pseudorapidity at CMS is limited, the 
measurement of the scattered proton is not possible. This is 
however achieved with the coverage in the forward direction 
by the TOTEM experiment.
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๏ It is possible to measure ξ and t using the RP system. This allows the suppression of the 
contribution from proton-dissociative events. 

๏ With CMS-only information it is not possible to measure ξ or t, but it is possible to 
estimate ξ from the energies and longitudinal momenta of the particles measured in CMS.

t = (pi � pf )
2

⇠ = 1� |pf |
|pi|

⇠±CMS =

P
(Ei ± piz)p

s
,

CMS-PAS-FSQ-12-033 
TOTEM-NOTE-2018-001
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• Differential cross section as a function of t and ξ: 

CMS-PAS-FSQ-12-033 
TOTEM-NOTE-2018-001
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and right panels of Fig. 4. No correction is applied for the rapidity gap survival probability
(
⌦
S

2↵ = 1). Within the uncertainties, no significant dependence on t and x is observed.

The value of the cross section for single-diffractive dijet production calculated in the kinematic
region pT > 40 GeV, |h| < 4.4, x < 0.1 and 0.03 < |t| < 1 GeV2 is:

s
pX
jj = 21.7 ± 0.9 (stat) +3.0

�3.3 (syst) ± 0.9 (lumi) nb. (6)

Table 2 summarizes the main systematic uncertainties on the measured cross section. The cross
section was calculated independently for events in which the proton scatters towards the pos-
itive and negative z directions, that is the processes pp ! pX and pp ! Xp, and the results
were averaged. They are compatible within the uncertainties. The PYTHIA8 Dynamic Gap
cross section in the same kinematic region is given by 23.7 nb, consistent with the measured
cross section.

Table 2: Individual contributions to the systematic uncertainties on the measurement of the
single-diffractive dijet production cross section in the kinematic region pT > 40 GeV, |h| < 4.4,
x < 0.1 and 0.03 < |t| < 1 GeV2. The total uncertainty is the quadratic sum of the individual
contributions.

Uncertainty source Ds/s
Trigger efficiency ±2 %
Calorimeter energy scale +1/-2 %
Jet energy scale and resolution +9/-8 %
Background ±2 %
Resolution ±2 %
Horizontal dispersion +9/-12 %
Acceptance and unfolding ±2 %
Unfolding bias ±3 %
Total +14/-15 %

The differential cross section as a function of t is well described by an exponential function for
|t| values up to about 0.4 GeV2. A fit is performed with the function ds/dt µ exp�b|t| for t

values in the range 0.03 < |t| < 0.45 GeV2.

The resulting exponential slope is:

b = 6.6 ± 0.6 (stat) +1.0
�0.8 (syst) GeV�2, (7)

where the systematic uncertainties include the contributions discussed in Section 8.1. The re-
sults for the exponential slope of the cross section calculated independently for events in which
the proton scatters towards the positive and negative z directions are compatible within the un-
certainties.

The parametrisation obtained from the fit is shown in Fig. 4. In the fit range (0.03 < |t| <
0.45 GeV2), the horizontal position of the data points is calculated as the value for which the
parametrised function equals its average over the bin width. The data points in the larger-|t|
region outside the fit range (|t| > 0.45 GeV2) are shown in the centre of the bins.

The exponential slope of the cross section was measured by CDF in the range b ⇡ 5 � 6 GeV�2

in the small-|t| region (|t| / 0.5 GeV2) [6]. In the larger-|t| region the CDF data shows a slope

Exponential fit in the region 0.03 < |t| < 0.45 GeV2
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Total integrated cross section in kinematic region:
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• Ratio of diffractive to inclusive dijets as a function of x.

Comparison to CDF results: 
factor of ~3 suppression wrt to 1.96 TeV,  

larger contributions from  
rescattering processesPythia8 DG: gap survival with Dynamic Gap model 

based on MPI shows good agreement with data

Region: -2.9 < log10 x < -1.6  

  11

Di�rac�ve dijets, gap-jet-jet @8 TeV

|S|²

   CMS-PAS-FSQ-12-033
TOTEM-NOTE-2018-001

ξ
x

PYTHIA8 DG – gap survival with Dynamic Gap model based on MPI, 
                          good agreement with the data

Cross sec�on as a func�on of  ξ. 
Ra�o of di�rac�ve to inclusive dijets as a func�on of x.

Q2=<E
T
>2  , <E

T
> =E

T1
 + E

T2

           Comparison to Tevatron data:
A factor of ~3 suppression w.r.t. to 1.96 TeV data,
 larger contribu�on from rescaAering processes  

           Comparison to theory:
Ra�o of data to POMWIG :   9 ± 2 %
a measure of gap survival probability 

See also Lina Huertas' 
presenta�on later today
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Di�rac�ve dijets, gap-jet-jet @8 TeV
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PYTHIA8 DG – gap survival with Dynamic Gap model based on MPI, 
                          good agreement with the data

Cross sec�on as a func�on of  ξ. 
Ra�o of di�rac�ve to inclusive dijets as a func�on of x.
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           Comparison to Tevatron data:
A factor of ~3 suppression w.r.t. to 1.96 TeV data,
 larger contribu�on from rescaAering processes  

           Comparison to theory:
Ra�o of data to POMWIG :   9 ± 2 %
a measure of gap survival probability 
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• Exclusive vector meson photoproduction 
in ultra-peripheral pPb collisions (5.02 TeV)  
𝛄p —> ρ0(770)p in π+π- decay channel 

• Kinematics and event selection:  
pT> 0.4 (0.2) GeV for lead. (sublead.) π,  
|η| < 2.0.  
exclusivity condition: calorimeter vetos  
including CASTOR, ZDC 

• Main remaining backgrounds:  
non-resonant π+π-, ρ0(1700) → 4π,  
ω production, proton dissociation. 

  17

Photoproduc�on of ρ

0

 in p-Pb @5TeV

 ρ

0

  lineshape with Soeding model

CMS-PAS-FSQ-16-007

p

T

> 0.4 (0.2) GeV for leading (subleading) π,  |η| < 2.0.

Backgrounds: ρ

0

(1700) → 4π,  ω produc�on, proton dissocia�on.

 ρ

0

Fit with W

γp

 

δ

W

γp

Good agreement with HERA data and Regge theory (so� Pomeron)

CMS-PAS-FSQ-16-007
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• Invariant mass and cross section as function of W𝛄p:

Good agreement with HERA data and Regge 
theory (soft Pomeron) 

Fit invariant mass with Söding formula  
 

Ratio of the nonres. to res. contributions:  
|B/A| = 0.50 +/- 0.05 (stat); 0.56 +/- 0.06 (stat) (for |t| < 0.5)  

H1: 0.57 ± 0.09 (stat) and ZEUS: 0.70 ± 0.04 (stat) 
 

Fit with: 
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Table 3: Differential cross section for exclusive r(770)0 photoproduction, s(gp ! r(770)0p),
with statistical and systematic uncertainties, for |t| < 0.5 GeV 2. The differential cross section
ds/d|t| is also shown, along with rapidity range and the Wgp, hWgpi, and k

dn

dk
.

L [µb�1] 16.9 16.9 16.9 16.9 16.9
h range (-2, 2) (-2, -1.2) (-1.2, 0) (0, 1.2) (1.2, 2)
Wgp range [ GeV ] (29, 213) (29, 43) (43, 78) (78, 143) (143, 213)
hWgpi [ GeV ] 92.6 35.6 59.2 108 176
k

dn

dk
136 186 155 117 86.2

ds/dy[ µb�1 ] 11.2 9.7 9.9 12.3 13.3
Stat. unc.[ µb�1 ] 1.4 1.5 1.5 2.0 2.3
Syst. unc.[ µb�1 ] 1.0 0.8 0.9 1.1 1.2
|t|[ GeV 2] ds/d|t| ds/d|t| ds/d|t| ds/d|t| ds/d|t|
0.025-0.075 63.3±2.5±7.3 50.1±4.8±5.3 49.5±4.0±5.5 58.0±6.1±6.9 83.7±8.9±11.5
0.075-0.125 35.8±1.1±4.2 28.1±2.4±3.0 32.4±2.0±3.6 42.9±3.5±5.2 41.9±3.6±5.8
0.125-0.175 25.7±0.9±3.2 23.9±2.3±2.8 20.5±1.3±2.4 26.6±2.4±3.4 28.5±2.5±4.1
0.175-0.24 16.6±0.7±2.3 12.1±1.5±1.6 15.9±1.3±2.1 18.1±2.1±2.6 14.7±1.7±2.3
0.24-0.30 11.0±0.6±1.7 11.1±1.4±1.7 10.2±1.0±1.6 12.6 ±2.0±2.0 8.5±1.2±1.5
0.3-0.4 5.7±0.5±1.1 5.5±0.9±1.0 4.4±0.5±0.9 7.1±1.6±1.4 3.7±0.7±0.8
0.40-0.55 3.7±0.4±0.9 2.3±0.7±0.6 3.6±0.6±0.9 3.3±1.1±0.8 2.1±0.5±0.5
0.55-0.75 1.5±0.3±0.6 0.95±0.45±0.4 1.7±0.4±0.7 1.3±0.6±0.5 1.1±0.4±0.4
0.75-1.00 0.55±0.15±0.28 0.39±0.29±0.19 0.54±0.13±0.28 0.69±0.54±0.35 0.41±0.24±0.21

The resulting photon-proton cross section, obtained for Wgp between 29 and 213 GeV (hWgpi
= 92.6 GeV) and integrated over the range 0 < |t| < 0.5 GeV2, is s = 11.2 ± 1.4 (stat) ± 1.0
(syst) µb. The photon-proton cross section values, s(gp ! r(770)0p), for all rapidity bins are
presented in Table 3 and Fig. 5. Figure 5 also shows a compilation of the fixed-target [37–40]
and HERA results [14, 15]. The line indicates the result of a fit to all the plotted data with the
formula s = a1W

d1
gp + a2W

d2
gp. (see e.g. [16, 17]). The fit describes the data well and results in

d1 = -0.82 ± 0.07 (stat) ± 0.09 (syst), d2 = 0.36 ± 0.10 (stat) ± 0.05 (syst). The CMS and HERA
data are also fitted with the function s = aW

d
gp. The fit yields d = 0.23 ± 0.14 (stat) ± 0.04 (syst).

Only statistical and uncorrelated systematic uncertainties are considered in these fits.

The unfolded invariant mass distribution is studied for different |t| bins, and the extraction of
the r(770)0 photoproduction cross section is repeated in each bin. In order to compare with
the HERA results, the pT-related measurements are presented in terms of |t|, which is approx-
imated as |t| ⇡ (p

p+p�
T )2. Figure 6 shows the differential cross sections as a function of |t|,

together with the STARLIGHT prediction. This is the non reweighted STARLIGHT model with
the slope parameter independent of Wgp. The STARLIGHT prediction is systematically higher
than the data, especially in the high-|t| region. This trend becomes more significant as Wgp
increases.

Figure 7 shows the differential cross section ds/d|t| in the rapidity interval �1.2 < y(p+p�) <
0, corresponding to a Wgp range similar to that at HERA, compared with the H1 and ZEUS
results [14, 15].

The differential cross section as a function of |t| is fitted with the form e
�bt+ct

2 in the region
0.025 < |t| < 0.500 GeV 2. The resulting values of the slope b are shown in Fig. 8 as a function of
Wgp, together with those measured by H1 and ZEUS [14, 15]. The values of the parameter c are
found to be constant within the fit uncertainties. The Regge formula [41] b = b0 + 2a0 · ln(Wgp

W0
)2,

which parametrizes the dependence of b on the collisions energy, is fitted to the data using W0
= 92.6 GeV, the average centre-of-mass energy of the present data. In the fit, statistical and
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Abstract

Exclusive r(770)0 photoproduction is studied for the first time in ultra-peripheral
pPb collisions at

p
sNN = 5.02 TeV. The cross section, s(gp ! r(770)0p), is mea-

sured for photon-proton centre-of-mass energies, Wgp, between 29 and 213 GeV
with the CMS experiment. The integrated cross section is measured to be s =
11.2 ± 1.4 (stat)± 1.0 (syst) µb. The differential cross section ds/d|t| is measured in
the 0.025 < |t| < 1.000 GeV2 interval as a function of Wgp, where t is the squared four-
momentum transfer at the proton vertex. The results are compared to previous mea-
surements and theoretical predictions. The measured cross section s(gp ! r(770)0p)
has a power-law energy dependence, consistent with HERA measurements. The Wgp
dependence of the exponential slope of the ds/d|t| cross section for exclusive r(770)0

photoproduction is also measured.

Integrated cross section:
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• Cross section as function of |t|: 
 
 
 
 

• Fit b versus W𝛄p:

CMS-PAS-FSQ-16-007

Good agreement with 
HERA data 

Pomeron slope: 
CMS: α' = 0.48 ± 0.33 (stat) ± 0.12 (syst) GeV-2 
ZEUS: α' = 0.23 ± 0.15 (stat) ± 0.11 (syst) GeV-2  
Regge theory (soft Pomeron): α' ≈ 0.25 GeV-2 

1. Introduction 1

1 Introduction
Exclusive vector meson (VM) photoproduction, gp ! VMp, has received renewed interest fol-
lowing recent studies of ultra-peripheral collisions (UPCs) involving ions and protons at the
CERN LHC [1, 2]. In UPCs, photon-induced interactions predominantly occur when the col-
liding hadrons are separated by a distance larger than the sum of their radii. In this case, one
of the hadrons may emit a quasi-real photon that converts into a quark-antiquark pair with the
photon quantum numbers, i.e. a VM, which is then put on the mass-shell state upon interacting
with the other hadron. The interaction of the VM with the hadron proceeds via the exchange of
the vacuum quantum numbers, the so-called pomeron exchange. Proton-lead (pPb) collisions
are particularly interesting for studying photon-proton interactions [3, 4] because the electric
charge of the Pb nucleus strongly enhances photon emission. Also, in these events, one can
determine the photon direction and hence the photon-proton centre-of-mass energy, Wgp, un-
ambiguously. This advantage is not present in symmetric systems such as in pp collisions.
Exclusive VM photoproduction is interesting because the Fourier transform of the t distribu-
tion is related to the two-dimensional distribution of the struck partons in the transverse plane.
Here t indicates the squared four-momentum transfer at the proton vertex which, in this note,
is approximated as the squared transverse momentum of the r(770) meson, |t| ⇡ p

2
T. Further-

more, some models suggest that the appearance of “diffractive dips” in the t distribution may
provide evidence of gluon saturation, as discussed in Refs. [5–7].

By using ultra-peripheral pPb collisions at
p

sNN = 5.02 TeV at LHC, the ALICE Collabora-
tion has measured the exclusive photoproduction of J/y mesons in the centre-of-mass energy
interval 20 < Wgp < 700 GeV [8, 9]. The LHCb Collaboration has studied exclusive J/y, y(2S),
and U(nS) photoproduction in pp collisions at

p
s = 7 and 8 TeV [10, 11]. Exclusive photopro-

duction of r(770)0 mesons was first studied in fixed-target experiments at Wgp values up to
20 GeV [12, 13]. Experiments at the HERA electron-proton collider at DESY have studied this
process at Wgp values ranging from 50 to 187 GeV, both with quasi-real photons and for larger
virtualities [14, 15]. The HERA data have provided clear experimental evidence for the transi-
tion from the soft to the hard diffractive regime [16, 17]. More recently, exclusive photoproduc-
tion of r(770)0 mesons has been studied by the STAR Collaboration in ultra-peripheral AuAu
collisions at BNL RHIC [18, 19], and by the ALICE Collaboration in PbPb [20]. The cross sec-
tions measured by ALICE and STAR in photon-nucleus interactions are 40% lower than those
predicted by the Glauber approach or to the corresponding measurements in photon-proton
interactions [20, 21]. The Glauber approach reproduces well the measured cross sections at
lower energies. This is an indication that nuclei do not behave as a collection of independent
nucleons at high energies.

In the present analysis exclusive photoproduction of r(770)0 mesons in the p+p�decay chan-
nel in ultra-peripheral pPb collisions at

p
sNN = 5.02 TeV is studied. The cross section is

measured as a function of Wgp and t.

This note is organized as follows. Section 2 describes the experimental apparatus and Section 3
the data and simulation samples. The event selection procedure is illustrated in Section 4.
Section 5 discusses the background contributions and Section 6 the strategy adopted to extract
the signal; the systematic uncertainties are summarized in Section 7. The total and differential
cross sections are presented in Section 8. The note is summarized in Section 9.
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Table 3: Differential cross section for exclusive r(770)0 photoproduction, s(gp ! r(770)0p),
with statistical and systematic uncertainties, for |t| < 0.5 GeV 2. The differential cross section
ds/d|t| is also shown, along with rapidity range and the Wgp, hWgpi, and k

dn

dk
.

L [µb�1] 16.9 16.9 16.9 16.9 16.9
h range (-2, 2) (-2, -1.2) (-1.2, 0) (0, 1.2) (1.2, 2)
Wgp range [ GeV ] (29, 213) (29, 43) (43, 78) (78, 143) (143, 213)
hWgpi [ GeV ] 92.6 35.6 59.2 108 176
k

dn

dk
136 186 155 117 86.2

ds/dy[ µb�1 ] 11.2 9.7 9.9 12.3 13.3
Stat. unc.[ µb�1 ] 1.4 1.5 1.5 2.0 2.3
Syst. unc.[ µb�1 ] 1.0 0.8 0.9 1.1 1.2
|t|[ GeV 2] ds/d|t| ds/d|t| ds/d|t| ds/d|t| ds/d|t|
0.025-0.075 63.3±2.5±7.3 50.1±4.8±5.3 49.5±4.0±5.5 58.0±6.1±6.9 83.7±8.9±11.5
0.075-0.125 35.8±1.1±4.2 28.1±2.4±3.0 32.4±2.0±3.6 42.9±3.5±5.2 41.9±3.6±5.8
0.125-0.175 25.7±0.9±3.2 23.9±2.3±2.8 20.5±1.3±2.4 26.6±2.4±3.4 28.5±2.5±4.1
0.175-0.24 16.6±0.7±2.3 12.1±1.5±1.6 15.9±1.3±2.1 18.1±2.1±2.6 14.7±1.7±2.3
0.24-0.30 11.0±0.6±1.7 11.1±1.4±1.7 10.2±1.0±1.6 12.6 ±2.0±2.0 8.5±1.2±1.5
0.3-0.4 5.7±0.5±1.1 5.5±0.9±1.0 4.4±0.5±0.9 7.1±1.6±1.4 3.7±0.7±0.8
0.40-0.55 3.7±0.4±0.9 2.3±0.7±0.6 3.6±0.6±0.9 3.3±1.1±0.8 2.1±0.5±0.5
0.55-0.75 1.5±0.3±0.6 0.95±0.45±0.4 1.7±0.4±0.7 1.3±0.6±0.5 1.1±0.4±0.4
0.75-1.00 0.55±0.15±0.28 0.39±0.29±0.19 0.54±0.13±0.28 0.69±0.54±0.35 0.41±0.24±0.21

The resulting photon-proton cross section, obtained for Wgp between 29 and 213 GeV (hWgpi
= 92.6 GeV) and integrated over the range 0 < |t| < 0.5 GeV2, is s = 11.2 ± 1.4 (stat) ± 1.0
(syst) µb. The photon-proton cross section values, s(gp ! r(770)0p), for all rapidity bins are
presented in Table 3 and Fig. 5. Figure 5 also shows a compilation of the fixed-target [37–40]
and HERA results [14, 15]. The line indicates the result of a fit to all the plotted data with the
formula s = a1W

d1
gp + a2W

d2
gp. (see e.g. [16, 17]). The fit describes the data well and results in

d1 = -0.82 ± 0.07 (stat) ± 0.09 (syst), d2 = 0.36 ± 0.10 (stat) ± 0.05 (syst). The CMS and HERA
data are also fitted with the function s = aW

d
gp. The fit yields d = 0.23 ± 0.14 (stat) ± 0.04 (syst).

Only statistical and uncorrelated systematic uncertainties are considered in these fits.

The unfolded invariant mass distribution is studied for different |t| bins, and the extraction of
the r(770)0 photoproduction cross section is repeated in each bin. In order to compare with
the HERA results, the pT-related measurements are presented in terms of |t|, which is approx-
imated as |t| ⇡ (p

p+p�
T )2. Figure 6 shows the differential cross sections as a function of |t|,

together with the STARLIGHT prediction. This is the non reweighted STARLIGHT model with
the slope parameter independent of Wgp. The STARLIGHT prediction is systematically higher
than the data, especially in the high-|t| region. This trend becomes more significant as Wgp
increases.

Figure 7 shows the differential cross section ds/d|t| in the rapidity interval �1.2 < y(p+p�) <
0, corresponding to a Wgp range similar to that at HERA, compared with the H1 and ZEUS
results [14, 15].

The differential cross section as a function of |t| is fitted with the form e
�bt+ct

2 in the region
0.025 < |t| < 0.500 GeV 2. The resulting values of the slope b are shown in Fig. 8 as a function of
Wgp, together with those measured by H1 and ZEUS [14, 15]. The values of the parameter c are
found to be constant within the fit uncertainties. The Regge formula [41] b = b0 + 2a0 · ln(Wgp

W0
)2,

which parametrizes the dependence of b on the collisions energy, is fitted to the data using W0
= 92.6 GeV, the average centre-of-mass energy of the present data. In the fit, statistical and
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Table 3: Differential cross section for exclusive r(770)0 photoproduction, s(gp ! r(770)0p),
with statistical and systematic uncertainties, for |t| < 0.5 GeV 2. The differential cross section
ds/d|t| is also shown, along with rapidity range and the Wgp, hWgpi, and k
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0.3-0.4 5.7±0.5±1.1 5.5±0.9±1.0 4.4±0.5±0.9 7.1±1.6±1.4 3.7±0.7±0.8
0.40-0.55 3.7±0.4±0.9 2.3±0.7±0.6 3.6±0.6±0.9 3.3±1.1±0.8 2.1±0.5±0.5
0.55-0.75 1.5±0.3±0.6 0.95±0.45±0.4 1.7±0.4±0.7 1.3±0.6±0.5 1.1±0.4±0.4
0.75-1.00 0.55±0.15±0.28 0.39±0.29±0.19 0.54±0.13±0.28 0.69±0.54±0.35 0.41±0.24±0.21

The resulting photon-proton cross section, obtained for Wgp between 29 and 213 GeV (hWgpi
= 92.6 GeV) and integrated over the range 0 < |t| < 0.5 GeV2, is s = 11.2 ± 1.4 (stat) ± 1.0
(syst) µb. The photon-proton cross section values, s(gp ! r(770)0p), for all rapidity bins are
presented in Table 3 and Fig. 5. Figure 5 also shows a compilation of the fixed-target [37–40]
and HERA results [14, 15]. The line indicates the result of a fit to all the plotted data with the
formula s = a1W

d1
gp + a2W

d2
gp. (see e.g. [16, 17]). The fit describes the data well and results in

d1 = -0.82 ± 0.07 (stat) ± 0.09 (syst), d2 = 0.36 ± 0.10 (stat) ± 0.05 (syst). The CMS and HERA
data are also fitted with the function s = aW

d
gp. The fit yields d = 0.23 ± 0.14 (stat) ± 0.04 (syst).

Only statistical and uncorrelated systematic uncertainties are considered in these fits.

The unfolded invariant mass distribution is studied for different |t| bins, and the extraction of
the r(770)0 photoproduction cross section is repeated in each bin. In order to compare with
the HERA results, the pT-related measurements are presented in terms of |t|, which is approx-
imated as |t| ⇡ (p

p+p�
T )2. Figure 6 shows the differential cross sections as a function of |t|,

together with the STARLIGHT prediction. This is the non reweighted STARLIGHT model with
the slope parameter independent of Wgp. The STARLIGHT prediction is systematically higher
than the data, especially in the high-|t| region. This trend becomes more significant as Wgp
increases.

Figure 7 shows the differential cross section ds/d|t| in the rapidity interval �1.2 < y(p+p�) <
0, corresponding to a Wgp range similar to that at HERA, compared with the H1 and ZEUS
results [14, 15].

The differential cross section as a function of |t| is fitted with the form e
�bt+ct

2 in the region
0.025 < |t| < 0.500 GeV 2. The resulting values of the slope b are shown in Fig. 8 as a function of
Wgp, together with those measured by H1 and ZEUS [14, 15]. The values of the parameter c are
found to be constant within the fit uncertainties. The Regge formula [41] b = b0 + 2a0 · ln(Wgp

W0
)2,

which parametrizes the dependence of b on the collisions energy, is fitted to the data using W0
= 92.6 GeV, the average centre-of-mass energy of the present data. In the fit, statistical and
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Table 3: Differential cross section for exclusive r(770)0 photoproduction, s(gp ! r(770)0p),
with statistical and systematic uncertainties, for |t| < 0.5 GeV 2. The differential cross section
ds/d|t| is also shown, along with rapidity range and the Wgp, hWgpi, and k
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L [µb�1] 16.9 16.9 16.9 16.9 16.9
h range (-2, 2) (-2, -1.2) (-1.2, 0) (0, 1.2) (1.2, 2)
Wgp range [ GeV ] (29, 213) (29, 43) (43, 78) (78, 143) (143, 213)
hWgpi [ GeV ] 92.6 35.6 59.2 108 176
k

dn

dk
136 186 155 117 86.2

ds/dy[ µb�1 ] 11.2 9.7 9.9 12.3 13.3
Stat. unc.[ µb�1 ] 1.4 1.5 1.5 2.0 2.3
Syst. unc.[ µb�1 ] 1.0 0.8 0.9 1.1 1.2
|t|[ GeV 2] ds/d|t| ds/d|t| ds/d|t| ds/d|t| ds/d|t|
0.025-0.075 63.3±2.5±7.3 50.1±4.8±5.3 49.5±4.0±5.5 58.0±6.1±6.9 83.7±8.9±11.5
0.075-0.125 35.8±1.1±4.2 28.1±2.4±3.0 32.4±2.0±3.6 42.9±3.5±5.2 41.9±3.6±5.8
0.125-0.175 25.7±0.9±3.2 23.9±2.3±2.8 20.5±1.3±2.4 26.6±2.4±3.4 28.5±2.5±4.1
0.175-0.24 16.6±0.7±2.3 12.1±1.5±1.6 15.9±1.3±2.1 18.1±2.1±2.6 14.7±1.7±2.3
0.24-0.30 11.0±0.6±1.7 11.1±1.4±1.7 10.2±1.0±1.6 12.6 ±2.0±2.0 8.5±1.2±1.5
0.3-0.4 5.7±0.5±1.1 5.5±0.9±1.0 4.4±0.5±0.9 7.1±1.6±1.4 3.7±0.7±0.8
0.40-0.55 3.7±0.4±0.9 2.3±0.7±0.6 3.6±0.6±0.9 3.3±1.1±0.8 2.1±0.5±0.5
0.55-0.75 1.5±0.3±0.6 0.95±0.45±0.4 1.7±0.4±0.7 1.3±0.6±0.5 1.1±0.4±0.4
0.75-1.00 0.55±0.15±0.28 0.39±0.29±0.19 0.54±0.13±0.28 0.69±0.54±0.35 0.41±0.24±0.21

The resulting photon-proton cross section, obtained for Wgp between 29 and 213 GeV (hWgpi
= 92.6 GeV) and integrated over the range 0 < |t| < 0.5 GeV2, is s = 11.2 ± 1.4 (stat) ± 1.0
(syst) µb. The photon-proton cross section values, s(gp ! r(770)0p), for all rapidity bins are
presented in Table 3 and Fig. 5. Figure 5 also shows a compilation of the fixed-target [37–40]
and HERA results [14, 15]. The line indicates the result of a fit to all the plotted data with the
formula s = a1W

d1
gp + a2W

d2
gp. (see e.g. [16, 17]). The fit describes the data well and results in

d1 = -0.82 ± 0.07 (stat) ± 0.09 (syst), d2 = 0.36 ± 0.10 (stat) ± 0.05 (syst). The CMS and HERA
data are also fitted with the function s = aW

d
gp. The fit yields d = 0.23 ± 0.14 (stat) ± 0.04 (syst).

Only statistical and uncorrelated systematic uncertainties are considered in these fits.

The unfolded invariant mass distribution is studied for different |t| bins, and the extraction of
the r(770)0 photoproduction cross section is repeated in each bin. In order to compare with
the HERA results, the pT-related measurements are presented in terms of |t|, which is approx-
imated as |t| ⇡ (p

p+p�
T )2. Figure 6 shows the differential cross sections as a function of |t|,

together with the STARLIGHT prediction. This is the non reweighted STARLIGHT model with
the slope parameter independent of Wgp. The STARLIGHT prediction is systematically higher
than the data, especially in the high-|t| region. This trend becomes more significant as Wgp
increases.

Figure 7 shows the differential cross section ds/d|t| in the rapidity interval �1.2 < y(p+p�) <
0, corresponding to a Wgp range similar to that at HERA, compared with the H1 and ZEUS
results [14, 15].

The differential cross section as a function of |t| is fitted with the form e
�bt+ct

2 in the region
0.025 < |t| < 0.500 GeV 2. The resulting values of the slope b are shown in Fig. 8 as a function of
Wgp, together with those measured by H1 and ZEUS [14, 15]. The values of the parameter c are
found to be constant within the fit uncertainties. The Regge formula [41] b = b0 + 2a0 · ln(Wgp

W0
)2,

which parametrizes the dependence of b on the collisions energy, is fitted to the data using W0
= 92.6 GeV, the average centre-of-mass energy of the present data. In the fit, statistical and

Fit |t| spectra with exponential:



!9

E X C L U S I V E  Υ

arXiv:1809.11080

• Exclusive vector meson photoproduction 
in ultra-peripheral pPb collisions (5.02 TeV)  
𝛄p —> Υ(nS)(n = 1, 2, 3)p in 𝜇+𝜇- decay channel 

• Kinematics: 
pTμ > 3.3 GeV; Di-muon system: 0.1 < pT < 1 GeV and |η| < 2.2.  
exclusivity: no extra charged particles with pT > 0.1 GeV & no activity in HF 

• Backgrounds: 
QED: 𝛄𝛄 —> 𝜇+𝜇- 
proton dissociation  
(semi-exclusive) 
inclusive
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• Cross section as function of pT2 and W𝛄p:

arXiv:1809.11080

Data sensitive to signs of saturation: new constraints on the evolution of gluon density at low x. 
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Fit HERA+CMS+LHCb:
0.14±=0.76δ        

 (5.02 TeV)-1pPb 32.6 nbCMS

Figure 6: Cross section for exclusive U(1S) photoproduction, gp ! U(1S)p, as a func-
tion of photon-proton centre-of-mass energy, Wgp, compared to previous HERA [19–21] and
LHCb [30] data as well as to various theoretical predictions [9, 14–18]. The vertical bars repre-
sent the statistical uncertainties and the boxes represent the systematic uncertainties.

8 Summary
The first study of the exclusive photoproduction of U(1S,2S,3S) mesons, in the µ+µ� decay
mode, from protons in ultraperipheral pPb collisions at

p
sNN = 5.02 TeV, has been reported

using data collected with the CMS detector corresponding to an integrated luminosity of
32.6 nb�1. The differential cross section ds/dp2

T and associated exponential slope b have been
measured in the squared transverse momentum range p2

T < 1.0 GeV2. The extracted value of
b = 6.0 ± 2.1 (stat) ± 0.3 (syst) GeV�2 is consistent with the slope measurement at other centre-
of-mass energies. The exclusive U(1S) photoproduction cross sections, differential in rapidity
y and as a function of the photon-proton centre-of-mass energy Wgp, have been measured in
the range 91 < Wgp < 826 GeV. Such measurements probe the region of parton fractional
momenta x ⇡ 10�4–10�2 in the proton, bridging a previously unexplored region between the
HERA and LHCb measurements. The dependence of sgp!U(1S)p on Wgp is well described by a
power law with an exponent smaller than that predicted by leading order perturbative quan-
tum chromodynamics (pQCD) approaches. The exponent is, however, consistent with that
extracted from a fit to the HERA and LHCb data, and with that predicted by next-to-leading-
order pQCD calculations. The data, within their currently large statistical uncertainties, are
consistent with various pQCD approaches that model in different ways the behaviour of the
low-x gluon density.

Perform exponential fit:
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arXiv:1810.04602

• Elastic 𝛄𝛄 —> 𝛄𝛄 scatering  
  
in PbPb collisions at 5.02 TeV 
fundamental QED/QCD process 
difficult to observe due to very small O(𝛼4) cross section  
sensitive to BSM physics (loop contributions, axions) 

• Event selection: 
Two back-to-back photons: ET > 2 GeV and |η| < 2.4.  
Pγγ < 1 GeV, mγγ > 5 GeV  
Exclusivity: no tracks, no extra neutral activity. 

• Backgrounds:  CEP: gg —> 𝛄𝛄 and QED: 𝛄𝛄 —> e+e-
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• Signal selection Aφ < 0.01:

arXiv:1810.04602

Acoplanarity distribution: 
Observed: 14 events  
Expected: 11.1 ± 1.1 (th) signal  
4.0 ± 1.2 (stat) background events,  
Significance: 4.1 σ (expected 4.4 σ) 

ATLAS in a similar region: 13 candidates, expected 
background of 2.6 ± 0.7 events. NP 13 (2017) 852 

σ(γγ→γγ)/σ(γγ→e+e-) = [25.0 ± 9.6 (stat) ± 5.8 (syst)] × 10-6  
 
Measured fiducial σ(γγ→γγ) cross section: 
120 ± 46 (stat) ± 28 (syst) ± 4 (th) nb  
 
Compare with theory: 138 ± 14 nb 
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• Exclusion limits on Axion-Like Particles (ALPs):

arXiv:1810.04602
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   Light-by-light scaAering in Pb-Pb @5 TeV 

ALPs coupling to EM currents                              ALPs coupling to EW currents

Most stringent limits at low masses (5-50 GeV for EM and  5-10 GeV EW)

 arXiv:1810.04602
submiAed to PLB

Exclusion limits on Axion-Like Par�cles (ALPs) – possible narrow resonances in γγ mass spectra,
LbL events treated as background.

Light-by-light scattering events treated as background. 

ALPs coupling to EM currents ALPs coupling to EW currents 

Most stringent limits at 
low masses:  

5-50 GeV for EM and 
 5-10 GeV for EW

possible narrow resonances in 
γγ mass spectra
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S U M M A R Y

• Diffractive dijets with proton tag measured for the first time at 
the LHC at 8 TeV 

• Results on exclusive vector meson photoproduction in pPb 
collisions at 5.02 TeV for ρ0(770) and Υ(nS)(n = 1, 2, 3): 
new input to constrain gluon densities 

• Measurement of light-by-light scattering: set new limits on 
axion-like particle production

https://cms-results.web.cern.ch/cms-results/public-results/publications/FSQ/index.html 
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ/index.html

https://cms-results.web.cern.ch/cms-results/public-results/publications/FSQ/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FSQ/index.html

