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Outline

• Two contributions to Yellow Report:

❖ Forward EW (5 pages): focus on exclusive photon-induced 

production.

❖ Forward and Soft QCD physics (8 pages - shared with DPS/

UE): focus on exclusive/diffractive QCD.

! Will provide updates on both contributions.
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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 the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW 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 of W 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 the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W 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 exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 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 l

g and Dk

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

g and Dk

g only modifies the normalization and the low mass events

81

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 detecting protons 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
first 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 “central exclusive” 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 system X . 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 a Jz = 0, C-even, P-even,
selection rule [12]. Here Jz 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 outgoing protons

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 to Jz = 0 selection, leading-
order QCD bb̄ production is suppressed by a factor (mb/ET )2, where ET is the transverse energy

of the b, b̄ jets. Therefore, for a low mass Higgs, MH
<
∼ 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive process pp → p + X + p. The system X 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 - recap
Central exclusive reactions processes

Central exclusive reactions pp ! p + X + p can be studied by measuring X 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 comparing m�� with mpp =
p
⇠1⇠2s, and y�� with ypp = 1

2 ln(⇠1/⇠2)
(exclusive processes).
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• CEP: production of object X + 
nothing else:

• Two production mechanisms of interest*:

Photon-induced QCD-induced

*In addition- photoproduction

• Sensitive to different physics/areas of phase space -
complementary.

Central Diffractive Production

1

2

1 ln
2

y x
x

=X

MX
2 = x1 x2 sdiffractive system X

with mass MX at rapidity yX

(x1)

(x2)

p. 2Mario Deile –

2 /1 protonsurvivingoflossmomentumfractional2/1
2/1 =

D
=

p
px

p1 (x1)p2 (x2)

X = all products except the 2 leading protons

The acceptance for diffractive mass M is determined by acceptance for x1 and x2 in the 2 spectrometer arms.
Mmin

2 = x1,min x2,min s

The rapidity y quantifies how central (y = 0) or forward (large |y|) the centre-of-mass of X is:
Under certain approximations: y » pseudo-rapidity h = - ln tan (q/2)
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Measuring CEP
• Two methods to select exclusive events:

★ Proton tagging:

★ Gap vetoing: no activity between system and beam directions. More 
suitable for low lumi/pile-up (possible at high pile up with vertex vetoes).

‣ Dedicated detectors close to beam line and O(100m) from IP.

‣ With timing       can select CEP during regular HL running.

‣ Focus of ATLAS/CMS prospects/contributions to YR.

!

‣ No activity between system and beam directions.

‣ More suitable for low lumi/pile-up: ALICE prospects.

‣ Special runs? Not foreseen, and harder to motivate at HL (why not 
before?). Will not focus on this in YR.

3rd Elba Workshop on Forward 
Physics @ LHC Energy 
 
30 May – 1 June 2016 

Joao Varela, LIP  

The CMS-TOTEM 
Proton Precision 
Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 

Status Detectors 
• NEAR Station: 3 3D pixel detector layers 
• FAR Station:    4 3D pixel detector layers – HV short on 1st 

layer but still 95% efficient 
– modules are tuned and timed 

• Trigger (each station): 2-out-of-3 layers with HitOR ON 
– Local Trigger Board (HitBUS chip) Î Air-core Cables Î CTP 
– AFP is within the (last BX of the) ATLAS Latency ! 

• Readout: 
– Tunnel (FE-I4ÎHitBUS chipÎOptoboard) Î USA15 (HSIO2/RCE 

system) Î ROS 
 

• New 3D pixel sensors from CNM are at IFAE and seem much 
superior to the existing sensors – will be installed during the 
EYETS 
 30MAY2016 5 Elba Wkshp 

13+

Diffrac've+physics+in+Run+3+and+4+

•  Expected+integrated+luminosi'es:+
–  pp+@5.5+TeV:+6+/pb+
–  pp+@14+TeV+

•  pp+data+taking+@14+TeV+s'll+to+be+defined+within+ALICE+
•  For+the+following+es'mates+we+used+200/pb+(×10+more+than+in+run+2)+

•  Benchmark+analyses+(central+diffrac'on):+
–  Precision+scalar+and+tensor+meson+spectroscopy+including++strangeonia+and+charmonia+

states+(ππ,KK,4π,2π2K,+etc.),+par'al+wave+analysis+
–  Gluonic+jets,+two+par'cle+correla'ons+and+femtoscopy+in+CEP+(→Appendix)+
–  Glueball+searches+(including+exo'cs+like+0==+and+0+=+at+high+masses)+
–  Magne'c+monopole+and+monopolium+searches+(→+Appendix)+

G,(χc+

10/31/2017+ C.+Mayer+
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Proton Tagging at HL-LHC
• Dedicated (unofficial) studies of proton tagging possibilities at HL-LHC:

ATLAS IP - M. Rijssenbeek, 
J. Chwastowski et al.

CMS IP - M. Deile et al.

• ATLAS - range of detector positions considered: 235, 285, 324 & 419 m 
(last one - cold region). 

• First study with baseline HL-LHC optics performed (no collimation):

⇠ ⇠ MXp
s

Vertical crossing

418m234m
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• CMS (CT-PPS) - 4 detector locations considered: 196, 220, 234, 420m 
(latter in cold region).

• First study with HL-LHC optics scenarios.

Proton Tagging at HL-LHC

p. 13Mario Deile   –

Minimum “Mass” @ 234 m

d X
R

P
[m

m
]

s
D

dsM
x )(

)(~
2

*
XRP

minmin a

dbx +
==Contour lines for

TCT settings: dTCT = const.  (12.9 s @ b* = 15 cm)

1 
Te

V
90

0 
G

eV

80
0 

G
eV

70
0 

G
eV

60
0 

G
eV

50
0 

G
eV

Insertion distances more aggressive (< 1.5 mm)

40
0 

G
eV

30
0 

G
eV

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

234m

p. 12Mario Deile   –
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Insertion distances in this location are moderate (> 1.5 mm)

dXRP(b*) not monotonic, has a minimum !

assuming that the pots move during the fill
to adapt to b* !

p. 15Mario Deile   –

Minimum “Mass” @ 420 m
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Levelling trajectories:
- Baseline
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420m

Minimum MX

!Vertical crossing essential if no 420m detector.
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Proton Tagging at HL-LHC
• Range of detector positions, from ~ 200 m (higher mass                         ) to ~ 

400 m (lower mass                               ) considered. 

• Physics possibilities driven by these: exciting potential to probe wide range 
of masses, from low to high.

MX & 300GeV

MX & 20� 50GeV

p. 21

Acceptance in the Mass – Rapidity Plane:

Vertical Crossing, Option 2

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

1A

1Z

1A

45

1Z

48

420 m instead of 234 m

3410 3410

ATLAS CMS (CT-PPS)

• Still further issues to consider (ATLAS - impact of collimation, CMS- new 
technology needed for 420m…). YR contributions from both ATLAS/CMS 
discussing these.

Vertical 
crossing
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Physics with tagged protons - QCD

pj? > 25GeV

|⌘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.

‣ New QCD regime - data from Tevatron but not 
from LHC (yet).

‣ Challenging measurement, but cross section high.
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I. INTRODUCTION

Exclusive dijet production in p̄p 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:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined 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, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (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 p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective 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 final state and no
Pomeron remnants, either due to a fluctuation 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 to γγ → jet + jet [5].

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

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (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,

p

p
IP

(a) jetjet

p

p

p

IP
IP

(b) jetjet

p p

η0ηp
_ ηp

FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].

p

p

p

p

g
g

g
Jet
Jet

(a)

p

p

p

p

g
g

g
H(b)

FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p 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 flow [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 effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

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

gg

★ Exclusive jets:

LHL
8



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+centrality+based+on+spectators +

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

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

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

★ Exclusive Higgs:

‣ Completely novel (and so far unseen) production 
channel.

‣                 : QCD                 background dynamically 
suppressed.

‣ Combined with proton tagging: handle on      .

‣ Cross section                   clear benefit from higher lumi.

H ! bb gg ! bb

CP

O(fb) )

• Lower mass acceptance highly desirable for jets and essential for 
Higgs       detectors at               needed.) & 300m

LHL

V.A. Khoze et al. Phys. Lett. B 
401 330 (1997)
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Physics with tagged protons - QED
• Exclusive photon-initiated production of particular interest for BSM- 

clean and well understood      initial state (prob. of      MPI 
interactions low).

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 the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW 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 of W 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 the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W 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 exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 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 l

g and Dk

g is the following

L ⇠ (W †
µn

W µAn �W
µn

W †µAn

)

+(1+Dk

g

)W †
µ

W
n

Aµn

+

l

g

M2
W

W †
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W µ
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Anr

). (5.27)

The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l

g and Dk

g only modifies the normalization and the low mass events
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�� pp

! LHC as a (high energy)       collider!��

★ Baseline process: stringent limits on (or discovery of) anomalous 
gauge boson couplings. Dedicated study/projections (see next slides).

★               : clean probe of top,     turn-on in colour-singlet state.

★ Other BSM channels: heavy axion-like particles, new charged 
particles in compressed mass (SUSY…) scenarios, monopoles searches.

★ SM benchmark and probe of       interactions - dileptons.

J. Howarth�� ! tt tt

C. Royon, C. Barrera

LHL, C. Royon.

pp
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Secondary interactions per bunch crossing (pile-up)

p

p

+

p

p

p

Pileup + non-exclusive diphoton signal = Fake pp + �� signal.

Fig. by L. Forthomme

Precise time-of-flight measurement allows discrimination of pileup vertices. Vertex precision

�zpp = cp
2
�t. For a timing precision �t = 10 ps, �zpp ⇠ 2 mm, allows rejection of pile-up events

by a factor of 50.

4 / 8

Suppressing pile-up BG - timing

Matching kinematics (mass/rapidity) also helps greatly suppress BG
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Anomalous couplings

���� anomalous coupling

Model interaction via EFT, two dimension-eight operators

L���� = ⇣4�
1 Fµ⌫Fµ⌫F

⇢�F⇢� + ⇣4�
2 Fµ⌫F

⌫⇢F⇢�F
�µ

Induces anomalous light-by-light scattering, which can be probed in photon-induced processes in

p-p collisions,

p

p p

p

2 / 8

• The                 process via CEP is a sensitive probe of gauge boson 
(     ) anomalous couplings to    .

•  Measurements underway for standard LHC running w/ tagged 
protons. 

• Dedicated study here for extended reach provided by HL-LHC

�� ! V V

V �

C. Royon, C. Barrera

���Z coupling

L���Z = ⇣3�Z
1 Fµ⌫Fµ⌫F

⇢�Z⇢� + ⇣3�Z
2 Fµ⌫ F̃µ⌫F

⇢�Z̃⇢�

where F̃µ⌫ = 1
2 ✏

µ⌫⇢�F⇢� . The quartic coupling induces anomalous �� ! �Z ,

p

p p

p

Z

The Z boson could decay into a pair of charged leptons or hadronically (dijet configuration or fat

jet configuration).
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���Z coupling

L���Z = ⇣3�Z
1 Fµ⌫Fµ⌫F

⇢�Z⇢� + ⇣3�Z
2 Fµ⌫ F̃µ⌫F

⇢�Z̃⇢�

where F̃µ⌫ = 1
2 ✏

µ⌫⇢�F⇢� . The quartic coupling induces anomalous �� ! �Z ,

p

p p

p

Z

The Z boson could decay into a pair of charged leptons or hadronically (dijet configuration or fat

jet configuration).
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���� anomalous coupling

Model interaction via EFT, two dimension-eight operators

L���� = ⇣4�
1 Fµ⌫Fµ⌫F

⇢�F⇢� + ⇣4�
2 Fµ⌫F

⌫⇢F⇢�F
�µ

Induces anomalous light-by-light scattering, which can be probed in photon-induced processes in

p-p collisions,

p

p p

p

2 / 8
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Anomalous couplings - 

���� anomalous coupling

Model interaction via EFT, two dimension-eight operators

L���� = ⇣4�
1 Fµ⌫Fµ⌫F

⇢�F⇢� + ⇣4�
2 Fµ⌫F

⌫⇢F⇢�F
�µ

Induces anomalous light-by-light scattering, which can be probed in photon-induced processes in

p-p collisions,

p

p p

p
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���� anomalous coupling

Model interaction via EFT, two dimension-eight operators

L���� = ⇣4�
1 Fµ⌫Fµ⌫F

⇢�F⇢� + ⇣4�
2 Fµ⌫F

⌫⇢F⇢�F
�µ

Induces anomalous light-by-light scattering, which can be probed in photon-induced processes in

p-p collisions,

p

p p

p

2 / 8

• Model interaction via EFT, two dimension 8 operators:
Sensitivity improvement @ HL-LHC

Left: comparison between 300 fb�1 and 3000 fb�1. Right: (zooming-in, see change of scale in

X-Y axis) comparison between the use of timing and �t = 10 ps (not much di↵erence if 5 ps and 2

ps are used).

Bound could improve at the HL-LHC down to,

q
48⇣2

1 + 11⇣2
2 + 40⇣1⇣2  4.2 · 10�14

GeV

�4 (2)

5 / 8

• HL-LHC can improve bound on EFT operators by ~ an order of 
magnitude. Little sensitivity to precise level of timing precision.

Sensitivity to ���� anomalous coupling

Expected bound at 95% CL at the end of Run-2 of the LHC, assuming 300 fb�1,

q
48⇣2

1 + 11⇣2
2 + 40⇣1⇣2  2.4 · 10�13

GeV

�4 (1)

Could be improved at the HL-LHC (3000 fb�1) and the use of precise time-of-flight measurements

for pileup suppression).
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!

Sensitivity improvement @ HL-LHC

Left: comparison between 300 fb�1 and 3000 fb�1. Right: (zooming-in, see change of scale in

X-Y axis) comparison between the use of timing and �t = 10 ps (not much di↵erence if 5 ps and 2

ps are used).

Bound could improve at the HL-LHC down to,

q
48⇣2

1 + 11⇣2
2 + 40⇣1⇣2  4.2 · 10�14

GeV

�4 (2)
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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,
r

⇣2
1 + ⇣2

2 �
2

3
⇣1⇣2  1.6 · 10�14

GeV

�4 (5)
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���Z coupling

L���Z = ⇣3�Z
1 Fµ⌫Fµ⌫F

⇢�Z⇢� + ⇣3�Z
2 Fµ⌫ F̃µ⌫F

⇢�Z̃⇢�

where F̃µ⌫ = 1
2 ✏

µ⌫⇢�F⇢� . The quartic coupling induces anomalous �� ! �Z ,

p

p p

p

Z

The Z boson could decay into a pair of charged leptons or hadronically (dijet configuration or fat

jet configuration).
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• Again set limits via EFT operators:

���Z coupling

L���Z = ⇣3�Z
1 Fµ⌫Fµ⌫F

⇢�Z⇢� + ⇣3�Z
2 Fµ⌫ F̃µ⌫F

⇢�Z̃⇢�

where F̃µ⌫ = 1
2 ✏

µ⌫⇢�F⇢� . The quartic coupling induces anomalous �� ! �Z ,

p

p p

p

Z

The Z boson could decay into a pair of charged leptons or hadronically (dijet configuration or fat

jet configuration).

6 / 8

• Once again, expected improvements from HL-LHC impressive ~ an order 
of magnitude (~ 5 orders of magnitude better than current best inclusive 
limits).

�Z
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Lower luminosity running - ALICE

• ALICE - luminosity estimate (not approved) 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. Benefits from excellent PID, low thresholds and 
larger rapidity coverage of ALICE detector.

• Benchmark analyses:

200 pb�1

E. Kryshen, C. Mayer

pp

)

★ Precision scalar and tensor meson spectroscopy: 

See E. Kryshen’s talk at March ’18 meeting for more 
details.

‣ Many decay channels (                         ), partial wave analyses.

‣ Probe of soft QCD dynamics.

‣ Expand knowledge of still poorly understood sector of QCD.

⇡⇡,KK, pp...

Benchmark analyses

3

Benchmark analyses:

• precision scalar and tensor meson spectroscopy including strangeonia and 

charmonia states (ππ,KK,4π,2π2K etc), partial wave analysis

• gluonic jets (EPJC 76, 9 (2016)), two particle correlations and femtoscopy in CEP

• glueball searches (including exotics like 0-- and 0+- at high masses)

• magnetic monopole and monopolium searches (arXiv:1707.04170)
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Lower luminosity running - ALICE

★ 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

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

★ Glueball searches:

Charm sector → gluon PDFs

6

Channel BR A x ε σ(5.5 TeV)
pb

Y (5.5 TeV) 
1 /pb

Y(5.5 TeV) 
6 /pb σ(14 TeV) pb Y (14 TeV) 

1 /pb
Y(14 TeV) 
200 /pb

χ
c0 

→ ππ 0.83% 25.2% 97933 205 1229 118120 247 49412
χ

c0 
→ KK 0.59% 20.5% 97933 118 711 118120 143 28573

χ
c0 

→ 4π 2.24% 9.40% 97933 206 1237 118120 249 49743
χ

c0 
→ 2π2K 1.75% 1.70% 97933 29 175 118120 35 7028

χ
c1 

→ ππ <0.10% 25.2% 968 0 <1 1009 0.3 <51
χ

c1 
→ KK <0.10% 20.5% 968 0 <1 1009 0.2 <41

χ
c1 

→ 4π 0.76% 9.40% 968 1 4 1009 0.7 144
χ

c1 
→ 2π2K 0.45% 1.70% 968 0 0 1009 0.1 15

χ
c2 

→ ππ 0.23% 25.2% 5779 4 22 7634 4.4 885
χ

c2 
→ KK 0.11% 20.5% 5779 1 9 7634 1.7 344

χ
c2 

→ 4π 1.07% 9.40% 5779 6 38 7634 7.7 1536
χ

c2 
→ 2π2K 0.89% 1.70% 5779 1 6 7634 1.2 231
• 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)

★ Other benchmarks: exclusive jets, magnetic monopole searches.
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Yellow Report - contributions

• Detector-specific projections/studies:

‣ Proton tagging detectors for ATLAS + CMS. HL-LHC specific studies of 
possible locations, acceptances, beam optics…
‣ ALICE: lumi projections, efficiencies, expected yields

ATLAS IP - M. Rijssenbeek, 
J. Chwastowski et al.

CMS IP - M. Deile et al.

ALICE - E. Kryshen et al.

• Photon-initiated (high mass) physics studies/motivation:

‣ Basic theory - motivation for BSM studies. Projections for benchmark 
processes (      , dileptons, ALPs, new EW states…).
‣ Dedicated HL-LHC study: anomalous EW boson couplings.

LHL, C. Royon, J. 
Howarth et al.

C. Royon, C. Barrera

• QCD physics studies/motivation:

‣ High mass - basic theory/motivation. Projections for benchmark processes 
(jets, Higgs…).
‣ Low mass - basic theory/motivation. Projections for benchmark processes 
(hadron spectroscopy, glueball searches, quarkonia, jets…)

tt

LHL

E. Kryshen
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Yellow Report - open issues
• Light-by-light scattering in pp (w/out tagged p) - K. Schmeiden and J. 

Gramling. Currently - separating LbyL vertex (w/ conversion) from pile-up 
vertices not efficient & no triggering strategy. Include discussion of this?

See talk - March meeting

• Potential of                                        CEP w/ tagged protons. Examine processes 
of interest, expected yields for baseline scenarios (LHL).          

MX = O(20� 50GeV)

• LHCb? Expected pile-up will be high      selecting gaps difficult (though not 
impossible      vertices). Currently no contribution offered- should pursue.

)
!

• Sections of Yellow Report - currently divided between EW and QCD. 
However experiment specific contributions relevant to both. How to arrange? 
Combining sections may be sensible.

Thank you for listening!

• Non-CEP related studies. BFKL…?

• HE-LHC. Aim to extend projections for e.g. anomalous couplings.
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Backup - proton tagger @ HL-LHC
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RP@HL-LHC: Machine Optics Version 1.3

Acceptances versus s – 233m from the ATLAS IP

J. Chwastowski, June 15, 2018
20

Narrower ξ acceptance range for both beams w.r.t. the present situation 
Horizontal tilt kills the acceptance

Beam 1

2 x 2 cm2 Detector  and 15σ + 0.5 mm distance to the beam; no collimators

Vertical tilt of the beam Horizontal tilt of the beam



RP@HL-LHC: Machine Optics Version 1.3

Acceptances versus s – 243m from the ATLAS IP

J. Chwastowski, June 15, 2018
21

Beam 1

2 x 2 cm2 Detector  and 15σ + 0.5 mm distance to the beam; no collimators

Vertical tilt of the beam Horizontal tilt of the beam

Narrower ξ acceptance range for both beams w.r.t. the present situation 
Horizontal tilt kills the acceptance 



RP@HL-LHC: Machine Optics Version 1.3

Acceptances versus s – 324m 

J. Chwastowski, June 15, 2018
22

 ξ acceptance ranges matching the Higgs region;  
 wide pT range 
 horizontal tilt alter ther acceptance ranges

2 x 2 cm2 Detector  and 15σ + 0.5 mm distance to the beam; no collimators

Vertical tilt of the beam Beam 1 Horizontal tilt of the beam



RP@HL-LHC: Machine Optics Version 1.3

Acceptances versus s – 418 m cold region

J. Chwastowski, June 15, 2018
23

 ξ acceptance ranges matching the Higgs region 
 wide pT range

2 x 2 cm2 Detector  and 15σ + 0.5 mm distance to the beam; no collimators

Vertical tilt of the beam Beam 1 Horizontal tilt of the beam



p. 20

Acceptance in the Mass – Rapidity Plane:

Vertical Crossing, Option 1

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

1A

1Z

1A

313

1Z

212

34103410

M. Deile- PPS@HL-LHC
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p. 21

Acceptance in the Mass – Rapidity Plane:

Vertical Crossing, Option 2

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

1A

1Z

1A

45

1Z

48

420 m instead of 234 m

3410 3410

M. Deile- PPS@HL-LHC
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p. 22

Acceptance in the Mass – Rapidity Plane:
Horizontal crossing, Baseline Trajectory, Option 1

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

2A

2Z

2Z

5255
722

2A

5255
1010

M. Deile- PPS@HL-LHC
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p. 23

Acceptance in the Mass – Rapidity Plane:
Horizontal crossing, Baseline Trajectory, Option 2

Levelling trajectories:
- Baseline
- Relaxed adaptive
- Aggressive adaptive
- Vertical crossing (any trajectory)

2A

2Z

2Z2A

5255

420 m instead of 234 m

46 49
5255

M. Deile- PPS@HL-LHC
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