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Abstract

The first study of J/ � production in proton-proton collisions with no additional
visible activity is presented. The data sample was collected from 2016 to 2018 at
a centre-of-mass energy of 13TeV with the LHCb detector, and corresponds to an
integrated luminosity of 5 fb�1. The J/ � candidates are reconstructed from the
decays of J/ and � into pairs of muons and kaons, respectively, detected within
the pseudorapidity region 2 < ⌘ < 5 and with pT > 200MeV. The data cannot be
described by a model that contains only nonresonant production. A model containing
five J/ � resonant states is considered, two of which are observed with significance
over 5 standard deviations. The product of the total fiducial cross-section and the
branching fractions for the decays to dimuons and dikaons is measured, as well as
the cross-sections for each component of the model.
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Outline & Physics Topics
• LHCb Detector + unique capabilities
• Odderon search in pA and AA
• Photoproduction (in pp, pA, and AA)

• Vector meson production
• Exotic states, scalar and tensor mesons 
from ℙ + ℙ and # + # interactions
• Searches for glueballs + tetraquark states

• Summary + Plans
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The LHCb detector

!"
" < 0.5 − 1%

Converts stopping e,γ energy 
in scintillating signal.

Converts stopping 
hadron energy in 

scintillating signal.

J. of Instr.,3(08):S08005, 2008

• Unique coverage
• Rapidity
• Low transverse momentum

• Collider & Fixed Target modes
• Unique coverage
• Access lower COM energies at LHC

• SMOG2
• Enables fixed target mode
• Plethora of collision species 

• Resolution
• Precise vertex determination
• Powerful invariant mass resolution

• Particle Identification
• !, #, $, %, &, ' in 1 < & < 100 GeV

• Unique forward instrumentation for pp, pPb, PbPb physics
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K. Carvalho Akiba et al 2018 JINST 13 P04017 

5 < & < 9
HeRSCheL: High-Rapidity Shower Counters for LHCb
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inelastic

single diffraction

double diffraction

     CEP+UPC elastic

CEP+UPC inelastic

Elastic

Not in LHCb

p,Pb

LHCb rapidity coverage
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Motivations for photoinduced measurements in pA 

• Photon source ambiguity
• Uncertainty on survival fraction in pp
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gap survivor photon flux

Photoproduction result from H1(HERA) 

parametrization = 𝑎 𝑊
90 GeV

𝛿

J/𝝍,𝝍(2S) Photo-production cross-section in CEP

JHEP 10 (2018) 167

JHEP11(2013)085

photon energy Invariant mass of the photon-proton system
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𝜎𝑝𝑝→𝑝𝜓𝑝 = 𝑟 𝑊+
𝑑𝑛
𝑑𝑘+

𝑘+𝝈𝜸𝒑→𝝍𝒑 𝑾+ + 𝑟 𝑊−
𝑑𝑛
𝑑𝑘−

𝑘− 𝜎𝛾𝑝→𝜓𝑝 𝑊−

𝐄𝐱𝐭𝐞𝐫𝐧𝐚𝐥 𝐢𝐧𝐩𝐮𝐭𝐬

𝑊2 ≡ 2𝑘 𝑠
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Challenge in pp, AA Benefit of pA
• pPb vs. Pbp -> disambiguate photon emitter
• Better control on survival fraction
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Odderon search in pPb and PbPb

• C-even mesons can be produced in exclusive events either via the 
fusion of two C-even objects (Pomeron-Pomeron) or two C-odd 
objects (# + ())*+,-)
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Phys. Rev. Lett. 127, 062003 (2021)

McNulty, Khoze, Martin, Ryskin, Eur. Phys. J. C 80, 
288 (2020)

Would provide first *direct* 
observation of the odderon 



Odderon search approach
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• Study the production of C-even mesons
• .!(1270) is an especially good candidate

• 5 = Pomeron, R=Reggeon, O = Odderon, # =	photon
• Signatures of Odderon:
• Enhanced !!(1270) production 
• Asymmetry when beam/target are flipped (pPb vs. Pbp)

• C-even mesons due to Odderon-γ fusion could be quite large, up to the μb level 

5.1 �� fusion

It must be mentioned that Odderon exchange can be replaced by the photon exchange. Such a
photon-photon fusion contribution can be calculated with rather good accuracy based on the
known f2 ! �� decay width. This gives

d�QED(�p ! f2 + p⇤)

dt
=

0.23nb

|t| F 2

��!f2(t) , (27)

where p⇤ indicates that we allow the proton to dissociate into some low mass state p⇤ (since on
this side we are looking for the ‘incoherent’ process). For this reason we omit the proton form
factor in (27).

Practically it is impossible to distinguish here between the photon and the Odderon ex-
changes. Formally in the case of a photon we have an extra 1/t factor in (27) and may expect
a steeper t-dependence. On the other hand we do not know the F 2

��!f2(t) form factor and
already we have selected not too small |t|. Note that the trivial �� contribution will have the
same y-behaviour as that for Odderon exchange. Integrating over the 0.3 < pt,f2 < 1 GeV, it
must be normalized to � ' 0.3 � 0.4 nb instead of �Odd(�p ! f2p) = 1 nb which will be used
for the numerical estimates in Section 6. The value taken for the cross section �Odd is discussed
in Section 6.1.

5.2 �-Pomeron fusion

For photon-induced production, the f2 peak is placed on the top of a large background coming
from the tail of ⇢(770) meson ultraperipheral photoproduction (the ⇢ meson is produced via
the photon-Pomeron fusion with a rather large cross section). In particular, taking �(�p !
⇢p) ' 10 µb measured at HERA [43], we expect the ⇢-photoproduction induced ⇡+⇡� cross
section, in the interval M(f2) ± �(f2)/2, to be � ' 270 nb. How does this compare with
f2 ! ⇡+⇡� production via Odderon exchange? There are, at present, no data for �(�p ! f2p),
but experimental limits of 16 nb [44] indicate that the value is much smaller than from the tail
of the ⇢ resonance. We discuss this further in Section 6.1.

Clearly, in order to separate out a pure f2 signal it would be desirable to perform the partial
wave analysis selecting a JP = 2+ state. However with such a large contribution from other
partial waves it would be di�cult and require very large statistics. A possible way to avoid
the serious ⇢ background would be to seek events for the f2 meson via its ⇡0⇡0 and KK decay
modes.

6 Numerical estimates

To get an impression for the size of the cross sections and asymmetries we present in Figs. 1-4 the
results of some numerical calculations. These plots are shown for illustration. Unfortunately,
as mentioned, we do not know the size of the Odderon-photoproduced cross section, �Odd; nor
the values of the required couplings, like

PP ! f2, PR ! f2, �O ! f2, �R ! f2, (28)

11

L. A. Harland-Lang, V. A. Khoze, A. D. Martin and M. G. Ryskin, 
Phys. Rev. D 99, no. 3, 034011 (2019) [arXiv:1811.12705 [hep-
ph]]. 

McNulty, Khoze, Martin, Ryskin, Eur. Phys. J. C 80, 
288 (2020)



Signal and Backgrounds in C-even mesons

• 5 = Pomeron, R=Reggeon, O = Odderon, # =	photon
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Figure 3: Indicative predictions of the Pomeron-Pomeron fusion and �-Odderon fusion contributions
to the cross section for pA ! p + f2 + A as a function of the f2 rapidity for

p
sNN = 8.16 GeV.

The dashed curves show the e↵ect of including a secondary Reggeon contribution. The e↵ect of
changing the absorptive cross section �tot(f2N) has a smaller e↵ect than that for AA0 collisions
which was shown in Fig. 2. Here we take �tot(f2N) from (17) with �0=15.7/2 mb and ✏ = 0.055.
The shaded band indicates the region predicted to be excluded for the Odderon signal if we were to
use the upper limit for �(�p ! f2p) of 16 nb found at HERA[44], rather than 1 nb.

Fig. 2 clearly illustrates the importance of the survival factors with respect to the f2 addi-
tional interactions with the nucleons in the heavy ion, both on the value of the cross section and
its rapidity dependence. Note also that for �tot(f2N) = 0 in Fig. 2(a), that is when Sf2N = 1
the cross section increases with rapidity, while it decreases if we take the VDM form given by
(17) with �0=15.7 mb and ✏ = 0.055.

The contributions to the cross section for the process pA ! p+ f2+A are plotted in Fig. 3.
Here we take �0 = 15.7/2 mb and ✏=0.055 in (17), and take the pA collisions to have an energyp
sNN=8.16 GeV. For this process we have no enhancement of the �-induced contributions,

that previously was observed in Fig. 2, due to the large transverse surface of the target A⇤.
Therefore the Odderon contribution is expected to be a few times smaller than that due to
Pomeron-Pomeron fusion.

Fig. 4 shows that the asymmetry of the Pomeron-induced cross section is small. Without
secondary Reggeons it is caused by the non-zero slope, ↵0

P of the Pomeron trajectory (and gives

15
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Figure 1: Indicative predictions for the photon- and Pomeron-induced cross sections for the (inco-
herent) process AA ! A + f2 + A⇤ as a function of the f2 rapidity for

p
sNN = 5.12 GeV. In

this plot the f2 absorptive cross section �tot(f2N) in the heavy ion is calculated from (17) with
�0 = 15.7/2 mb and ✏ = 0.055. The dashed curve for (A⇤A⇤) is shown only because this process
serves as a possible background to the Pomeron-induced (AA⇤) contribution. The shaded band
indicates the region predicted to be excluded for the Odderon signal if we were to use the upper
limit for �(�p ! f2p) of 16 nb found at HERA[44], rather than 1 nb.

6.2 Results for the cross section and the asymmetry

The figures are based on the parameters described above. Figs. 1 and 2 show the contributions
to the cross section d�/dy for the process AA ! A + f2 + A⇤, while Fig. 3 shows the results
for pA ! p⇤ + f2 + A. The contributions to the asymmetries in f2 rapidity for the respective
processes are compared in the two plots of Fig. 4.

We start with the discussion of Fig. 1. It shows the exclusive production of the f2 (y =
�5.5 to 5.5) in PbPb collisions. Assuming (22) with �Odd = 1 nb, the Odderon-induced cross
section7 in the forward region is an order-of-magnitude larger than that driven by Pomeron-
Pomeron fusion. Secondary Reggeons (shown by dot-dashed curve for �-induced production)
may noticeably enlarge (about 2 times at y = 4) the cross section in the forward region, where

7For comparison we also show by the shaded band the upper limit of the Odderon-exchange signal if we were
to use the HERA H1 limit of 16 nb [44] for the f2 photoproduction cross section via Odderon exchange.
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Require exclusive events 
with ‘gap’, Survival 
fraction:

2.1 pA collisions

A stronger y dependence is expected in heavy ion collisions when we account for the possibility
of interaction of the f2 meson with the ion (or rather with the nucleons, N , in the ion). First
we consider the exclusive process pA ! p + f2 + A. The probability of the above ‘secondary’
interaction is driven by the �(f2N) cross section, which increases with energy, that is with the
f2 rapidity as exp(2✏(y � y2)) (here the rapidity of target ion y2 < 0 is negative).

Besides this we have to account for the additional beam-target inelastic interactions which
populate the rapidity gap and thus violate the ‘exclusivity’ condition. The corresponding ‘gap
survival probability’, S2, for the case of collisions with a heavy ion was discussed in detail in
[19]. It is convenient to calculate the value of S2 in impact parameter, bt, space. For the case
of survival against an additional proton-ion interaction 3

S2

pN(bt) = exp(��tot(pN) TA(bt)) , (4)

where �tot(pN) is the total cross section of the proton-Nucleon interaction and TA(b) is the
optical density of the heavy ion,

TA(b) =

Z 1

�1
dz(⇢p(z, b) + ⇢n(z, b)) . (5)

In this simplified estimate we neglect the radius, rpN , of the proton-nucleon interaction in
comparison with the larger heavy ion (A) radius and consider the total exclusive cross section
integrated over t1 and t2.

The nucleon density distribution in A is described by the Woods-Saxon form [21]

⇢N(r) =
⇢0

1 + exp ((r �R)/d)
, (6)

where the parameters d and R respectively characterise the skin thickness and the radius of
the nucleon density in the heavy ion; r = (z, b). For 208Pb we take the recent results of [22, 23]

Rp = 6.680 fm , dp = 0.447 fm ,

Rn = (6.67± 0.03) fm , dn = (0.55± 0.01) fm . (7)

The nucleon densities, ⇢, are normalized to
Z

⇢p(r)d
3r = Z ,

Z
⇢n(r)d

3r = Nn , (8)

for which the corresponding proton (neutron) densities are ⇢0 = 0.063 (0.093) fm�3.

Correspondingly the probability to preserve the exclusivity against f2N additional interac-
tions with the target ion is given by

S2

f2N(b) = exp(��tot(f2N)TA(b)) , (9)

3We do not include the inelastic Glauber corrections since the e↵ect of inelastic shadowing is almost com-
pensated by the e↵ect of short-range correlations in the wave function of the target nucleus [20].
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Signal and Backgrounds in C-even mesons
• ‘Flipping’ beam 
provides 
enhanced 
sensitivity to 
Odderon signal
• A(pPb) uses measurements of 
pPb vs. Pbp for 
the same 8"+
• In PbPb collisions 
– ’flip’ by requiring 
breakup on one 
side or the other
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Figure 4: Predictions for the Pomeron-Pomeron and �-Odderon fusion contributions to the asym-
metry as a function of the rapidity of the f2 meson produced in the process AA ! A + f2 + A⇤

(that is (26) plotted in the left-hand diagram) and in the process pA ! p + f2 + A (that is (25)
plotted in the right-hand diagram). We also show the e↵ect of changing �tot(f2N) from 0 to
forms given by (17) with �0=15.7/2 or 15.7 mb and ✏ = 0.055. The e↵ects of including secondary
Reggeon-exchange terms only change the predictions within the limits of the �0 predictions.

a small negative asymmetry A(AA⇤) < 0) while the energy dependence of the absorptive cross
section gives a small positive asymmetry (A(AA⇤) > 0). Recall that without the f2 absorption
the secondary Reggeon contributions do not produce an additional asymmetry. For the photon-
induced component we observe in the forward region (y > 0) a large negative asymmetry that
already by y = 3 is close to -1 due to the growth of the photon flux (19) as x / e�y decreases.

For pA collisions, the same qualitative behaviour of the asymmetry is observed as in AA
collisions, although the asymmetry for the Pomeron-induced process is slightly smaller, and the
photon-induced asymmetry approaches -1 at slightly larger rapidities, as seen by comparing
the plots in Fig. 4.

Recall, however, the possibility mentioned in Section 2.4 that the Pomeron-Pomeron fusion
background may be suppressed. The dominant Pomeron-induced background will then be
caused by fusion with a secondary Reggeon. In such a case there will be a large positive
asymmetry in Fig. 4 (right) since when the p beam energy is larger than the energy of the
nucleon in the ion, the dominant diagram is that where the secondary Regeeon couples to the
ion A and thus the f2 meson goes in the direction of ion.

In summary, assuming an Odderon cross section �Odd = 1 nb in (22), the exclusive f2 photo-
production cross-section in the forward region for AA ! A+ f2 + A⇤ processes is expected to
be an order-of-magnitude larger than for Pomeron-Pomeron fusion in AA collisions already at

16

the A0 ion or by looking for the events with a relatively large transverse momentum of the f2
meson, say, pt,f2 > 0.3� 0.4 GeV. (Recall that pt,� is still quite small due to the large values of
b�; therefore pt,f2 is almost equal to the momentum transferred to A0.).

Since the Odderon intercept, ↵Odd, is very close to 1 [2, 42, 3], the rapidity dependence of
the photon-Odderon fusion cross section in pA collisions is completely driven by the behaviour
of the photon flux dN/dy. In the AA0 case the gap survival factor S2

f2N 0 also has an e↵ect.
Indeed, the semi-exclusive �A0 ! f2A⇤ cross section reads

�(�A0 ! f2A
⇤) = �Odd(�p ! f2p)

Z
d2bT 0

A0(b)S2

f2N 0(b) , (23)

where A⇤ denotes the ion A0, after it was broken by the incoherent interaction, and S2

f2N 0 is
given by (12).

3.2 �-R fusion

Of course the Odderon exchange in (22,23) can be replaced by C-odd secondary Reggeon
R = ! (or R = ⇢) exchange. We get exactly the same expressions (eqs.(22) and (23)). The
only di↵erence is that the ‘elementary’ cross section �R(�p ! f2p) (which replaces �Odd in
eqs.(22,23)) now depends on the f2-proton energy, that is on the rapidity of the f2 meson as

�R(�p ! f2p) / exp(2(↵R � 1)(y1 � y)) . (24)

This leads to a strong rapidity dependence of the secondary Reggeon-exchange contribution.
At LHC energies this contribution is completely negligible at central rapidities (that is, y close
to 0 in the laboratory frame) but may reveal itself in the forward region where the di↵erence
|y1 � y| becomes smaller and the exponential increase towards 1.

Besides this there may be interference between di↵erent contributions. The interference
between the Pomeron and the Odderon is small since the Pomeron-exchange amplitude is
mainly imaginary while the Odderon-exchange is real. On the other hand secondary Reggeon-
exchange can interfere with both the Pomeron and the Odderon amplitudes. However below
we will neglect the interference e↵ects in our simplified numerical estimates.

4 Asymmetry

The di↵erential cross-sections for exclusive f2 production described above exhibit very di↵erent
dependencies with rapidity. That resulting from Pomeron-Pomeron fusion is rather flat, while
photon-Odderon production has a strong dependence due to the photon flux. For proton-ion
collisions this can be usefully encoded in an asymmetry, A, defined as

A(Ap) =
�(pA)� �(Ap)

�(pA) + �(Ap)
, (25)

where �(pA) and �(Ap) denote the cross sections measured in runs with interchanged proton
and ion beams (at the same yf2).

9

In pp collisions and AA collisions (where the ions remain intact) the asymmetry is absent
(A=0). However in ion-ion collisions we can have asymmetry by selecting events where one ion
(A⇤) is broken while the other one (A) remains intact:

A(AA⇤) =
�(A⇤A)� �(AA⇤)

�(A⇤A) + �(AA⇤)
. (26)

4.1 Pomeron-Pomeron fusion

Due to the small value of ↵0
P , we may neglect the small rapidity dependence of the t-slopes and

hence the proton-nucleon amplitude (2) has no asymmetry. However, an asymmetry appears
after we account for the survival factors S2 in (10). Indeed, the probability to have no additional
interactions of the f2 meson with the nucleons inside the heavy ion decreases when the cross
section �f2N increases (see (9)); i.e., when the rapidity di↵erence y � y2 (or y1 � y) becomes
larger. This means that we expect a larger cross section (10) in the case when the forward f2
goes in the direction of the ion. Let us denote this case as (pA) so the corresponding asymmetry,
A, is positive.

For ion-ion collisions the situation is a bit more complicated. We have the survival factors
S2

f2N and S2

f2N 0 from both sides (both ions). However in (16) the optical density TA(b1) is
squared. That is the typical values of TA(b1) in the unbroken ion are larger than, TA0(b2), in
the ion that was destroyed. Therefore the factor S2

f2N(b1) becomes more important and the f2
meson would prefer to fly in the direction of the unbroken ion (which interacts coherently).

4.2 Photon-Odderon fusion

For photon induced processes the cross section is proportional to the photon flux N� (19),
which increases with x decreasing. This e↵ect is stronger than that caused by the S2 factors.
Therefore now the cross section is larger when the f2 meson goes in the direction opposite to
the ion that was not destroyed and ‘coherently’ radiates the photon. This leads to a negative
asymmetry A.

4.3 Fusion with a secondary Reggeon

Recall that for proton-ion collisions at the LHC the energy per nucleon for the lead beam is
about 2.5 times smaller than the proton beam energy. This leads to an additional asymmetry.
Since the R-exchange cross section decreases with energy (that is with the rapidity di↵erence)
the R-exchange contribution is larger for kinematics in which the f2 meson goes in the ion
direction; hence adding some positive component to the asymmetry A(pA).

5 Backgrounds

When searching for the Odderon contribution in exclusive f2 production we face two obvious
sources of background. These arise from the production of the f2 meson by Pomeron-Pomeron
fusion and �� fusion. In the next Section we will give indicative estimates of the size of the
contribution arising from Pomeron-Pomeron fusion using the formalism that we developed in
Section 2. We first discuss the background from �� and �-Pomeron fusion.

10
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• Clear identification of ! and !′ via invariant mass reconstruction in pPb 
• ! reconstructed from # pairs identified in ECAL (clusters $! > 500 MeV + isolated from charged tracks)
• !′ reconstructed from ! candidates (500 < ("" < 600 MeV ) and charged pion pairs
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Figure 2: Example reconstructed M(⇡+⇡�⌘) distributions in forward pPb collisions atp
sNN = 8.16 TeV with 2.5 < yc.m. < 3.5. Distributions are shown for (left) 3 < pT < 4GeV

and (right) 7 < pT < 10GeV. Fit results are overlaid, including the mixed event and correlated
combinatorial background templates. The lower panels show the background-subtracted mass
distributions with the fit results overlaid.

convert to an e+e� pair in the detector material upstream of the LHCb magnetic field
region [49]. These converted photons are reconstructed as pairs of tracks. The tag electron
must be matched to a cluster in the ECAL and identified as an electron, and the cluster
e�ciency is the fraction of probe electrons matched to an ECAL cluster. The photon
identification e�ciency is studied using ⇡0 decays to two photons, where one photon is
a converted photon. The ⇡0 yields are extracted using a maximum-likelihood fit to the
diphoton mass spectrum following Ref. [19]. The photon identification e�ciency is then
the fraction of ⇡0 mesons for which the ECAL photon passes the photon identification
criteria. The charged pion reconstruction and identification performance is studied using
a tag-and-probe method with K0

S decays to ⇡+⇡� pairs.
The ⌘ and ⌘0 di↵erential cross sections in pp collisions at 8.16 TeV are estimated

by interpolating between the measured pp cross sections at
p

s = 5.02 and 13 TeV.
The interpolation is performed independently in each pT interval. The cross section is
interpolated using the functional form �(

p
s) = a (

p
s)

b
. This procedure is found to give

the correct yields to within 1% in simulated pp collisions at
p

s = 8.16 TeV generated
using Pythia. A linear interpolation in

p
s is also considered and provides less accurate

results in simulation.

4 Systematic uncertainties

The systematic uncertainties are summarized in Table 1. The largest source of systematic
uncertainty for the ⌘ di↵erential cross section in most pT regions is the detector material
budget. The material budget is proportional to the photon conversion probability, and
uncertainties in the material budget lead to uncertainties in the photon reconstruction
e�ciency. The photon conversion probability has been measured with an uncertainty
of 4%. This uncertainty is fully correlated between photons, resulting in a constant 8%
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Figure 1: Example reconstructed M(��) distributions in forward pPb collisions atp
sNN = 8.16 TeV with 2.5 < yc.m. < 3.5. Distributions are shown for (left) 1.5 < pT < 1.6GeV

and (right) 3.0 < pT < 3.2GeV. Fit results are overlaid, including the mixed event and correlated
combinatorial background templates. The lower panels show the background-subtracted mass
distributions with the fit results overlaid.

of uncorrelated and correlated background models provides a good description of the
background in simulated samples of ⌘ meson decays.

The ⌘0 candidate mass M(⇡+⇡�⌘) is determined using a kinematic fit with the decay
vertex constrained to a PV and M(��) fixed to the world-average ⌘ meson mass [44]. Exam-
ple fits from pPb collisions with 2.5 < yc.m. < 3.5 for 3 < pT < 4 GeV and 7 < pT < 10 GeV
are shown in Fig. 2. The ⌘0 meson signal is modeled using two Gaussian functions with a
common mean. The widths of the two Gaussian functions and their relative contributions
to the signal peak are determined from fits to simulation. The results of fits to simulated
events are used to impose Gaussian constraints in the fits to data. The uncorrelated
combinatorial background is modeled using mixed-event combinations of dipion and ⌘ can-
didates. Correlated combinatorial background makes a much smaller relative contribution
to the ⌘0 mass spectra than to that of the ⌘ meson and is modeled using the functional
form of Eq. 3 with x = M(⇡+⇡�⌘) with n = 1, m0 = 900 MeV, and m1 = 1000 MeV.

The signal yields are corrected for the e↵ects of the detector response using simulation.
The correction factors ✏ are determined using an iterative unfolding procedure. First,
correction factors are calculated for each pT interval. Hagedorn functions are then fit to
the corrected pT spectra in data and the true pT spectra in simulation [48]. The ratio of
these distributions is used to weight the true signal pT spectrum in simulation so that
the true pT spectrum of the simulated data matches the pT spectrum of the corrected
data. The procedure is then repeated using the weighted simulated data sample. For the
⌘ meson spectra, the procedure consistently converges after three iterations. Since the
momenta of the ⌘0 candidates are carried partially by charged particles, these candidates
are reconstructed with better momentum resolution than the ⌘ candidates. Furthermore,
the ⌘0 measurement is performed in pT intervals that are much larger than the pT resolution.
Consequently, only one iteration is used to determine the ⌘0 correction factors.

The ⌘ and ⌘0 reconstruction e�ciencies are calibrated using data. The ECAL cluster
reconstruction e�ciency is measured using a tag-and-probe method with photons that
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Figure 5: Di↵erential cross-sections compared to LO and NLO theory JMRT predictions [27, 28]
for the J/ meson (top) and the  (2S) meson (bottom). The inner error bar represents the
statistical uncertainty; the outer is the total uncertainty. Since the systematic uncertainty for
the  (2S) meson is negligible with respect to the statistical uncertainty, it is almost not visible
in the lower figure.

e�ciencies and purities, the second are systematic, and the third are due to the luminosity
determination.

As a cross-check and to confirm the improvements brought by HeRSCheL, the cross-
sections have been recalculated without imposing the HeRSCheL veto: consistent results
are obtained but with a larger systematic uncertainty of about 8%. While the extracted
signal contribution is comparable to Fig. 4 and well described by a single exponential
function with a consistent value of bsig = 5.92 ± 0.06GeV�2, the extracted proton-
dissociation component requires two exponential functions to describe the distribution.

To compare with theoretical predictions, which are generally expressed without fiducial
requirements on the muons, the di↵erential cross-sections for J/ and  (2S) mesons as
functions of the meson rapidity are calculated by correcting for the branching fractions to
muon pairs, B(J/ ! µ+µ�) = (5.961±0.033)% and B( (2S) ! µ+µ�) = (0.79±0.09)%
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As a cross-check and to confirm the improvements brought by HeRSCheL, the cross-
sections have been recalculated without imposing the HeRSCheL veto: consistent results
are obtained but with a larger systematic uncertainty of about 8%. While the extracted
signal contribution is comparable to Fig. 4 and well described by a single exponential
function with a consistent value of bsig = 5.92 ± 0.06GeV�2, the extracted proton-
dissociation component requires two exponential functions to describe the distribution.

To compare with theoretical predictions, which are generally expressed without fiducial
requirements on the muons, the di↵erential cross-sections for J/ and  (2S) mesons as
functions of the meson rapidity are calculated by correcting for the branching fractions to
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Figure 6: Compilation of photoproduction cross-sections for various experiments. The upper
(lower) plot uses the J/ ( (2S)) data.

and found to be in better agreement with the JMRT NLO rather than LO predictions. The
derived cross-section for J/ photoproduction shows a deviation from a pure power-law
extrapolation of H1 data, while the  (2S) results are consistent although more data are
required in this channel to make a critical comparison.
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Figure 2: Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range
2 < y(⌥) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The ⌥(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

Table 1: Results of the invariant mass fits, within each rapidity interval.

Parameter 2 < y < 4.5 2 < y < 3 3 < y < 3.5 3.5 < y < 4.5
⌥(1S, 2S, 3S) yield 382 ± 26 146 ± 16 133 ± 16 94 ± 14

⌥(1S) fraction 0.71 ± 0.03 0.74 ± 0.05 0.72 ± 0.06 0.68 ± 0.07
⌥(2S) fraction 0.18 ± 0.03 0.16 ± 0.04 0.15 ± 0.05 0.26 ± 0.06

⌥(1S) mass ( MeV/c2) 9452.5 ± 3.3 9453.2 ± 4.3 9452.4 ± 5.6 9452.0 ± 9.0

background and �b ! ⌥� feed-down decays. These contributions are indistinguishable in
the invariant mass distribution.

The probability density function (PDF) used to model each ⌥(nS) signal peak is a
Gaussian function with modified tails (a double-sided crystal ball function [21]). The mass
di↵erences for the ⌥(2S)�⌥(1S) and ⌥(3S)�⌥(1S) resonances are taken from Ref. [22].
The ratios of the ⌥(2S) and ⌥(3S) resolutions with respect to the ⌥(1S) are fixed to
the ratio of their masses with respect to the mass of the ⌥(1S), following the procedure
used in previous ⌥ measurements using LHCb data [23]. The parameters that govern the
shapes of the tails are taken from simulation, as is the resolution of the ⌥(1S) resonance,
which varies from 35 MeV/c2 to 57 MeV/c2 in the di↵erent rapidity ranges. The yields of
the signal components are all free to vary independently.

A background PDF accounting for the non-resonant background is modelled using an
exponential shape where the slope and normalisation are allowed to vary.

The data are fitted in the whole rapidity range and in bins of rapidity. The fit results
are given in Table 1 and the fit in the full rapidity range is shown between 9 GeV/c2 and
12 GeV/c2 in Fig. 2.
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Figure 4: Measurements of exclusive ⌥(1S) photoproduction compared to theoretical predictions.
In (a), the ⌥(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors,
and solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections
extracted from the LHCb results are indicated by black points, where the statistical and
systematic uncertainties are combined in quadrature. The entire W -region in which these LHCb
measurements are sensitive is indicated. Measurements made by H1 and ZEUS in the low-W
region are indicated by red and blue markers, respectively [4, 5, 7]. Predictions from Ref. [1] are
included, resulting from LO and NLO fits to exclusive J/ production data. The filled bands
indicate the theoretical uncertainties on the 7 TeV prediction and the solid lines indicate the
central values of the predictions for 8 TeV. In (b) predictions from Ref. [2] using di↵erent models
for the ⌥(1S) wave function are included, indicated by ‘bCGC’.

The absorptive corrections and photon fluxes are computed following Ref. [1].
The three bins of ⌥(1S) rapidity chosen in this analysis correspond to ranges of W

for the W+ and W� solutions. The contribution to the total cross-section from the W�
solutions is expected to be small and is therefore neglected. The dominant W+ solutions
are therefore estimated assuming that they dominate the cross-section, and are shown in
Fig. 4b. The magnitude of the theoretical prediction for the W� solutions is added as
a systematic uncertainty. The good agreement with the NLO prediction seen in Fig. 4a
is reproduced. The LHCb measurements probe a new kinematic region complementary
to that studied at HERA [4,5, 7], as seen in Fig. 4b, and discriminate between LO and
NLO predictions. In Fig. 4b, the LHCb data are also compared to the predictions given in
Ref. [2] using models conforming to the colour glass condensate (CGC) formalism [28] that
take into account the t-dependence of the di↵erential cross-section. All agree well with the
data. The solid (black) and dotted (blue) lines correspond to two di↵erent models for the
scalar part of the vector-meson wave function.
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Coherent Incoherent 

Vector Meson Photoproduction in UPC of PbPb

Efficient separation of coherent and 
incoherent thanks to HeRSCheL

July 5, 2024 Brandenburg.89@osu.edu | LHCb 16

pA will allow disambiguation of photon emitter / 
nuclear target + crucial baseline for 
photoproduction compared to pp, AA



JHEP06(2023)146

J/ψ, ! "#  photoproduction in UPC

• Excellent separation between coherent and incoherent 
components, thanks to 
• HeRSCHeL
• High pT resolution – allows measurement of 
()/(+" at LHC

July 5, 2024 Brandenburg.89@osu.edu | LHCb 17



Comparison with theoretical models

JHEP06(2023)146

,/- -(2.)

,/- -(2.)

#/% and %(2() : Comparison With Theory
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Comparison with:
- LO pQCD
- NLO pQCD
- Color-dipole models 
- Gluon saturation models
- Sub-nucleonic 

fluctuations



Comparison with theoretical models
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JHEP06(2023)146

#/% and %(2() : Comparison With Theory
Comparison with:
- LO pQCD
- Color-dipole models 
- Gluon saturation models
- Sub-nucleonic 

fluctuations

Future measurements will 
help distinguish model 
predictions

Measurements with high-
lumi pA will provide unique 
constraints

Flipping beam (pPb vs. Pbp) 
will allow LHCb to cover 
forward/backward rapidity – 
large range in photon energy
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Quarkonium production in UPCs
Nuclear modification ratio in UPCs
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Genuine higher saturation contributions have the largest effect in 
photo-production (e.g. UPC) which cause a large suppression of the 

cross-section and the nuclear modification ratio  at low pT

Farid Salazar (INT @ U. Washington) 

arXiv:2404.10833 [nucl-th]

https://arxiv.org/abs/2404.10833


Quarkonium production in UPCs
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nucleus

p

J/ 
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Photon is quasi-real, take  limit of our  results (only transverse polarization survives)Q2 → 0 γ*A

nucleus

p

J/ 
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Improved TMD regime of validity is very narrow: 
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Q2
s ⌧ M2

J/ 

 production in UPCs could be very sensitive to “higher genuine 
saturation corrections” only present in the full CGC calculation

J/ψ

Better sensitivity than dijets since . Sudakov effect (soft radiation) should be smaller.M2
J/ψ ≪ M2

dijet

<latexit sha1_base64="7meUOihup0kZEm8tz9vN/XGt3gw="></latexit>

Q2
s ⇠ M2

J/ but for large nuclei at high energies

What about UPCs?

Replace the photon source (electron -> nucleus)

Need full CGC calculation!

Farid Salazar (INT @ U. Washington) 

arXiv:2406.01684 [hep-ph]

https://arxiv.org/abs/2406.01684


*! 	states in photo production
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LHCb-CONF-2011-022



New results: *! 	states in photo production
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LHCb-PAPER-2023-043 in 
preparation 

First exotic measurement in events with no other activity.

Golden measurement to understand exotic production.



LHCb: Complements of SMOG2
• SMOG2 provides pA/Ap in fixed 
target mode
• Access to lower /## at LHC
• Mid-rapidity coverage

• Collider mode + fixed target mode 
pPb, Pbp – unique to LHCb

July 5, 2024 Brandenburg.89@osu.edu | LHCb 24

FTE @ LHC - strong2020 workshopEdoardo Franzoso 44

    Kinematic conditions :

- the CM of the colliding system is strongly boosted in the lab frame → backward rapidity region in the CM frame

Fixed target Collisions in LHCb

PoS(HardProbes2023)196

First performance results from upgraded LHCb and SMOG2 Chiara Lucarelli

Figure 2: Figures of merit for LHCb fixed-target programme in Run 2. The left plot compares LHCb
acceptance in the Q2/ Bjorken-G plane with other experiments exemplifying the uniqueness of its coverage.
The right plot presents the samples collected with SMOG between 2015 and 2018, indicating the collision
system, the energy and the statistics as ? (Pb) on target.

transverse profiles and measure the luminosity. Exploiting the forward geometry of the detector
and its excellent particle reconstruction and identification performance, since 2015 the gas injection
system SMOG has also been used as a gaseous target, turning LHCb into the as-of-today’s highest-
energy fixed-target experiment ever. During Run 2, samples both with proton and lead ions were
collected injecting noble gases (He, Ne, Ar), covering a rapidity region in the centre of mass system
(�3 < H

⇤
< 0) complementary to the ones covered by the collider mode samples. The related

physics opportunities are unique at the LHC. The high Bjorken-G and moderate Q2 region, mostly
unexplored by previous experiments, can be accessed with SMOG and collision systems with atomic
numbers between the proton and lead can be studied, providing inputs to many research fields such
as heavy flavour production, nuclear structure and cosmic rays astrophysics (Fig. 2).
Since SMOG was not originally conceived for production measurements, it suffered from some
limitations:

• The gas was injected directly into the VELO tank and it could flow 40 m around the interaction
point in the LHC beam pipe; in order not to significantly perturb the LHC operation, only
noble gases could be injected with a maximum pressure in the interaction region of 10�7 mbar,
limiting the statistics and variety of the collected samples.

• The beam-gas and beam-beam luminous region overlapped, requiring dedicated periods and
data-taking strategies for the fixed-target physics programme, further limiting the available
statistics.

• The SMOG system was not equipped with precise enough gauges to measure the pressure of
the injected gas, preventing a direct measurement of the luminosity. The elastic scattering of
LHC protons on the gas electrons was used instead, with a systematic uncertainty that turned
out to be the dominant one affecting the measurements precision.

In order to overcome these limitations, during LHCb upgrade a new gas injection system, SMOG2,
was installed. It consists of a 20 cm-long storage cell installed 44 cm upstream of the nominal
LHCb interaction point and a new gas feed system that allows a finer and automatized control of
the gas flow, pressure and injected species [4, 5]. Thanks to the confined interaction region, the
gas density can be increased by to two orders of magnitude with the same gas flow as in SMOG.
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Future Upgrades : New HeRSCheL 

Possible upgrade dedicated to UPC & CEP:
- Replace radiation damaged scintillators.
- Add additional station for symmetry

Possible Future Upgrades: Resurrecting HeRSCHeL

July 5, 2024 Brandenburg.89@osu.edu | LHCb 25



Future Upgrades : Magnet Station

• Instrument the internal magnet walls with a scintillator-based soft particle tracker
• Tracking for pT>50 MeV/c

• Essential to complete the UPC program
• High-statistics low-mass vector, scalar and tensor mesons 
• Exotic hadrons with multiple decay products
• Low-mass dielectrons and photon conversions 

Future Upgrades : Magnet Stations
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Figure 4: Predictions for the Pomeron-Pomeron and �-Odderon fusion contributions to the asym-
metry as a function of the rapidity of the f2 meson produced in the process AA ! A + f2 + A⇤

(that is (26) plotted in the left-hand diagram) and in the process pA ! p + f2 + A (that is (25)
plotted in the right-hand diagram). We also show the e↵ect of changing �tot(f2N) from 0 to
forms given by (17) with �0=15.7/2 or 15.7 mb and ✏ = 0.055. The e↵ects of including secondary
Reggeon-exchange terms only change the predictions within the limits of the �0 predictions.

a small negative asymmetry A(AA⇤) < 0) while the energy dependence of the absorptive cross
section gives a small positive asymmetry (A(AA⇤) > 0). Recall that without the f2 absorption
the secondary Reggeon contributions do not produce an additional asymmetry. For the photon-
induced component we observe in the forward region (y > 0) a large negative asymmetry that
already by y = 3 is close to -1 due to the growth of the photon flux (19) as x / e�y decreases.

For pA collisions, the same qualitative behaviour of the asymmetry is observed as in AA
collisions, although the asymmetry for the Pomeron-induced process is slightly smaller, and the
photon-induced asymmetry approaches -1 at slightly larger rapidities, as seen by comparing
the plots in Fig. 4.

Recall, however, the possibility mentioned in Section 2.4 that the Pomeron-Pomeron fusion
background may be suppressed. The dominant Pomeron-induced background will then be
caused by fusion with a secondary Reggeon. In such a case there will be a large positive
asymmetry in Fig. 4 (right) since when the p beam energy is larger than the energy of the
nucleon in the ion, the dominant diagram is that where the secondary Regeeon couples to the
ion A and thus the f2 meson goes in the direction of ion.

In summary, assuming an Odderon cross section �Odd = 1 nb in (22), the exclusive f2 photo-
production cross-section in the forward region for AA ! A+ f2 + A⇤ processes is expected to
be an order-of-magnitude larger than for Pomeron-Pomeron fusion in AA collisions already at

16

Summary
• LHCb is a powerful detector for pp, pA, AA 
physics
• Software-based trigger
• Excellent particle identification
• Unique coverage (rapidity and low-pT)
• Collider + Fixed target modes

• Recent / Results coming soon!
• Photoproduction in PbPb UPC
• First measurement of exclusive ! → #/%& in pp collisions 
• UPC '*'+ production
• Unique look at UPC (, production in PbPb

• Each analysis is possible and physics 
potential is significant for high-lumi pA 

• Upgrades on the horizon
• Potential future upgrades dedicated to forward physics program!

• Improved HerSCHeL for UPC and CEP measurements
• Even lower pT tracking via Magnet Stations
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Figure 2: Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range
2 < y(⌥) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The ⌥(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

Table 1: Results of the invariant mass fits, within each rapidity interval.

Parameter 2 < y < 4.5 2 < y < 3 3 < y < 3.5 3.5 < y < 4.5
⌥(1S, 2S, 3S) yield 382 ± 26 146 ± 16 133 ± 16 94 ± 14

⌥(1S) fraction 0.71 ± 0.03 0.74 ± 0.05 0.72 ± 0.06 0.68 ± 0.07
⌥(2S) fraction 0.18 ± 0.03 0.16 ± 0.04 0.15 ± 0.05 0.26 ± 0.06

⌥(1S) mass ( MeV/c2) 9452.5 ± 3.3 9453.2 ± 4.3 9452.4 ± 5.6 9452.0 ± 9.0

background and �b ! ⌥� feed-down decays. These contributions are indistinguishable in
the invariant mass distribution.

The probability density function (PDF) used to model each ⌥(nS) signal peak is a
Gaussian function with modified tails (a double-sided crystal ball function [21]). The mass
di↵erences for the ⌥(2S)�⌥(1S) and ⌥(3S)�⌥(1S) resonances are taken from Ref. [22].
The ratios of the ⌥(2S) and ⌥(3S) resolutions with respect to the ⌥(1S) are fixed to
the ratio of their masses with respect to the mass of the ⌥(1S), following the procedure
used in previous ⌥ measurements using LHCb data [23]. The parameters that govern the
shapes of the tails are taken from simulation, as is the resolution of the ⌥(1S) resonance,
which varies from 35 MeV/c2 to 57 MeV/c2 in the di↵erent rapidity ranges. The yields of
the signal components are all free to vary independently.

A background PDF accounting for the non-resonant background is modelled using an
exponential shape where the slope and normalisation are allowed to vary.

The data are fitted in the whole rapidity range and in bins of rapidity. The fit results
are given in Table 1 and the fit in the full rapidity range is shown between 9 GeV/c2 and
12 GeV/c2 in Fig. 2.
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