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Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that theW loop contribution dominates at high diphoton masses [174,175,177]
whereas this contribution is omitted in most studies. This is the Þrst time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard ModelWW andZZ prduction

In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement ofW andZ boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< ! < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,D" > 2.7 between leading leptons, and 160< W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings#$ andD%$ is the following

L ⇠ (W 
µ&WµA&�W

µ&W  µA&
)

+(1+D%$
)W 

µ

W&Aµ&
+

#$

M2
W

W 
' µ

Wµ

&A&'
). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass for#$ andD%$ only modiÞes the normalization and the low mass events
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1 Introduction

The use of di! ractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detectingprotons that have lost only
about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which
are unique to the LHC, and di" cult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely
favourable environment to search for, and identify the nature of, new particles at the LHC. The
Þrst that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,
gluinonia, radions, and indeed any new object which has 0++ (or 2++) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By Òcentral exclusiveÓ we mean a process
of the type pp ! p + X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced systemX . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First , if the outgoing protons remain intact and scatter through small angles then, to a very
good approximation, the primary active di-gluon system obeys aJz = 0, C-even, P-even,
selection rule [12]. HereJz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers
of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state.Secondly, because the process is exclusive, the energy loss of the outgoingprotons
is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system.Thirdly , in many
topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due toJz = 0 selection, leading-
order QCD bøbproduction is suppressed by a factor (mb/E T )2, whereET is the transverse energy
of the b,øb jets. Therefore, for a low mass Higgs,MH

<" 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive processpp ! p + X + p. The systemX is
produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.
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Central Exclusive Production at HL-LHC

Central exclusive reactions processes

Central exclusive reactionspp ! p + X + p can be studied by measuringX in a central
detector and the intact protons pp with forward proton detectors.

p p

p
p

+ !

Measure the proton fractional momentum loss ! i = �p/ p with forward proton
spectrometers.

Isolate signal by comparingm�� with mpp =
"

! 1! 2s, and y�� with ypp = 1
2 ln( ! 1/ ! 2)

(exclusive processes).

1 / 8

¥ Two production mechanisms of interest* :

Photon-induced QCD-induced

*In addition- photoproduction

¥ Sensitive to rather different physics/areas of phase space. Play 
different roles @ HL-LHC .
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Photon-induced production
p p

p
p

+ !

Exclusive final state can be produced via three different mechanisms, 
depending on kinematics and quantum numbers of state:

QCD-induced

Photon-inducedFig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that theW loop contribution dominates at high diphoton masses [174,175,177]
whereas this contribution is omitted in most studies. This is the Þrst time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard ModelWW and ZZ prduction

In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement ofW and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< x < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,! f > 2.7 between leading leptons, and 160<W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplingsl

g and! k

g is the following
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The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass forl

g and! k

g only modiÞes the normalization and the low mass events
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Photoproduction
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Fig. 5.10: Invariant mass of theJ/ ! J/ ! system in (left) exclusive and (right) inclusive events. The
shaded area is the theoretical prediction of Ref. [26]

3 Future measurement at low/medium luminosity: motivation

3.1 PhotonÐinduced processes

3.1.1 Diffractive photoproduction " p ! V p

Q

Q̄

F (x, ! ) = " G(x, ! )/" log ! 2

(1 ! z, ! #
k" )

(z,#k" )
$
V

(z, k" )

VM = J/$ ,$#
,⌥,⌥

#
, . . .

%

#!! #!

p

p

W

2

Fig. 5.11: Diagrams representing the exclusive diffractive" p ! V p amplitude.

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at " p cms energyW , applicable at small values ofx = M2

V / W 2, are the color-dipole approach and the
kT -factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

¡mA(" "
(Q2

)p ! V p;W, t = 0) =
Z 1

0
dz

Z

d2r ! V (z,r) ! " "
(z,r,Q2

)# (x,r) , (5.3)

wherex = M2
V / W 2, ! V and! " are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. Theq øq separationr is conserved during the interaction (and so
are the longitudinal momentum fractionsz,1# z carried byq and øq). Color dipoles of sizer are diagonal
states of theS-matrix and interact with the proton with the cross section

# (x,r) =
4$
3

%S

Z d2&
&4

' xg(x,&2
)

' log(&2
)

h

1# exp(i&r)
i

, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient

58

C-even, couples to gluons

C-even, Couples to photons

C-odd, couples to photons + gluons
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 Each one offers different possibilities…

Production Mechanisms

1 Introduction

The use of diffractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detectingprotons that have lost only
about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which
are unique to the LHC, and difficult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely
favourable environment to search for, and identify the nature of, new particles at the LHC. The
Þrst that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,
gluinonia, radions, and indeed any new object which has 0++ (or 2++ ) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By Òcentral exclusiveÓ we mean a process
of the type pp ! p + X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced systemX . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First, if the outgoing protons remain intact and scatter through small angles then, to a very
good approximation, the primary active di-gluon system obeys aJz = 0, C-even, P-even,
selection rule [12]. HereJz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers
of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state.Secondly, because the process is exclusive, the energy loss of the outgoingprotons
is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system.Thirdly, in many
topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due toJz = 0 selection, leading-
order QCD bøbproduction is suppressed by a factor (mb/E T )2, whereET is the transverse energy
of the b,øb jets. Therefore, for a low mass Higgs,MH

<" 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive processpp ! p + X + p. The systemX is
produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.

2

X = H, jj...

Fig. 88: Schematic diagram of the production of a system X in (left) two–photon (right) QCD–initiated
central exclusive production.

8 Forward physics3909

8.1 Photon-induced collisions at the HL–LHC3910

Central exclusive production (CEP) corresponds to the production of central system X , and nothing else,3911

with two outgoing intact protons:3912

pp! p + X + p . (57)

Such a process may be mediated by photon exchange, with the elastic photon emission vertex leaving3913

the protons intact, see Fig. 88 (left). A range of SM (e.g. X = !! , Z ! , ZZ , "ø") and BSM states (e.g.3914

X = axion–like particles, monopoles, SUSY particles) may be produced in this way. These have the3915

benefit of:3916

– The theoretical framework to model the underlying production mechanism, based on the equiva-3917

lent photon approximation [728], is very well understood. Moreover, due to the peripheral nature3918

of the interaction the possibility for additional inelastic proton–proton interactions (in other words3919

of multiple–particle interactions) is very low.3920

– As the mass of the central system increases, the relative size of any contribution from QCD–3921

initiated production, see Section 8.2, becomes increasingly small [729], due to the strong Sudakov3922

suppression in vetoing on additional QCD radiation.3923

CEP therefore offers a unique opportunity at the LHC to observe the purely photon–initiated pro-3924

duction of electromagnetically charged objects at the LHC in a clean and well understood environment;3925

we in effect use the LHC as a photon–photon collider. The cross sections for such processes can be3926

relatively small, in particular at higher mass, and therefore to select such events it is essential to run dur-3927

ing nominal LHC running with tagged protons. The increased statistics available during the HL–LHC3928

stage will allow these studies to push to higher masses and lower cross sections, increasing the discov-3929

ery potential. A detailed study for the example case of anomalous quartic gauge couplings is discussed3930

below.3931

8.1.1 Anomalous quartic gauge couplings with proton tagging at the HL-LHC3932

We discuss the discovery potential of anomalous quartic gauge interactions at the LHC via the mea-3933

surement of central exclusive production. The central system X is reconstructed in the central detector3934

(CMS, ATLAS) while the outgoing protons, which remain intact due to the coherent photon exchange,3935

can be reconstructed with dedicated tracking detectors located in the very forward region at about ±3936

210 m (220 m) with respect to the interaction point of the CMS (ATLAS) experiment. The fractional3937

momentum loss of the outgoing protons # = ! p/p is reconstructed offline.Central exclusive production3938

processes satisfy mX = mfwd
X =

!
#1#2s and yX = yfwd

X = 1
2 log

" ! 1
! 2

#
, where mX and yX are the mass3939

153

¥ Exclusive photon-initiated production of particular interest for BSM.

Iæ Theoretical framework well understood. Cross section give in terms of 

well known equivalent photon approximation:

The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonanceR in the central detector. The background from over-
lapping nonÐexclusive pileÐup interactions may be controlled by ensuring that the Ômissing
massÕ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of Ôfast timingÕ detectors
to check if the photon and proton scattering points are the same, see [19,43].

By selecting exclusive events we naturally enhance the relative contribution from the
!! Ðinitiated subprocess, see [20]. In particular, for theggÐinitiated case, which can occur
exclusively through the ÔDurhamÕ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the thetaÐfunction and with a much lowerkc

? = Q
0

=
O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusivegg luminosity in the relevant kinematic regions is⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the Þnal state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the Ôsurvival factorÕ: see Appendix A for further
discussion. ForggÐinduced production this suppresses the cross section by a further⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the !! Ðinitiated process there is also some suppression from the fact that, while the
dominant component of the input PDF,! (x, Q

0

), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the Þnal state. More precisely, we calculate the exclusive!! luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasiÐreal photons are emitted
by the incoming proton i = 1, 2 with a number density given by

n(xi ) =
1
xi

"
#2

Z
d2qi?

q2i? + x2

i m2

p

✓
q2i?

q2i? + x2

i m2

p
(1 � xi )FE (Q2

i ) +
x2

i

2
FM (Q2

i )
◆

, (24)

wherexi and qi? are the longitudinal momentum fraction and transverse momentum of the
photon i , respectively, andQ2

i is the modulus of the photon virtuality. The functionsFE and
FM are the usual proton electric and magnetic form factors

FM (Q2

i ) = G2

M (Q2

i ) FE (Q2

i ) =
4m2

pG2

E (Q2

i ) + Q2

i G2

M (Q2

i )

4m2

p + Q2

i
, (25)

with

G2

E (Q2

i ) =
G2

M (Q2

i )
7.78

=
1

�
1 + Q2

i / 0.71GeV2
�
4

, (26)

in the dipole approximation, whereGE and GM are the ÔSachsÕ form factors. The ÔEPAÕ!!
luminosity is given by

dLEPA

��

dM 2

X dyX
=

1
s

n(x
1

) n(x
2

) . (27)
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with

The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonanceR in the central detector. The background from over-
lapping nonÐexclusive pileÐup interactions may be controlled by ensuring that the Ômissing
massÕ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of Ôfast timingÕ detectors
to check if the photon and proton scattering points are the same, see [19,43].

By selecting exclusive events we naturally enhance the relative contribution from the
��Ðinitiated subprocess, see [20]. In particular, for theggÐinitiated case, which can occur
exclusively through the ÔDurhamÕ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the thetaÐfunction and with a much lowerkc

! = Q
0

=
O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusivegg luminosity in the relevant kinematic regions is⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the Þnal state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the Ôsurvival factorÕ: see Appendix A for further
discussion. ForggÐinduced production this suppresses the cross section by a further⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the ��Ðinitiated process there is also some suppression from the fact that, while the
dominant component of the input PDF,�(x,Q

0

), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the Þnal state. More precisely, we calculate the exclusive�� luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasiÐreal photons are emitted
by the incoming proton i = 1 , 2 with a number density given by

n(xi ) =
1
xi

↵

⇡2

Z
d2qi !

q2i !
+ x2

i m
2

p

✓
q2i !

q2i !
+ x2

i m
2

p
(1 � xi )FE (Q2

i ) +
x2

i

2
FM (Q2

i )
◆

, (24)

wherexi and qi ! are the longitudinal momentum fraction and transverse momentum of the
photon i, respectively, andQ2

i is the modulus of the photon virtuality. The functionsFE and
FM are the usual proton electric and magnetic form factors

FM (Q2

i ) = G2

M (Q2

i ) FE (Q2

i ) =
4m2

pG
2

E (Q2

i ) + Q2

i G
2

M (Q2

i )

4m2

p + Q2

i
, (25)

with

G2

E (Q2

i ) =
G2

M (Q2

i )
7.78

=
1

�
1 + Q2

i /0.71GeV2
�
4

, (26)

in the dipole approximation, whereGE and GM are the ÔSachsÕ form factors. The ÔEPAÕ��
luminosity is given by

dLEPA

��

dM2

X dyX
=

1
s
n(x

1

) n(x
2

) . (27)
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d! pp! pXp

dM2
XdyX

!
dLEPA

!!

dM2
XdyX

ö! ("" " X)

¥ Photon ßux depends on well measured EM form factors.

b!

p

p

S2

soft

⇠ 0.7� 0.9

¥ Impact of QCD, via additional 
hadron-hadron interactions very 
low.

4



Iæ As mass of central system        increases, QCD-initiated production 

cross section suppressed by no radiation probability       BG often low*.
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¥ Example of      
production:

!!

!

¥CEP: unique possibility to observe photon-initiated production of states 

with EM coupling in clean/well understood environment.

¥ However typically considering high mass region (RPs) and 
relatively low cross sections (EM couplings). Statistics limited .

Increased statistics from HL-LHC running offer clear advantage here, 
in particular in terms of pushing to higher mass.

5

SuperChic 3



Example 1 - Anomalous Couplings

Sensitivity improvement at the HL-LHC

Left: Comparison between 300 fb�1 and 3000 fb�1. Right: (Zoomed-in; change of scale in X-Y

axis) comparison between the use of timing �t = 2, 5, 10 ps. Z� ! hadrons + � benefits the

most from the use of timing.

Sensitivity on couplings at 95% CL could improve roughly one order of magnitude down to,
!

⇣2
1 + ⇣2

2 �
2

3
⇣1⇣2  1.6 á10�14

GeV

�4 (5)

8 / 8

¥ Expected improvements from HL-LHC impressive ~ an order of 
magnitude (~ 5 orders of magnitude better than current best inclusive 
limits).

¥ Discussed in detail in CristianÕs talk:

6



Example 2 - Compressed SUSY

¥ Searches for compressed SUSY scenarios - potential to increase reach in 
regions of parameter space (EW couplings, low mass difference) where 
inclusive searches struggle.

Event yields / !µ"P U

L = 300 fb! 1 0 10 50

Excl. sleptons 0.6—2.9 0.5—2.4 0.3—1.4
Excl. l+ l! 1.9 1.6 0.9
Excl. K+ K ! # 0 # 0 # 0
Excl. W + W ! 0.7 0.6 0.3
Excl. cc̄ # 0 # 0 # 0
Excl. gg # 0 # 0 # 0
Incl. ND jets # 0/# 0 0.1/0.1 1.8/2.4

Table 8: Final event yields corresponding to an integrated luminosity of 300 fb�1 as a function of amount
of pile–up events per bunch crossing for the slepton signal and all considered background processes. All
numbers correspond to the di-lepton mass range 2 < m

ll

< 40 GeV and lepton p
T

> 5 GeV and a
tracker coverage of |⌘| < 2.5. The ranges in the signal event yields illustrate the spread obtained from
the entire studied slepton mass range: the lower value comes from the M

l̃

= 300 GeV, the higher from
the M

l̃

= 120 GeV scenario.

Event yields / !µ"P U

L = 300 fb! 1 0 10 50

Excl. sleptons 0.6—3.0 0.5—2.6 0.3—1.5
Excl. l+ l! 1.4 1.2 0.7
Excl. K+ K ! # 0 # 0 # 0
Excl. W + W ! 0.6 0.5 0.3
Excl. cc̄ # 0 # 0 # 0
Excl. gg # 0 # 0 # 0
Incl. ND jets # 0/# 0 0.03/0.05 0.6/0.7

Table 9: The same as in Table 8 but for the enlarged tracker coverage |⌘| < 4.0.

The signal yield can be doubled by taking all di-lepton masses into account. This would,452

however, not only increase the background but also the average di-lepton mass itself and hence453

limit the possibility of estimating the unknown mass of the DM particle by measuring the central454

system mass via the FPDs. Another way to increase the signal yield would be to increase the455

lepton reconstruction e�ciencies. In the ATLAS study [15] they start at 70% for muons and at456

50% for electrons and slowly rise with increasing pT , nevertheless since we deal with two leptons,457

any increase in the single-lepton e�ciency could have a reasonable impact.458

The background contamination, in turn, could be lowered by considering the following points.459

Since a big part of background leptons comes from decays of heavier particles, they originate460

from a vertex displaced from the primary one. It would thus be natural to consider restricting461

z0 and d0 distances to some small values for all found leptons in background samples (as is done462

for example when determining reconstruction e�ciencies of primary vertices, see [74]). Actual463

LHC b–physics analyses rather use a pseudo-proper lifetime as a more appropriate observable464

to separate primary from secondary vertices. Furthermore, as discussed above, both ATLAS465

and CMS are upgrading their trackers to cover the additional region 2.4 < |⌘| < 4. Both466

are also considering adding timing detectors in these forward areas with resolution of about467

30 ps [74, 75]. The time information for tracks in this forward area will improve the track-to-468

vertex association, leading to a performance similar to that in the central region for both jet469

and lepton reconstruction, as well as the tagging of heavy-flavour jets. The timing in the central470

14

¥ Signal cross section low - gain from HL-LHC.

¥ In addition - detector upgrades can help reduce BGs:

!  Increased tracker coverage.

!  Timing in forward detectors at IP.

!  Radiation-hard ZDC with timing?

¥ However higher pile will clearly lead 
to more challenging environment - 
further studies needed.

7

¥ Note: here and elsewhere ~420m RPs could also greatly improve 
things, increasing acceptance towards lower mass region.

Valery, Jesse + LydiaÕs talks



Further Possibilities
What if?

What if New Physics ...

¥ Doesn’t couple to quarks?

¥ Is invisible to detector?

¥ Decays to a cascade of particles?

¥ Produces so! decay products?

¥ Is a broad resonance?

¥ Long-lived particles?

Photon collider for new physics searches | Lydia Beresford & Jesse Liu | "#Dec $%"# $"

8

¥ See also -   , ALPs, dileptons, VB pairs - all clearly beneÞt from 
increased statistics.

tt

¥ General motivation: accessing regions that are challenging/impossible 
for conventional HL-LHC searches.



QCD-initiated Production

1 Introduction

The use of di! ractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detectingprotons that have lost only
about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which
are unique to the LHC, and di" cult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely
favourable environment to search for, and identify the nature of, new particles at the LHC. The
Þrst that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,
gluinonia, radions, and indeed any new object which has 0++ (or 2++) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By Òcentral exclusiveÓ we mean a process
of the type pp ! p + X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced systemX . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First , if the outgoing protons remain intact and scatter through small angles then, to a very
good approximation, the primary active di-gluon system obeys aJz = 0, C-even, P-even,
selection rule [12]. HereJz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers
of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state.Secondly, because the process is exclusive, the energy loss of the outgoingprotons
is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system.Thirdly , in many
topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due toJz = 0 selection, leading-
order QCD bøbproduction is suppressed by a factor (mb/E T )2, whereET is the transverse energy
of the b,øb jets. Therefore, for a low mass Higgs,MH

<" 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive processpp ! p + X + p. The systemX is
produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.

2

¥ QCD-initiated production more challenging at HL-LHC, but:

Iæ Possibility to extend to ~ 420m RP positions (revive FP420)       push to 

lower mass, and open up possibility of e.g. exclusive Higgs observation.

Iæ Dedicated ALICE studies in their low pile-up environment planned, 

making use of larger future dataset.

)

9



Physics with tagged protons - QCD

pj
! > 25 GeV

|! j | < 3

100 35
200 1
300 0.14
400 0.024
500 0.0053
600 0.0014

! (gg) [pb]

q = u, d, s, c

Mjj [GeV]

¥ QCD-induced baseline high mass channels- exclusive jets and Higgs.

!  Exclusive jets: CEP theory: dominantly      colour 

singlet dijets. Novel features (radiation patterns/

zeros) in trijets - a gluon factory!

!  New QCD regime - data from Tevatron but not 

from LHC (yet).

!  Challenging measurement, but cross section high.

4

I. INTRODUCTION

Exclusive dijet production in øpp collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

øp + p → øp′ + ( jet 1 + jet 2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a di! ractive process in
which the antiproton and proton su! er a small fractional
momentum loss, and a systemX containing the jets is
produced,

øp + p → [øp′ + IP p̄] + [ p′ + IP p] → øp′ + X + p′, (2)

where IP designates a Pomeron, deÞned as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons,IP p̄ and IP p,

IP p̄ + IP p → X ⇒ YIP/ p̄ + ( jet 1 + jet 2) + YIP/p , (3)

where in addition to the jets the Þnal state generally con-
tains Pomeron remnants designated byYIP/ p̄ and YIP/p .
Dijet production in DPE is a sub-process to dijet produc-
tion in single di! raction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping øp is adjacent to a rapidity gap, deÞned
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
di! ractive process is a colorless object of e! ective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the Þnal state and no
Pomeron remnants, either due to a ßuctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2→ 2
process analogous toγγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into øbb:

IP p̄ + IP p → H 0 → (øb→ jet 1) + ( b→ jet 2). (4)

burgh EH9 3JZ, United Kingdom, kUniversity of Heidelberg, D-
69120 Heidelberg, Germany, lUniversidad Iberoamericana, Mexico
D.F., Mexico, mUniversity of Manchester, Manchester M13 9PL,
England, nNagasaki Institute of Applied Science, Nagasaki, Japan,
oUniversity de Oviedo, E-33007 Oviedo, Spain, pQueen Mary, Uni-
versity of London, London, E1 4NS, England, qTexas Tech Univer-
sity, Lubbock, TX 79409, rIFIC(CSIC-Universitat de Valencia),
46071 Valencia, Spain,
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FIG. 1: Illustration of event topologies in pseudorapidity ,
! , and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single di ! raction and (b) double Pomeron ex-
change. The shaded areas on the left side represent Òunderly-
ing eventÓ particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in øpp collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color ßow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression e! ects associ-
ated with the rapidity gap survival probability. As these
e! ects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a Òstandard candleÓ process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron øpp col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the Þrst observation of
dijet production by DPE) [2] using an inclusive sample

gg

Iæ Exclusive jets:

10



Physics with tagged protons - QCDRoman+Pots+@+High=Luminosity+LHC+
Possible+physics+cases+for+HL=LHC+
•  Exclusive+Higgs+

–  quantum+numbers+are+constrained+to+0+++or+2+++

–  produced+by+gluon+fusion,+constraints+on+Hbb+

•  New+physics+searches+
–  two=photon+processes+are+sensi've+to+new+physics+
–  clean+exclusive+events,+pp+→+pγγp+

•  Diffrac'on+
–  high+β*:+pile=up+prevents+measurements+of+so`+

diffrac'on+
–  low+β*:+study+hard+diffrac'on+

•  HI+collisions:+
–  provides+!"#$%&'($)+based+on+spectators +

+and+not+on+par'cipants+
–  *"$++for+γγ+(and+γ=nucleus)+processes+

+
10/31/2017+ C.+Mayer+ 4+

→+poster+by+J.+Chwastowski,+R.+Staszewski,+M.+Trzebiński++

Iæ Exclusive Higgs:

!  Completely novel (and so far unseen) production 

channel. Complementarity with inclusive modes.

!                  : QCD                 background dynamically 

suppressed.

!  Combined with proton tagging: handle on       /spin-

parity analyser.

!  Cross section                   clear beneÞt from higher lumi.

!  Other BSM Higgs scenarios?

H ! bb gg ! bb

CP

O(fb) )

¥ Lower mass acceptance highly desirable for jets and essential for 
Higgs       detectors at               needed.! ! 300m

V.A. Khoze et al. Phys. Lett. B 
401 330 (1997)

11

¥ Comprehensive Higgs measurement programme major factor of HL-
LHC programme. This would add completely new ingredient.



Lower luminosity running - ALICE

¥ ALICE  - luminosity estimate of                  in      by end of run 4, potential 
to increase in run 5. 

¥ All low pile-up       broad programme of lower mass QCD studies and 
spectroscopy anticipated. BeneÞts from excellent PID, low thresholds and 
larger rapidity coverage of ALICE detector.

¥ Benchmark analyses -

200 pb! 1 pp

)

Iæ Precision scalar and tensor meson spectroscopy: 

!  Many decay channels (                         ), partial wave analyses.

!  Probe of soft QCD dynamics.

!  Expand knowledge of still poorly understood sector of QCD.

!! , KK, pp...

!"#$%&'()*'#'+,-"-

.

!"#$%&'() '#'+,-"-/

�‡ 0("$1-12#*-$'+'(*'#3*4"#-2(*&"-2#*-0"$4(2-$20,1#$+531#6*-4('#6"2#1' '#3*
$%'(&2#1'-4'4"-*7ππ8998:π8;π;9*"4$<8*0'(41'+*='>"*'#'+,-1-

�‡ 6+52#1$?"4-7@ABC*DE8*F*7;GHE<<84=2*0'(41$+"*$2(("+'412#-*'#3*I"&42-$20, 1#*C@A

�‡ 6+5"J'++-"'($%"-*71#$+531#6*"K241$-*+1)"*GLL'#3*GML'4*%16%*&'--"-<

�‡ &'6#"41$*&2#202+"'#3*&2#202+15&-"'($%"-*7'(N1>/HDGDOG:HDG<
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Lower luminosity running - ALICE

Iæ Exclusive charmonia: probe of gluon PDFs,               modelling. Many 

decay channels analysed. Realistic possibilities for             .

Glueball searches
• f0(1710) and f2(2300) are most promising 0++, 2++ glueball candidates

• 0++, 2++ glueballs mix with qqbar mesons with similar quantum numbers

– precise determination of branching ratios needed to determine gluonic content

• Pseudoscalar glueball (0-+) expected ~2.6 GeV:

– BR(G→KKπ)=49% according to PRD95 (2017), 014028

– KsK+π- and KsK-π+ might be promising in ALICE: Axε(|y|<1) is about 10% 

• KsK+π- and KsK-π+ also promising for 0-- oddball searches (2.8 GeV in JHEP 1510 (2015) 137)

5

Predicted glueball spectra

Lattice Holography

!  As yet no clear evidence of states 

that QCD tells us should be there.

!  Gluon rich CEP environment 

ideal channel to look.

!  Data on decays clear indication of 

gluball nature

!"#$%&""'$&()*$'
�‡ +, -./.,01&231+4-45,,01&($167'819(76:':2;1,<<=14<<1;"#$%&"")&23:3&8$'
�‡ ,<<=14<<1;"#$%&""'6:>1?:8*1@@%&(6$'72'1?:8*1':6:"&(1@#&28#612#6%$('

�± 9($):'$13$8$(6:2&8:7217+1%(&2)*:2;1(&8:7'12$$3$318713$8$(6:2$1;"#72:) )728$28
�‡ A'$#37')&"&(;"#$%&""-, B<01$>9$)8$31C4DE1!$FG

�± BR(G→KKπ0HIJK &))7(3:2;1871ALMJN1-4,./ 0=1,.I,4O
�± P' P+πB&231P' PBπ+ might be promising in ALICE: Q>ε-RSRT.01:'1&%7#81.,K1

�‡ P' P+πB&231P' PBπ+ also promising for 0BB733%&""1'$&()*$'1-4DO1!$F1:21UVWA1.N.,1-4,.N01.5/0

N

A($3:)8$31;"#$%&""'9$)8(&

X&88:)$ V7"7;(&9*S

Iæ Glueball searches:

Charm sector → gluon PDFs

6

!"#$$%& '( ) *+�x
�•�~,-,+.%/ 0

12
3+4,-,+.%/ 0+

5+612
34,-,+.%/ 0+

7+612
�•�~�í�ð.%/ 0+12

3+458+.%/ 0+
5+612

3458+.%/ 0+
9::+612

χ
c0 

→ ππ 0.83% 25.2% 97933 205 599; 118120 247 8;859

χ
c0 

→ KK 0.59% 20.5% 97933 118 <55 118120 143 9=,<>

χ
c0 

→ 4π 2.24% 9.40% 97933 206 59>< 118120 249 8;<8>

χ
c0 

→ 2π2K 1.75% 1.70% 97933 29 5<, 118120 35 <:9=

χ
c1 

→ ππ <0.10% 25.2% 968 0 ?5 1009 0.3 ?,5

χ
c1 

→ KK <0.10% 20.5% 968 0 ?5 1009 0.2 ?85

χ
c1 

→ 4π 0.76% 9.40% 968 1 8 1009 0.7 588

χ
c1 

→ 2π2K 0.45% 1.70% 968 0 : 1009 0.1 5,

χ
c2 

→ ππ 0.23% 25.2% 5779 4 99 7634 4.4 ==,

χ
c2 

→ KK 0.11% 20.5% 5779 1 ; 7634 1.7 >88

χ
c2 

→ 4π 1.07% 9.40% 5779 6 >= 7634 7.7 5,>7

χ
c2 

→ 2π2K 0.89% 1.70% 5779 1 7 7634 1.2 9>5

�‡ σ estimated with SuperChic2 generator

�‡ using lowest prediction with NNPDF3.0 and model 1 for the gap survival probability

�‡ caveat: Superchic2 predicts at least x3 higher cross section wrt LHCb preliminary

�‡ χc1 and χc2 states are suppressed due to Landau-Yang theorem and helicity-zero selection 

rule respectively

�‡ Χ
c2

might be feasible with ~200 /pb

�‡ continuum background need to be estimated with available double gap data

gg ! ! c

! c(0 ,2)

Iæ Other benchmarks: exclusive jets, magnetic monopole searches.
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Iæ LHCb? High luminosity + moderate pile-up + good hadron PID - 

studies of e.g. quarkonia. Not clear will be possible.



Heavy Ion Collisions
¥ Future possibilities not just limited to pp collisions - heavy ions can 

also play a role. Runs approved for Runs 3 + 4, possibilities being 
considered beyond that.

¥ Variety of applications to BSM physics focus of recent (Þrst) 
workshop + ESPP document. Motivation for HIs beyond Run 4.

¥ Here exclusive (ultraperipheral) photon-initiated production plays 
key roleÉ

New physics searches with heavy-ion collisions at the LHC
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Abstract

This document summarizes proposed searches for new physics accessible in the heavy-ion mode at
the LHC, both through hadronic and ultraperipheral !! interactions, and that have a competitive or,
even, unique discovery potential compared to standard proton-proton collision studies. Illustrative
examples include searches of new particles, such as axion-like pseudoscalars, radions, monopoles,
dark photons, new long-lived particles, and sexaquarks as dark matter candidates; as well as new
interactions, such as non-linear or non-commutative QED extensions. We argue that such interesting
possibilities constitute a well-justiÞed scientiÞc motivation, complementing standard quark-gluon-
plasma physics studies, to continue running with ions at the LHC after the Run-4, i.e. beyond 2030,
including light and intermediate-mass species, accumulating nucleon-nucleon integrated luminosities
in the accessiblefb≠1 range per month.
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Figure 1: E! ective !! luminosity as a function of photon-fusion mass in PbPb and pp collisions at the
LHC, for their nominal Ô

sNN and instantaneous luminosity values. In the pp case, the (actually "useable")
!! luminosity is also shown with proton tagging in RP detectors at 220 m (currently installed) and 420 m
(proposed).

which to observe the photon-initiated production of BSM states with QED couplings. The cross
section for the !! production of any particle X can be calculated within the equivalent photon
approximation [16]

" N1N2! N1XN2 =
!

dx

1

dx

2

n(x
1

)n(x
2

) "" !! ! X =
!

dm!!
dLe�

dm!!
"" !! ! X , (1)

where xi is the longitudinal momentum fraction of the photon emitted by ion i. This factorizes
the result in terms of a !! æ X subprocess cross section "" of a (BSM) system X, and fluxes
n(xi) of photons emitted by the ions. These latter objects are precisely determined in terms of
the ion EM form factors, and are in particular enhanced by Ã Z

2 for each ion, leading to an
overall ≥ Z

4 enhancement in ion-ion collisions. The experimental signal for UPC processes is
very clean, with the system X and nothing else produced in the central detector. Moreover, the
virtuality of the emitted photons is restricted to be very small Q

2 ≥ 1/R

2

A, where RA is the ion
radius, and any produced object is almost at rest. In terms of the impact parameter b" of the
AA collision, ultraperipheral interactions with b" ∫ 2RA lying beyond the range of additional
strong interactions, are significantly larger than in the pp case, and the associated gap survival
probability is also significantly bigger than for proton interactions. This e! ect can be accounted
for precisely and enters at the O(10 %) level in terms of corrections to !! interactions, with
rather small uncertainties [17]. In addition, the background from QCD-initiated production is
essentially completely removed by the requirement that the system X and nothing else is seen in
the central detector [17].

A wide program of photon-photon measurements and theoretical work is ongoing in the
context of pp collisions at the LHC [18], with dedicated proton taggers (Roman Pots, RP)
installed inside the LHC beam-line about 220 meters away from the ATLAS [19] and CMS [20]
interaction points. In comparison to the pp mode, HI collisions o! er the distinct advantage
of studying such photon-fusion processes in an environment where pileup is absent, forward
tagging is unnecessary, and considerably lower masses can be probed. Indeed, the e! ective !!
luminosity in the HI case, due to the ≥ Z

4 enhancement, is larger than that in pp collisions [21]
at lower masses. In addition, two-photon collisions in pp collisions at high luminosity can only
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Heavy Ion Collisions
¥ Photon-initiated  CEP equally possible in heavy ion 

collisions. Indeed in some cases has signiÞcant advantages:

2 David dÕEnterria for the CMS Collaboration/ Nuclear Physics A 00 (2018) 1Ð4

Fig. 1. Diagrams of light-by-light scattering (�� ! ��, left), QED dielectron (�� ! e+e�, center), and central exclusive diphoton
(gg! ��, right) production in ultraperipheral PbPb collisions (with potential electromagnetic excitation(⇤) of the outgoing Pb ions).

undetected at very low angles (Fig. 1, left). The dominant backgrounds are the QED production of an ex-
clusive electron-positron pair (�� ! e+e�, Fig. 1 center) where thee± are misidentiÞed as photons, and
gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated withmadgraph v.5 [7] Monte Carlo (MC) generator, modiÞed [1, 8]
to include the nuclear� ßuxes and the elementary LbL scattering cross section [9]. Background QEDe+e�

events are generated withstarlight v2.76 [10]. The CEP process,gg! ��, is simulated withsuperchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, whereA = 208 is the lead mass number andRg ⇡ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities|⌘| < 2.5 inside the 3.8 T magnetic
Þeld, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct�,e±, and hadrons respectively over|⌘| = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to|⌘| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. O! ine, photons and
electrons are reconstructed with the particle ßow algorithm [14]. In the case of photons, to keep to a
minimum thee± contamination, we require them to be fully unconverted. Additional particle identiÞcation
(ID) criteria are applied to remove� from high-pT ⇡0 decays, based on a shower shape analysis. Electron
candidates are identiÞed by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additionale± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over|⌘| < 2.4, and neutral particles above detector noise thresholds over|⌘| < 5.2.
Nonexclusive backgrounds, characterized by a Þnal state with larger transverse momenta and larger diphoton
acoplanarities, A� = (1 � " ���/⇡), than the back-to-back exclusive�� events, are eliminated by requiring
the transverse momentum of the diphoton system to be p��

T < 1 GeV, and the acoplanarity of the pair to be
A� < 0.01. The same analysis carried out for the LbL events is done Þrst on exclusivee+e� candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QEDe+e�

events passing all selection criteria (circles) compared to thestarlight MC expectation (histogram). A good

!  SigniÞcant           enhancement in rate. After accounting for differing 

luminosities, still ~ 2 relative to      , but with no pile-up.
!  QCD-initiated production essentially absent - clear interpretation.
!  Low pile-up - can go to low         .
!  Conversely, steep fall off at high mass -      essential here   
complementary.
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Processes of interest
¥ Many processes of interest in the lower mass region. Main channel of 

interest -       Þnal-state.
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Fig. 1. Diagrams of light-by-light scattering (�� ! ��, left), QED dielectron (�� ! e+e�, center), and central exclusive diphoton
(gg! ��, right) production in ultraperipheral PbPb collisions (with potential electromagnetic excitation(⇤) of the outgoing Pb ions).

undetected at very low angles (Fig. 1, left). The dominant backgrounds are the QED production of an ex-
clusive electron-positron pair (�� ! e+e�, Fig. 1 center) where thee± are misidentiÞed as photons, and
gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated withmadgraph v.5 [7] Monte Carlo (MC) generator, modiÞed [1, 8]
to include the nuclear� ßuxes and the elementary LbL scattering cross section [9]. Background QEDe+e�

events are generated withstarlight v2.76 [10]. The CEP process,gg! ��, is simulated withsuperchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, whereA = 208 is the lead mass number andRg ⇡ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities|⌘| < 2.5 inside the 3.8 T magnetic
Þeld, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct�,e±, and hadrons respectively over|⌘| = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to|⌘| = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. O! ine, photons and
electrons are reconstructed with the particle ßow algorithm [14]. In the case of photons, to keep to a
minimum thee± contamination, we require them to be fully unconverted. Additional particle identiÞcation
(ID) criteria are applied to remove� from high-pT ⇡0 decays, based on a shower shape analysis. Electron
candidates are identiÞed by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additionale± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over|⌘| < 2.4, and neutral particles above detector noise thresholds over|⌘| < 5.2.
Nonexclusive backgrounds, characterized by a Þnal state with larger transverse momenta and larger diphoton
acoplanarities, A� = (1 � " ���/⇡), than the back-to-back exclusive�� events, are eliminated by requiring
the transverse momentum of the diphoton system to be p��

T < 1 GeV, and the acoplanarity of the pair to be
A� < 0.01. The same analysis carried out for the LbL events is done Þrst on exclusivee+e� candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QEDe+e�

events passing all selection criteria (circles) compared to thestarlight MC expectation (histogram). A good

Iæ Light-by-light SM signal, but also e.g. Born-Infeld extensions.
Iæ Axion-like particle production.
Iæ Magnetic monopoles.
Iæ Other possibilities? Gravitons, radions, unparticles, SUSY?

��

¥ A principle drawback of heavy ions for these studies is the low 
luminosity      beneÞt from increased datasets can be signiÞcant.

¥ Input from wider forward physics community could be crucial in 
supporting this.

!
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Production mode BSM particle/interaction Remarks

Ultraperipheral

Axion-like particles !! ! a, ma " 0.5Ð100 GeV
Radion !! ! " , m! " 0.5Ð100 GeV
Born-Infeld QED via !! ! !! anomalies
Non-commutative interactions via !! ! !! anomalies

Schwinger process Magnetic monopole Only viable in HI collisions

Hard scattering
Dark photon mA Õ ! 1 GeV, advanced particle ID
Long-lived particles (heavy #) mLLP ! 10 GeV, improved vertexing

Thermal QCD Sexaquarks DM candidate

Table 1: Examples of new-physics particles and interactions accessible in searches with HI collisions at the
LHC, listed by production mechanism. Indicative competitive mass ranges and/or the associated measurement
advantages compared to the pp running mode are given.

a novel mode of operation withpPb collisions that was not initially foreseen. The excellent performance
was made possible through many improvements in the LHC and the injector chain. In particular, the
average colliding bunch intensity in 2018 was up to about2.3 á108 Pb/bunch, which is more than 3 times
higher than the LHC design value. For the next PbPb run in 2021, it is planned to further increase the
total LHC intensity through a decrease of bunch spacing to 50 ns, in order to Þt 1 232 bunches in the
LHC. A further increase of the injected intensity seems di! cult without additional hardware [ 1]. In the
LHC, any increase of ion luminosity is ultimately limited by the risk of quenching magnets, either by
secondary beams with the wrong magnetic rigidity created in the collisions [2Ð6] or by leakage from the
halo cleaning by the collimators [7Ð9]. As a mitigation, it is planned to install additional collimators in
the next long shutdown of the LHC (2019Ð2020) to allow higher luminosity and intensity [10Ð12]. Using
the predicted beam and machine conÞguration, the future luminosity performance has been estimated for
PbPb and pPb [13]. During a 1-month run, assuming that the instantaneous luminosity is leveled at the
current values around 6 á1027 cm≠2s≠1, the integrated luminosity per experiment is estimated to 3.1nb≠1

for PbPb and 700 nb≠1 for pPb (without levelling), equivalent to NN luminosities of L NN " 0.15 fb≠1.
In the presently approved CERN planning, it is foreseen to perform another four and a half PbPb runs

before the end of LHC Run-4 in 2029, accumulating# 13nb≠1 in total. Furthermore, one short pPb run is
planned, as well as one referencepp run. No further HI runs have so far been planned after Run-4. These
plans are detrimental for the full exploitation of the BSM possibilities opened in HI collisions, that require
as large integrated luminosities as possible. A revised proposal for Runs-3 and 4 and plans to extend
the LHC nuclear programme beyond Run-4 have been formulated [13]. The BSM physics possibilities
summarized here, complement and reinforce that scientiÞc case. These studies involve more time spent
on pPb runs and also collisions of lighter nuclei, e.g. Ar, O, or Kr [13, 14]. As shown in Table 2, the latter
have the potential to reach $ (2Ð15) higher NN luminosities, which would beneÞt any BSM search based
on hard-scattering processes (Section5), although the corresponding!! luminosities (Section 3) would
be reduced by a(ZPbPb /ZAA )4 factor. The estimated parameters for a range of lighter ions rely on the
assumption that the achievable bunch intensity Nb for a nucleus with charge numberZ and mass number
A can be scaled from the Pb bunch intensity asNb(Z, A) = Nb(82, 208) $ (Z/82)p, where the power
p = 1 .5 is estimated from previous experience of nuclear beams for the CERN Þxed-target experiments
and the short run with Xe in the LHC in 2017 [15]. It should be noted that these estimates carry a
signiÞcant uncertainty, since no attempts have been made experimentally at optimizing these beams
for the LHC. Furthermore, the integrated luminosity per month in Table 2 has been calculated using
a simpliÞed model, which gives slightly more optimistic values for Pb than the3.1nb≠1 stated above,
which was simulated with a more detailed and accurate model. Total integrated luminosities in the range
0.2Ð3fb≠1 are expected depending on the ion-ion colliding system. We stress that, if BSM or other physics
cases eventually justify it, one can consider running a full Òpp yearÓ with ions at the LHC, leading to
roughly factors of $ 10 larger integrated luminosities than those listed in Table2.
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¥ A MC event generator for CEP 
processes. Common platform for:

!  QCD-initiated CEP.

!  Photoproduction.

!  Photon-initiated CEP.

https://superchic.hepforge.org

¥ Previously generated      collisions only, but recently updated to 
include       and        collisions. 

pp
pA AA
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Abstract

We present results of the updatedSuperChic 3 Monte Carlo event generator for central
exclusive production. This extends the previous treatment of protonÐproton collisions to
include heavy ion (pA and AA) beams, for both photon and QCDÐinitiated production,
the Þrst time such a uniÞed treatment of exclusive processes has been presented in a single
generator. To achieve this we have developed a theory of the gap survival factor in heavy ion
collisions, which allows us to derive some straightforward results about theA scaling of the
corresponding cross sections. We compare against the recent ATLAS and CMS measurements
of lightÐbyÐlight scattering at the LHC, in leadÐlead collisions. We Þnd that the background
from QCDÐinitiated production is expected to be very small, in contrast to some earlier
estimates. We also present results from new photonÐinitiated processes that can now be
generated, namely the production of axionÐlike particles, monopole pairs and monopolium,
top quark pair production, and the inclusion of W loops in lightÐbyÐlight scattering.

1 Introduction

Central Exclusive Production (CEP) is the reaction

hh ! h + X + h (1)

where Ô+Õ signs are used to denote the presence of large rapidity gaps, separating the system
X from the intact outgoing hadrons h. This simple signal is associated with a broad and
varied phenomenology, from low energy QCD to high energy BSM physics, see [1Ð6] for reviews.
Consequently an extensive experimental programme is planned and ongoing at the LHC, with
dedicated proton tagging detectors installed and collecting data in association with both ATLAS
and CMS [7,8], while multiple measurements using rapidity gap vetoes have been made by LHCb
and ALICE.

CEP may proceed via either QCD or photonÐinduced interactions, see Fig. 1, as well as
through a combination of both, namely via photoproduction. Although producing the same basic
exclusive signal, each mechanism is distinct in terms of the theoretical framework underpinning
it and the phenomenology resulting from it. The QCDÐinitiated mechanism beneÞts from a
ÔJ P C = 0 ++Õ selection rule, permitting the production of a range of strongly interacting states
in a precisely deÞned gluonÐrich environment, while also providing a nonÐtrivial test of QCD
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SuperChic MC - processes generated

Iæ              ,        , LbyL, SM Higgs, 
ALPs, monopoles, monopolium.  

W + W ! l+ l !

16

Exclusive production: theory

Rd! pp! pXp

dM 2
X dyX

⇠
dLEPA

!!

dM 2
X dyX

ö! ("" ! X )

¥ Recall formula for exclusive     -initiated production in terms of EPA 
photon ßux

¥ Why is this not an exact equality? Because we are asking for Þnal state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ÔSurvival factorÕ.

X

!!

X

1 Introduction

The use of di! ractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detectingprotons that have lost only
about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which
are unique to the LHC, and di" cult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely
favourable environment to search for, and identify the nature of, new particles at the LHC. The
Þrst that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,
gluinonia, radions, and indeed any new object which has 0++ (or 2++) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By Òcentral exclusiveÓ we mean a process
of the type pp ! p + X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced systemX . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First , if the outgoing protons remain intact and scatter through small angles then, to a very
good approximation, the primary active di-gluon system obeys aJz = 0, C-even, P-even,
selection rule [12]. HereJz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers
of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state.Secondly, because the process is exclusive, the energy loss of the outgoingprotons
is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system.Thirdly , in many
topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due toJz = 0 selection, leading-
order QCD bøbproduction is suppressed by a factor (mb/E T )2, whereET is the transverse energy
of the b,øb jets. Therefore, for a low mass Higgs,MH

<" 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive processpp ! p + X + p. The systemX is
produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.

2

Iæ SM Higgs, dijets, trijets, light 
meson pairs, heavy quarkonia 
(single and double),      .��

V

(a) bare

V
k

(b) screened

Figure 2: Schematic diagrams for the exclusive photoproduction processpp → pV p with (a)
and without (b) screening corrections included.

3.2 Soft survival e ! ects

For photonÐmediated processes, survival e! ects can be includedexactly as described in Sec-
tion 2.2, however some additional care is needed. From (10) we can see that it is the ampli-
tude for the production process that is the relevant object whenincluding these e! ects. On
the other hand, (16) and (17) and the ßux (12) are deÞned at thecross section level, with
the squared amplitude for the photonÐinitiated subprocesses summed over the (transverse)
photon polarisations.

To translate these expressions to the appropriate amplitude level,it is important to in-
clude the photon transverse momentumq! dependence in the appropriate way, corresponding
to a correct treatment of the photon polarisation, see [48]. To demonstrate this, we will only
consider theFE term in (12) in what follows, but will comment on the contribution of the
magnetic form factor at the end. Schematic diagrams for the bareand screened photopro-
duction amplitudes are shown in Fig. 2, with the relevant momenta indicated; for the bare
amplitude we haveqi⊥ = −pi⊥ , while for the screened we haveqi⊥ = −p"

i⊥
, see Section 2.2.

Using the same decomposition that leads to (4), the photoproduction amplitude correspond-
ing to the Þgure behaves as

T (q1⊥) ∼ qx1⊥(A+ − A# ) + iqy1⊥(A+ + A# ) , (20)

whereA± is the γp → V p amplitude for a photon of± helicity, and if the photon is emitted
from the other proton we simply interchange 1↔ 2. In the bare case (q1! = −p1! ) we
simply square this, and after performing the azimuthal angular integration, the cross terms
∼ px1⊥p

y
1⊥

vanish and we have
|T (p1⊥)|2 ∼ p21⊥σ! p$ V p , (21)

whereσ! p$ V p is the subprocess cross section summed over the incoming photon transverse
polarisations. This is consistent with theFE term in (12) and with (16), and indeed a full

9

Iæ Light to heavy vector meson 
production.

¥ In all cases in     ,      and       collisions.pp pA AA
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SuperChic MC - Recent Developments

where ! C(A) is the Compton wavelength of the ion. xmax is 4×10−3, 3×10−4,
1.4× 10−4 for O, Sn, Pb ions, respectively. Here and also throughout the rest
of the paper we use natural units, i.e., h̄ = c = 1.

b>R +R

Z

Z

1 2

Fig. 1. A fast moving nucleus with charge Ze is surrounded by a strong electro-
magnetic Þeld. This can be viewed as a cloud of virtual photons. These photons can
often be considered as real. They are called ÒequivalentÓ or Òquasireal photonsÓ. In
the collision of two ions these quasireal photons can collide with each other and with
the other nucleus. For very peripheral collisions with impact parameters b > 2R,
this is useful for photon-photon as well as photon-nucleus collisions.

The collisions of e+ and e− has been the traditional way to study "" collisions.
Similarly photon-photon collisions can also be observed in hadron-hadron col-
lisions, see Fig. 1. Since the photon number scales with Z2 (Z being the charge
number of the nucleus) such effects can be particularly large. This factor of
>∼ 6000 (corresponding to Au, Z = 79) is the reason why the name “gold
flashlight” [9] has been used to describe very peripheral (AuAu) collisions at
RHIC.

Similarly the strong electromagnetic field can be used as a source of photons
to induce electromagnetic reactions in the second ion, see Fig. 1. Since the
ion, which is hit by these photons, is moving in the collider frame the photon-
hadron invariant masses can become very high. In the rest frame of one of the
ions (sometimes called the ”target frame”) the Lorentz factor of the other ion
is given by " ion = 2" 2

lab−1, where " lab is the Lorentz factor in the collider (cm)
frame. The maximum photon energy in this frame is 500 TeV for the LHC
and 600 GeV for RHIC.

This high equivalent photon flux has already found many useful applications in
nuclear physics [10], nuclear astrophysics [11,12], particle physics [13] (some-
times called the “Primakoff effect”), as well as, atomic physics [14]. Previous
reviews of the present topic can be found in [15–18].

The theoretical tool to analyze very peripheral collisions is the equivalent
photon method. This method is described in Chap. 2. The equivalent photon

6

¥ Extension to heavy ion collisions- Þrst ever treatment of QCD-initiated 
production.

¥ Requires detailed treatment of survival factor of no additional particle 
production in ion-ion QCD interactions.

¥ Relatively staightforward in photon-initiated case (~ no overlap), but 
great care needed in QCD-initiated case.

LHL, V. A. Khoze, M. G. Ryskin, 
arXiv:1810.06567!

s [TeV] �
0

[mb] a [GeV2 ] b [GeV�2] c
5.02 146 0.180 20.8 0.414
8.16 159 0.190 26.3 0.402
39 228 0.144 23.3 0.397
63 245 0.150 28.0 0.390

Table 1: The parameters of the one channel eikonal description of protonÐproton amplitude,
described in the text.
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Figure 3: IonÐion opacity (left) and probability for no inelastic scattering (right) for leadÐlead
collisions, as a function of the lead impact parameterb?.

For lower values ofb? ! 2R (" Rp,n), where the colliding ions are overlapping in impact
parameter space, we can see that the probability is close to zero, while for largerb? " 2R this
approaches unity, as expected. However we can see that this transition is not discrete, with
the probability being small somewhat beyond 2R, due both to the nonÐzero skin thickness
of the ion densities and range of the QCD singleÐPomeron exchange interaction. This will
be missed by the approach that is often taken in the literature, namely to simply to cuto!
the cross in impact parameter space whenb? < 2R. Comparing to (18), we can see that this
corresponds to taking instead

e�! (b)/ 2 = ✓(b# 2R) . (33)

The value at which this would turn on is indicated in Fig. 3. As discussed above, the
more realistic results above turn on smoothly above 2R, and so will correspond to somewhat
suppressed exclusive cross sections (i.e. without secondary particle production) in comparison
to this. For ultraÐperipheral photon-initiated interactions, where the dominant contribution
to the cross section comes fromb? $ 2R, this will have a fairly small impact, but as we will
see for QCDÐinitiated production this is no longer the case.

7

QCD
QED
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�P bP b = �pp ·A2 ·R4

Scale by 
nucleon pairs

Nuclear 
shadowing⇠ (0.7)4

¥ Application of this - possible QCD-initiated BG to LbyL scattering.

2 David d’Enterria for the CMS Collaboration / Nuclear Physics A 00 (2018) 1–4

Fig. 1. Diagrams of light-by-light scattering (!! ! !! , left), QED dielectron (!! ! e+e�, center), and central exclusive diphoton
(gg! !! , right) production in ultraperipheral PbPb collisions (with potential electromagnetic excitation (⇤) of the outgoing Pb ions).

undetected at very low angles (Fig. 1, left). The dominant backgrounds are the QED production of an ex-
clusive electron-positron pair (!! ! e+e�, Fig. 1 center) where the e± are misidentified as photons, and
gluon-induced central exclusive production (CEP) [6] of a pair of photons (Fig. 1, right). Simulations of
the light-by-light signal are generated with madgraph v.5 [7] Monte Carlo (MC) generator, modified [1, 8]
to include the nuclear ! fluxes and the elementary LbL scattering cross section [9]. Background QED e+e�

events are generated with starlight v2.76 [10]. The CEP process, gg ! !! , is simulated with superchic
2.0 [11], where the computed pp cross section [6] is conservatively scaled to the PbPb case by multiplying
it by A2R4

g, where A = 208 is the lead mass number and Rg ⇡ 0.7 is a gluon shadowing correction in the
relevant kinematical range [12], and where the rapidity gap survival factor is taken as 100%. Given the
large theoretical uncertainty of the CEP process for PbPb collisions, the absolute normalization of this MC
contribution is directly determined from a control region in the data.

2. Experimental measurement

The measurement is carried out using the following detectors of the CMS experiment [13]: (i) the silicon
pixel and strip tracker measures charged particles within pseudorapidities |" | < 2.5 inside the 3.8 T magnetic
field, (ii) the lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and scintillator hadron
calorimeter (HCAL) reconstruct ! , e± , and hadrons respectively over |" | = 3, and (iii) the hadron forward
calorimeters (HF) measure particle production up to |" | = 5.2. Exclusive diphoton candidates are selected
with a dedicated level-1 trigger that requires at least two electromagnetic (e.m.) clusters with ET above
2 GeV and at least one HF detector with total energy below the noise threshold. O✏ine, photons and
electrons are reconstructed with the particle flow algorithm [14]. In the case of photons, to keep to a
minimum the e± contamination, we require them to be fully unconverted. Additional particle identification
(ID) criteria are applied to remove ! from high-pT #0 decays, based on a shower shape analysis. Electron
candidates are identified by the association of a charged-particle track from the primary vertex with clusters
of energy deposits in the ECAL. Additional e± ID criteria discussed in Ref. [15] are applied.

Charged and neutral exclusivity requirements are applied to reject events with any charged particles
with pT > 0.1 GeV over |" | < 2.4, and neutral particles above detector noise thresholds over |" | < 5.2.
Nonexclusive backgrounds, characterized by a final state with larger transverse momenta and larger diphoton
acoplanarities, A$ = (1 � �$!! / #), than the back-to-back exclusive !! events, are eliminated by requiring
the transverse momentum of the diphoton system to be p!!

T < 1 GeV, and the acoplanarity of the pair to be
A$ < 0.01. The same analysis carried out for the LbL events is done first on exclusive e+e� candidates,
with the exception that exactly two opposite-sign electrons, instead of exactly two photons, are exclusively
reconstructed. Figure 2 (top left) shows the acoplanarity distribution measured in exclusive QED e+e�

events passing all selection criteria (circles) compared to the starlight MC expectation (histogram). A good

ATLAS Collab., Nature Phys. 13 
(2017) no.9, 852-858 

¥ Previously no MC available for this - in 
ATLAS/CMS analyses scale superchic 
prediction for      by:pp

¥ Full calculation - not the case. Not all 
nucleons can participate in short-range 
QCD interaction while leaving ions 
intact. Find:

! P bP b ! ! pp áA1/ 3

! Find that QCD-initiated BG 
expected to be negligible.
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my code, which I canÕt work out at the moment as required by the Dirac quantisation
condition

g = N
2⇡
e

, (52)

where we takeN = 1, and g is the monopole charge. We also allow for the soÐcalled�g
coupling scenario [22], for which we simply replaceg ! g�, where� is the monopole velocity.
In the monopolium case we apply the cross section of [22], with the wave function of [23],
and include the decay to two photons.

3.4 �� ! tt

We include photonÐinitiated top quark production. This is implemented using the same
matrix elements as the lepton pair production process, with the mass, electric charge and
colour factors suitably modiÞed. We Þnd a total cross section of 0.25 fb in pp collisions atp

s = 14 TeV, and 36 fb in PbÐPb collisions at
p

s = 5.02 TeV.

4 LightÐbyÐlight scattering: a closer look

Evidence for the the production of lightÐbyÐlight scattering in ultraÐperipheral PbÐPb col-
lisions has been found by ATLAS [13] and more recently by CMS [24]. In both cases, the
production of a diphoton system accompanied by no additional particle production is mea-
sured, while in the ATLAS case ZDCs are in addition applied to veto on additional neutral
particle production in the forward direction, which would be a signal of semiÐexclusive pro-
duction accompanied by ion breakÐup.

However, in addition to the desired photonÐinitiated signal, there is the possibility that
QCDÐinitiated diphoton production may contribute as an irreducible background. We are
now in a position for the Þrst time to calculate this background, using the results of Sec-
tion 2.4. The results for the QCDÐinitiated background (both coherent and incoherent), as
well as the prediction for the lightÐbyÐlight signal, are shown in Table 2. We consider both
the ATLAS and CMS event selection in the central detectors. Namely, the produced photons
are required to have transverse energyE !

! > 2 (3) GeV and pseudorapidity|⌘! | < 2.4 in
the case of CMS (ATLAS). We show results before and after further cuts on the diphoton
systemp!!

! and acoplanarity (1���!! / ⇡) are imposed, which are designed to suppress the
nonÐexclusive background.

For the lightÐbyÐlight signal cross sections are fully consistent with the ATLAS and CMS
results:

�ATLAS = 70 ± 24 (stat.) ± 17 (syst.) nb , (53)

�CMS = 122 ± 46 (stat.) ± 29 (syst.) ± 4 (th.) nb . (54)

We Þnd that the QCDÐinitiated background is expected to be very small. In particular,
the coherent contribution, which represents the truly irreducible background to exclusive
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LbyL - Predictions

¥ Predictions for ATLAS/CMS LbyL event selection:

! QCD-initiated BG negligible!
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Figure 8: Normalized di↵erential cross sections for exclusive and semi–exclusive diphoton
production with respect to the diphoton acoplanarity. The QED–initiated and QCD–initiated
(both coherent and incoherent) processes are shown.

where we have used that y
1

= y
2

= y and z
1

= z
2

= z. We then have
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(56)
In what follows, we will consider for simplicity a point–like QCD interaction. In other words,
in the case of exclusive production for the ion–ion opacity we have

⌦
A1A2(b?) =

Z
d2b

1?d
2b

2?TA1(b1?)TA2(b2?)Ann

(b? � b
1? + b

2?) , (57)

⇡ �nn

tot

Z
d2b

1?TA1(b1?)TA2(b1? � b?) , (58)

which is valid as the range of QCD amplitude A
nn

is much smaller than the extent of the ion
transverse densities. In setting the normalization we have used (26). For the case of semi–
exclusive production, we simply replace �nn

tot

! �
inel.

, see (28). As we are only interested in
the overall scaling with A, we will for simplicity assume �nn

inel

⇠ �nn

tot

, and work with the latter
variable in what follows; however, strictly speaking this replacement should be made when
consider semi–exclusive production.

Following the same logic, we simply take T 0
A

⇡ T
A

for the incoherent case, see (35), and
apply (43) for the coherent, corresponding to a point–like QCD interaction in the unscreened
cross section calculation. We now consider the proton–ion and ion–ion cases in turn.

A.1 ProtonÐion collisions

In this case, we take T
A2(b?) = �(2)(~b?), so that the opacity simply becomes

⌦
pA

(b?) = �nn

tot

T
A

(b?) ⇡ �nn

tot

⇢
0

(2⇡Rd)1/2e�
�x

d ⌘ �̃e�
�x

d . (59)
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¥ In addition: suppress further with 
acoplanarity cuts.
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� [nb]

LbyL QCD (coh.) QCD (incoh.) A2R4

ATLAS 50 0.008 0.05 50
ATLAS (aco < 0.01, p!!

! < 2 GeV) 50 0.007 0.01 10
CMS 103 0.03 0.2 180

CMS (aco < 0.01, p!!
! < 1 GeV) 102 0.02 0.03 30

Table 2: Predicted cross sections, in nb, for diphoton Þnal states within the ATLAS [21] and
CMS [22] event selections, in PbÐPb collisions at

!
s = 5 .02 TeV. That is, the photons are

required to have transverse energyE !
! > 2 (3) GeV and pseudorapidity |! ! | < 2.4, while in the

CMS case an additional cut ofm!! > 5 GeV is imposed. Results with and without an additional
acoplanarity cut aco < 0.01, and cut on the combined transverse momentump!!

! < 1 (2) GeV in
the CMS (ATLAS) case are shown. The cross sections for the lightÐbyÐlight scattering (LbyL)
and QCDÐinitiated photon pair production, in both the coherent and incoherent cases, are given.
The result of simply scaling thepp cross section (including thepp survival factor) by A2R4 with
R = 0 .7 is also shown.

light signal, are shown in Table 2. We consider both the ATLAS and CMS event selection in the
central detectors. Namely, the produced photons are required to have transverse energyE !

! > 2
(3) GeV and pseudorapidity |! ! | < 2.4 in the case of CMS (ATLAS), while for CMS an addition
cut of m!! > 5 GeV is imposed. We show results before and after further cuts on the diphoton
system p!!

! < 1(2) GeV for CMS (ATLAS) and acoplanarity (1 " �" !! / # < 0.01) are imposed,
which are designed to suppress the nonÐexclusive background.

For the lightÐbyÐlight signal the predicted cross sections are fully consistent with the ATLAS
and CMS results:

$ATLAS = 70 ± 24 (stat.) ± 17 (syst.) nb , (57)

$CMS = 120 ± 46 (stat.) ± 28 (syst.) ± 4 (th.) nb . (58)

On the other hand, we Þnd that the QCDÐinitiated background is expected to be very small. In
particular, both the incoherent and coherent contributions are expected to be negligible, even
before imposing additional acoplanarity cuts.

We can see that incoherent background, which we recall corresponds to the case that the
colliding ions do not remain intact, is further suppressed by the additional acoplanarity andp!!

!
cuts; as we would expect, due to the broaderp! spectrum of the incoherent cross section. This is
seen more clearly in Fig. 9, which shows the (normalized) acoplanarity distributions in the three
cases. We can see that the QEDÐinitiated process is strongly peaked at low acoplanarity (<
0.01), as is the coherent QCDÐinitiated process, albeit with a somewhat broader distribution due
to the broader QCD form factor in this case. On the other hand, for incoherent QCDÐinitiated
production we can see that the spectrum is spread quite evenly over the considered acoplanarity
region.

It was suggested in [48] that to calculate the QCDÐinitiated background, understood to be
the dominant incoherent part, we can simply scale the correspondingpp cross section by a factor
of A2R4, whereR # 0.7 accounts for nuclear shadowing e↵ects. As discussed in Section 2.4, this
$ A2 scaling is certainly far too extreme, due to the shortÐrange nature of the QCD interaction
and corresponding requirement that only peripheral interactions can lead to exclusive or semiÐ
exclusive production. In addition, we note that as the dominant contribution in this case will
come from nucleons situated close to the ion peripherary, where the nucleon number density
is relatively low, we can expect shadowing e↵ects to be minimal, and hence we are justiÞed
in using the standard proton PDF in the calculation of the CEP cross section. Nonetheless,
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SuperChic MC - Recent Developments

¥ See ValeryÕs talk - prospects for compressed SUSY searches in photon-
initiated CEP.

¥ Signal for this study:

�� ! l̃ + l̃ ! ! l + l ! �̃0�̃0

implemented in SuperChic, as well as more challenging case:

¥ To be included in ofÞcial version early in new year.

¥ In addition, contribution from proton 
dissociation included in effective way, 
interfaced to SuperChic. 

¥ Future work: include (more) complete 
treatment of dissociation. Stay tuned!
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LHC Searches for Dark Matter in Compressed Mass Scenarios:

Challenges in the Forward Proton Mode

L.A. Harland-Lang 1! , V.A. Khoze 2,3†, M.G. Ryskin 3‡

and M. Tasevsky 4§

1Rudolf Peierls Centre, Beecroft Building, Parks Road, Oxford, OX1 3PU, UK

2IPPP, Department of Physics, University of Durham, Durham, DH1 3LE, UK

3Petersburg Nuclear Physics Institute, NRC “Kurchatov Institute”, Gatchina, St. Petersburg, 188300,
Russia

4Institute of Physics, Czech Academy of Sciences, CS-18221 Prague 8, Czech Republic

Abstract

We analyze in detail the LHC prospects for charged electroweakinosearches, decaying to
leptons, in compressed supersymmetry scenarios, via exclusive photon-initiated pair produc-
tion. This provides a potentially increased sensitivity in comparison to inclusive channels,
where the background is often overwhelming. We pay particular attention to the challenges
that such searches would face in the hostile high pileÐup environmentof the LHC, giving
close consideration to the backgrounds that will be present. The signal we focus on is the
exclusive production of same-ßavour muon and electron pairs, withmissing energy in the
Þnal state, and with two outgoing intact protons registered by the dedicated forward pro-
ton detectors installed in association with ATLAS and CMS. We present results for slepton
masses of 120Ð300 GeV and sleptonÐneutralino mass splitting of 10Ð20 GeV, and Þnd that
the relevant backgrounds can be controlled to the level of the expected signal yields. The
most signiÞcant such backgrounds are due to semiÐexclusive leptonpair production at lower
masses, with a proton produced in the initial proton dissociation system registering in the
forward detectors, and from the coincidence of forward protons produced in pile-up events
with an inclusive central event that mimics the signal. We also outline a range of potential
methods to further suppress these backgrounds as well as to enlarge the signal yields.

1 Introduction

One of the main goals of the physics program at the LHC and future colliders is the search for
beyond the Standard Model (BSM) physics. One wellÐmotivated, and much explored, candidate
among the existing BSM scenarios is the Minimal Supersymmetric Standard Model (MSSM),
see e.g. [1Ð4] for reviews. This in particular o! ers a natural candidate for cold Dark Matter

! email: lucian.harland-lang@physics.ox.ac.uk
  email: V.A.Khoze@durham.ac.uk
àemail: ryskin@thd.pnpi.spb.ru
¤email: Marek.Tasevsky@cern.ch

LHL et al., arXiv:1812.04886

!! ! ÷" + ÷" � (hadron/leptonic decays)
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Summary/Points for Discussion/Wishlist

Thank you for listening!
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¥ Experiment: Detector improvements we need for HL-LHC running: 

improved timing in RPs (O(few ps) ideally), timing in central detectors, 

radiation hard ZDCs + timing. What is feasible?

¥ Theory: complete account of proton dissociation (in progress)É

¥ 420m RPs- clear/new/distinct physics case vs. ~220m. Push for this?

¥ Expanding physics case. Identify further  challenging areas for conventional 

channels.

Iæ Clear physics case for forward physics @ HL-LHC: access 
regions that are highly challenging in conventional channels, 
open completely new Higgs observation channel with 
RPs@420m, sensitive to novel QCD observablesÉ


