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My Work with James
★  Fortunate to spend over half a decade collaborating with and being 
supervised by James.
★ Published 9 papers + 1 review paper on topics relating to central 
exclusive production.
★ A few brief highlights follow.
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Abstract: Motivated by the recent experimental observation of exclusive χc events at

the Tevatron, we revisit earlier studies of central exclusive scalar χc0 meson production,

before generalising the existing formalism to include χc1 and χc2 mesons. Although χc0

production was previously assumed to be dominant, we find that the χc1 and χc2 rates for

the experimentally considered χc → J/ψγ → µ+µ−γ decay process are in fact comparable

to the χc0 rate. We have developed a new Monte Carlo event generator, SuperCHIC,

which models the central exclusive production of the three χc states via this decay chain,

and have explored possible ways of distinguishing them, given that their mass differences

are not resolvable within the current experimental set-up. Although we find that the

severity of current experimental cuts appears to preclude this, the acceptance does not

change crucially between the three states and so our conclusions regarding the overall rates

remain unchanged. This therefore raises the interesting possibility that exclusive χc1 and

χc2 production has already been observed at the Tevatron.
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Central exclusive diffraction

Central exclusive diffraction, or central exclusive production (CEP) is the
process

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

• Diffraction: colour singlet exchange between colliding hadrons, with large
rapidity gaps (‘+’) in the final state.

• Exclusive: hadrons lose energy, but remain intact after collision and can
in principal be measured by detectors positioned down the beam line.

• Central: a system of mass MX is produced at the collision point, and only
its decay products are present in the central detector region.
.
.
.
.
.
.

L.A. Harland-Lang (IPPP, Durham) 2 / 24Saturday, 15 November 14

Central Exclusive Production (CEP) is the interaction:

• Diffractive: colour singlet exchange between colliding protons, with 
large rapidity gaps (‘+’) in the final state.
• Exclusive: hadron lose energy, but remain intact after the collision.
• Central: a system of mass        is produced at the collision point and only 
its decay products are present in the central detector.

MX

 3

hh ! h + X + h

Central Exclusive Production
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Photon-induced
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 Dkg is the following

L ⇠ (W †
µnW µAn �WµnW †µAn)

+(1+Dkg)W †
µWnAµn +

l g

M2
W

W †
rµW µ

nAnr). (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 Dkg only modifies the normalization and the low mass events
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Photoproduction
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Fig. 5.10: Invariant mass of the J/yJ/y 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 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p

Q

Q̄

F(x,) = @G(x,)/@ log 2

(1� z,�~k?)

(z,~k?)
 V (z, k?)

VM = J/ , 0,⌥,⌥0, . . .�

~�~

p p

W 2

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

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at g p cms energy W , applicable at small values of x = 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(g⇤(Q2)p !V p;W, t = 0) =
Z 1

0
dz

Z
d2r yV (z,r)yg⇤(z,r,Q2)s(x,r) , (5.3)

where x = M2
V/W 2, yV and yg are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. The qq̄ separation r is conserved during the interaction (and so
are the longitudinal momentum fractions z,1� z carried by q and q̄). Color dipoles of size r are diagonal
states of the S-matrix and interact with the proton with the cross section

s(x,r) =
4p
3

aS

Z d2k
k4

∂xg(x,k2)

∂ log(k2)

h
1� exp(ikr)

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
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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.

2

• CEP can provide unique and clean environment to study the SM 
and physics beyond it. Many nice features (c.f. Valery’s talk).

• Different ways it can happen:

• Main focus with James was 
‘Durham’ QCD mechanism.

• Unique QCD laboratory, 
possibility of exclusive Higgs.

• Do we understand the 
underlying QCD process?

‘Durham’ Mechanism
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Standard Candles

• Basic idea: test CEP theory by predicting (higher    ) production of 
lower mass states to compare with Tevatron and LHC data.

�
<latexit sha1_base64="uveq51XskeZ/BmBbyb/DEzkG8yU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1eoYNBe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ipp1arBRbV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPna2PJw==</latexit>
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Abstract: Central exclusive production (CEP) processes in high-energy proton –

(anti)proton collisions offer a very promising framework within which to study both novel

aspects of QCD and new physics signals. Among the many interesting processes that can

be studied in this way, those involving the production of heavy (c, b) quarkonia and γγ

states have sufficiently well understood theoretical properties and sufficiently large cross

sections that they can serve as ‘standard candle’ processes with which we can benchmark

predictions for new physics CEP at the CERN Large Hadron Collider. Motivated by the

broad agreement with theoretical predictions of recent CEP measurements at the Fermilab

Tevatron, we perform a detailed quantitative study of heavy quarkonia (χ and η) and γγ

production at the Tevatron, RHIC and LHC, paying particular attention to the various

uncertainties in the calculations. Our results confirm the rich phenomenology that these

production processes offer at present and future high-energy colliders.
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production at the LHC p + p → p + H + p, where the
production mechanism of the Higgs boson is gg-fusion
through a top quark loop. In both cases the final state,
γγ or H , is not strongly interacting, and thus the QCD
calculation of both diagrams is similar. However, the
calculation is difficult as the screening gluon has low Q2,
and other non-perturbative interactions in the same pp̄
collision could produce additional particles. Calculations
for exclusive Higgs production have been made using a
variety of models, but these predictions cover a range of
over two orders of magnitude [4, 5]. Since the QCD part
of the calculation is the same for H and γγ production,
and only the calculable matrix elements gg → γγ and
gg → H are different, exclusive γγ production provides
an excellent test of the theoretical predictions for H pro-
duction. For exclusive production of two photons, each
with transverse energy [1] Eγ

T > 5 GeV and pseudora-
pidity |ηγ | < 1, the only predicted cross sections [3] are
36 fb at the Tevatron, at

√
s = 1.96 TeV, and 200 fb at

the LHC. The same authors predict σ(p+p → p+H+p)
= 3 fb at the LHC for a standard model Higgs with
MH = 120 − 140 GeV/c2, claiming a factor of about
three uncertainty for both processes. However, an NLO
calculation has not been done and so these uncertainties
are difficult to estimate.

p

p

p

p

γ

γ

FIG. 1: The dominant diagram for central exclusive γγ pro-
duction in pp̄ collisions. The primary process is gg → γγ
through quark loops, with a screening gluon to cancel the
exchanged color.

Processes other than gg → γγ can produce an exclusive
γγ final state. Contributions from qq̄ → γγ and γγ → γγ
are respectively < 5% and < 1% of gg → γγ [3]. The
dominant backgrounds to the observation of exclusive γγ
events are the production of π◦π◦ or ηη, with each me-
son decaying to two photons. No theoretical calculation
of exclusive π◦π◦ or ηη production has been published;
however, both cross sections are estimated [7] to be about
25% of the diphoton process, in the kinematic range of

this study.
This Letter presents the first search for exclusive γγ

production in hadronic interactions. We use 532 pb−1

integrated luminosity of pp̄ collisions at
√
s = 1.96 TeV

delivered to the CDF II detector at the Tevatron. The
CDF II detector is a general purpose detector described
elsewhere [8]; here we give a brief summary of the detec-
tor components used in this analysis. Surrounding the
beam pipe is a tracking system consisting of a silicon
microstrip detector, a cylindrical drift chamber (COT),
and a solenoid providing a 1.4 Tesla magnetic field. The
tracking system has nearly 100% efficiency for recon-
structing isolated tracks with pT ≥ 1 GeV/c and |η| < 1.
It is surrounded by the central and end-plug calorime-
ters covering the range |η| < 3.6. Both calorimeters have
separate electromagnetic and hadronic compartments. A
proportional wire chamber (CES) [9] is embedded in the
central electromagnetic calorimeter, |η| < 1.1, at a depth
of six radiation lengths. It allows a measurement of the
number and shape, in both transverse directions, of elec-
tromagnetic showers. The anode wire pitch (in φ) is
1.5 cm and the cathode strip pitch varies with η from
1.7 cm to 2.0 cm. The CES provides a means of dis-
tinguishing single photon showers from π◦ → γγ and
η → γγ. The region 3.6 < |η| < 5.2 is covered by a lead-
liquid scintillator calorimeter called the miniplug [10].
At higher pseudorapidities, 5.4 < |η| < 7.4, scintillation
counters, called beam shower counters (BSC), are located
on each side of the CDF detector. Gas Čerenkov detec-
tors covering 3.7 < |η| < 4.7 determine the luminosity
with a 6% uncertainty [11].
Exclusive γγ production is modeled with the exhume

Monte Carlo generator [12], based on theoretical calcula-
tions [3, 13]. Simulated single photons, and photons from
π◦ and η decay, are passed through the geant [14]-based
detector simulation [15] to determine their detection ef-
ficiencies.
The event signature requires two electromagnetic

showers each with transverse energy ET > 5 GeV, with
no other particles detected in the full CDF detector,
which covers −7.4 < η < +7.4. The outgoing proton
and antiproton are not detected. The event selection
here follows closely that described in Ref. [16] where, us-
ing the same trigger and a similar analysis, we observed
exclusive e+e− production. The only differences are the
tracking requirements, and we restrict the |η| coverage
from ±2.0 to ±1.0. The trigger requires two electromag-
netic clusters and no BSC counter activity in the region
5.4 < |η| < 5.9. The measured cross section for |ηe| < 2.0
and peT ≥ 5 GeV/c (for both e+ and e−) is 1.6+0.5

−0.3(stat.)±
0.3(syst.) pb (16 candidates with 1.9±0.3 background),
in agreement with the theoretical QED cross section of
1.71 ± 0.01 pb. Assuming the theoretical cross section to
be correct, this agreement is evidence that the efficiency
of the cuts we make to define exclusive processes is well
understood.

4

3.92±0.25(stat)±0.52(syst) nb, 0.53±0.09(stat)±0.10(syst) nb, and 76±10(stat)±10(syst) nb respec-
tively, and the continuum is consistent with QED. We put an upper limit on the cross section for
odderon exchange in exclusive J/ψ production.

PACS numbers:

In central exclusive production processes, p + p̄ →
p+X+ p̄, the colliding hadrons emerge intact with small
transverse momenta, pT [1], and the produced state X is
in the central region, with small rapidity |y|, and is fully
measured. If regions of rapidity exceeding about 5 units
are devoid of particles, only photon and pomeron [2], IP ,
exchanges are significant, where IP consists mostly of two
gluons in a color singlet state with charge parity C = +1.
Odderon, O, exchange, with 3 gluons in a C = −1
state[3, 4, 5], is allowed in pp̄, but not ep, collisions, and
would appear as an enhancement in exclusive J/ψ and
ψ(2S) production in pp̄ compared to the expectation from
pure photoproduction in ep. Using the CDF II detec-
tor at the Fermilab Tevatron, we previously observed [6]
p+ p̄ → p+ e+e−+ p̄ in agreement with QED, and found
candidates [7] for p + p̄ → p + γγ + p̄ consistent with
QCD expectations [8]. In this paper we report measure-
ments of exclusive dimuon production, X = µ+µ−, with
Mµµ ∈ [3.0, 4.0] GeV/c2, directly (QED, Fig.1a) or from
photoproduced J/ψ(3097) or ψ(2S)(3686) (Fig.1b) de-
cay, and χc0(3415)→ J/ψ+γ → µ+µ−γ (Fig.1c). Lower
masses were excluded by muon range, and higher masses
by trigger rate limitations. Exclusive photoproduction
of vector mesons has been measured in ep collisons at
HERA [9], but not previously observed in hadron-hadron
collisions. The theoretical uncertainty on the QED cross
section is < 0.3%; this process is distinct from Drell-Yan
(qq̄ → µ+µ−), which is negligible in this regime.

At the Large Hadron Collider, LHC, in pp collisions
with

√
s = 10-14 TeV, central exclusive production of

states such as X = H and W+W−, where H is a Higgs
boson, are allowed [10]. Apart from their intrinsic inter-
est, our measurements confirm the viability of the pro-
posed LHC studies. The p+χc0+ p̄ (Fig.1c) and p+H+p
(as Fig.1c but with a top quark loop) cross sections are
related [11], and p + µ+µ− + p can be used to calibrate
forward proton spectrometers.

We used p̄p collision data at
√
s = 1.96 TeV with an

integrated luminosity L = 1.48 fb−1 delivered to the
CDF II detector. This is a general purpose detector
described elsewhere [12]. Surrounding the collision re-
gion is a tracking system consisting of silicon microstrip
detectors and a cylindrical drift chamber (COT) in a
1.4 Tesla solenoidal field. The tracking system has ≈
100% efficiency for reconstructing isolated tracks with
pT ≥ 1 GeV/c and |η| < 0.6 [1]. A barrel of 216 time-

∗Deceased

FIG. 1: Feynman diagrams for (a) γγ → µ+µ−, (b) γIP →
J/ψ(ψ(2S)), and (c) IPIP → χc, with the 2-gluon exchange
forming a pomeron.

of-flight counters (ToF) outside the COT is surrounded
by calorimeters with separate electromagnetic (EM) and
hadronic sections covering the range |η| < 3.6. Drift
chambers outside the calorimeters were used to measure
muons with |η| < 0.6 [13]. The regions 3.6 < |η| < 5.2
are covered by lead-liquid scintillator calorimeters [14].
Gas Cherenkov counters covering 3.7< |η| <4.7 deter-
mined the luminosity with a 6% uncertainty [15]. We
did not have detectors able to measure the forward p and
p̄, but beam shower scintillation counters (BSC1-BSC3),
located along the beampipe, detected products of p(p̄)
fragmentation, such as p → pππ, with |η| < 7.4.
The level 1 trigger required at least one muon track

with pT > 1.4 GeV/c and no signal in BSC1 (5.4 <
∼ |η| <

∼

5.9), and a higher level trigger required a second track
with opposite charge. The offline event selection followed
closely that described in Ref. [6], where we observed ex-
clusive e+e− production. We required two oppositely
charged muon tracks, each with pT > 1.4 GeV/c and
|η| < 0.6, accompanied by either (a) no other particles
in the event, or (b) only one additional EM shower with
EEM

T > 80 MeV and |η| < 2.1. Condition (a) defines an
exclusive dimuon event. The exclusivity efficiency εexc
is the probability that the exclusive requirement is not
spoiled by another inelastic interaction in the same bunch
crossing, or by noise in a detector element. This efficiency
was measured [6] as the fraction of bunch crossing trig-
gers that pass the exclusivity requirement (a). We found
εexc = 0.093 with negligible uncertainty. The product
εexc×L = Leff =139 ± 8 pb−1 was the effective lumi-
nosity for single interactions.
After these selections, cosmic rays were the main back-

ground. They were all rejected, with no significant loss of
real events, by timing requirements in the ToF counters
and by requiring the 3D opening angle between the muon
tracks to be ∆θ3D(µµ) < 3.0 rad. Within a fiducial kine-
matic region (FKR): [|η(µ)| < 0.6, and Mµµ ∈ [3.0, 4.0]
GeV/c2], there are 402 events with no EM shower. The
Mµµ spectrum is shown in Fig.2. The J/ψ and ψ(2S) are
prominent, together with a continuum. The spectrum is

• How to facilitate such a comparison?       Need a Monte Carlo 
generator.
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‘SuperChic MC’

• First                 due to 
James, for       production 
in              collisions.

‘CHICMC’
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<latexit sha1_base64="gmW50zZJjvs9+xFc3n1Rc20JKqY=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexWQY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq0dHvE/75YpX9ebAq8TPSQVyNPrlr95A0TRm0lJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gkMTNBNr92is+cMsCR0q6kxXP190RGYmMmceg6Y2JHZtmbif953dRG10HGZZJaJuliUZQKbBWevY4HXDNqxcQRQjV3t2I6IppQ6wIquRD85ZdXSatW9S+qtfvLSv0mj6MIJ3AK5+DDFdThDhrQBAqP8Ayv8IYUekHv6GPRWkD5zDH8Afr8AXR0jww=</latexit>

pp(pp)
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• Have since developed into                        
MC for CEP in proton/ion 
collisions: ‘SuperChic’
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https://superchic.hepforge.org
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• Now widely used for LHC CEP analyses (and Tevatron before that): 
good agreement with data, supporting Durham approach.
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exclusive continuum background is expected to be manageable [44, 45]. The CEP of the odd–parity hc,b2749

states, for which the cross sections are predicted to be similarly suppressed to the higher spin cc,b states,2750

would also represent a further potential observable. As discussed in Section 5.3.2, the distributions of2751

the outgoing protons are expected to be highly sensitive to the spin–parity of the produced quarkonium2752

state, as well as to the soft survival factors. Finally, exclusive photoproduction of C–odd quarkonia (J/y ,2753

y(2S), °...) is of much interest; this is discussed in more detail in Section 5.4.2754

Experimental results and outlook2755

A favourable decay mode of the cc meson is to J/yg , with the only significant experimental background2756

being contamination from y(2S)! J/yp0p0 where only one photon is identified from the subsequent2757

pion decays.2758

Fig. 5.4: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [39] of the production of cc mesons with 37 pb�1 of2759

data. The selection of events proceeds as for the J/y selection in Sec. 5.4.4 but now one (rather than no)2760

photon candidate is required. The invariant mass of the di-muon plus photon system is shown in Fig. 5.42761

fitted to expectations from the SuperCHIC simulation [31, 46] for cc0,cc1.cc2 signal contributions and2762

the y(2S) background. The CDF collaboration made the first observation [38] of CEP of cc mesons2763

but because of the limited mass resolution, assumed it all to consist of cc0 mesons. The mass resolution2764

of LHCb is sufficiently good to distinguish the three states. In this decay mode, the contribution from2765

cc2 dominates although much of that is due to the higher branching fraction for this state to decay to2766

J/yg . Unfortunately, the resolution is not good enough to separate the three states completely and so the2767

fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to2768

be 0.39±0.13 using the pT of the reconstructed meson. The cross sections times branching fractions are2769

measured to be 9± 5,16± 9,28± 12 pb for cc0,cc1,cc2, respectively, slightly higher but in reasonable2770

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for cc2 to cc0 of2771

3±1 appears to be somewhat higher in the data than the theory expectation that they are roughly equal.2772

This is consistent with the CDF measurement of p+p� CEP [47], where a limit on the cc0 ! p+p�2773

cross section is set which indicates that less than ⇠ 50% of the previously observed cc ! J/yg events2774

at the Tevatron [38] are due to the cc0. As discussed above, one possible reason for this discrepancy is2775

that the fraction of elastic exclusive events in the sample differs for each of the three resonances. With2776

greater statistics, a more sophisticated fit can be performed in order to estimate the fraction of exclusive2777

events separately for each cc state.2778

Further discrimination of the cc states is possible by considering different decay modes. Of par-2779

ticular interest are the decays to two pions or two kaons, which are not possible for cc1 and are about2780

four times higher for cc0 than for cc2. In addition, the mass resolution in this channel is about a factor2781

95

µ0 = mT /2

µ0 = 2mT

µ0 = mT
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Figure 6: Comparison of LHCb measurement [14] of J/ψJ/ψ invariant mass distribution with
theory prediction, calculated as described in the text. In all cases the result is normalized to
the data.

of the theoretical uncertainty on this distribution, we also show predictions corresponding
to varying the renormalization and factorization scales by a factor of 2 up and down, and
we can see that the shape of the distribution is relatively insensitive to this (there is some
variation in the shape due to the PDF choice, although this is also small). Thus the the-
oretical uncertainty on the shape of this distribution, which is driven by the form of the
contributing matrix elements, as well as factors specific to the exclusive channel, such as the
MX dependent Sudakov factor in (4), is much smaller than that in the total cross section nor-
malization (we recall this scale variation gives a ∼ ×

÷ 3 spread in the cross section). Clearly
a higher statistics measurement of exclusive double J/ψ production, which would allow a
closer comparison between theory and data, both in the absolute cross section normalization
and invariant mass (and other) distributions, is desirable. We can see from Table 2 that the
predicted cross sections for

√
s = 14 TeV are a factor of ∼ 2 larger, while in Table 3 we show

predictions for central rapidities at both
√
s = 8 and 14 TeV, and can see that the predicted

cross sections can be larger still.
It is clear from the discussion above that there are some important uncertainties in the

absolute cross section predictions for J/ψJ/ψ CEP. One possibility to reduce these is to
consider more differential observables, the shape of which will be much less sensitive to
these uncertainties. An example of this is the J/ψ pair invariant mass distribution shown in
Fig. 6 and discussed above. It is also interesting to consider the J/ψ transverse momentum
distribution, as shown in Fig. 7 (left): here the scalar average of the J/ψ transverse momenta
is taken (the individual transverse momenta are in general not exactly equal due to the non–
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1

1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.

γ

γ

PbPb

Pb Pb Pb

Pb

Pb(*)

Pb(*)

Pb(*)

Pb(*) Pb(*)

Pb(*)
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g

g
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γ
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γ

Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production
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Figure 4: Diphoton acoplanarity distribution for exclusive events measured in the data after
selection criteria (squares), compared to the expected LbL scattering signal (orange histogram),
QED e+e� (yellow histogram), and the CEP+other (light blue histogram, scaled to match the
data in the Af > 0.02 region as described in the text) backgrounds. Signal and QED e+e� MC
samples are scaled according to their theoretical cross sections and integrated luminosity. The
error bars around the data points indicate statistical uncertainties. The horizontal bars around
the data symbols indicate the bin size.

4.3 Light-by-light signal distributions

The exclusive diphoton signal is extracted after applying all selection criteria described above
and estimating the amount of residual QED e+e� and CEP+other backgrounds. Table 1 shows
the number of events remaining after each selection criterion. The main selection requirement
corresponds to two photons each with ET > 2 GeV, |h| < 2.4 (excluding photons falling in
the Dh ⇡ 0.1 gap region between the EB and EE, 1.444 < |h| < 1.566), and diphoton invari-
ant mass greater than 5 GeV. The numbers of events measured in data and expected from the
sum of all MC contributions in the first two rows do not match because these selection require-
ments accept a fraction of nonexclusive backgrounds that are not included in the simulation.
Once the full exclusivity selection criteria are applied, the data-to-simulation agreement is very
good. We observe 14 LbL scattering candidates, to be compared with 9.0 ± 0.9 (theo) expected
from the LbL scattering signal, 3.0± 1.1 (stat) from central exclusive plus any residual diphoton
backgrounds, and 1.0 ± 0.3 (stat) from misidentified QED e+e� events.

An extra selection criterion has been also studied by further requiring that the candidate LbL
scattering events have no signal above the noise threshold in the pixel tracker layers. This more
stringent selection is sensitive to charged particles down to ⇠40 MeV, and results in a number of
reconstructed LbL scattering signal counts (and even more reduced QED backgrounds) consis-
tent with the MC predictions. However, since the efficiency of such a tight selection is difficult
to assess from a control region in data, the default analysis is kept with the charged-particle
track pT > 0.1 GeV exclusivity requirement.

Figure 5 shows the comparison of the measured and simulated photon transverse momentum,
photon pseudorapidity, photon azimuthal angle, diphoton invariant mass, diphoton rapidity,
and diphoton transverse momentum distributions. Both the measured yields and kinematic
distributions are in accord with the combination of the LbL scattering signal plus QED e+e�
and CEP+other background expectations.

• Seed of all of this in 
James’ original MC.

‘Stirling Plotter’:
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CEP & MHV
• Work with James uncovered some interesting theoretical results.

g2(λ2)

g1(λ1)

k3

k4

Figure 2: Representative Feynman diagram for the gg → qqqq(gg)
process.

2. Properties of the gg → MM amplitudes

The leading order amplitudes are calculated using an
extension of the ‘hard exclusive’ formalism, see [9, 10].
The basic idea is that the hadron–level amplitude can be
written as a convolution of a (perturbatively calculable)
parton–level amplitude, T , and a ‘distribution amplitude’
φ, which contains all the (non–perturbative) information
about the binding of the partons in the meson. The gg →
MM amplitude can be written as

Mλλ′(ŝ, θ) =

! 1

0
dxdy φM (x)φM (y)Tλλ′(x, y; ŝ, θ) , (2)

where
√
ŝ is the MM invariant mass, x, y are the meson

momentum fractions carried by the partons and θ is the
scattering angle in the gg cms frame. Tλλ′ is the hard scat-
tering amplitude for the parton–level process
gg → qq(gg) qq(gg), where each qq or gg pair is collinear
with the meson momentum1 and has the appropriate colour,
spin, and flavour content projected out to form the parent
meson. λ, λ′ are the gluon helicities: for our consider-
ations there are two independent helicity configurations,
(±±) and (±∓), which correspond to the incoming gluons
being in a Jz = 0 and |Jz | = 2 state, respectively, along
the incoming gg direction. A representative diagram for
purely qq valence components is shown in Fig. 2. Provided
the meson k⊥ is large enough, all intermediate quark and
gluon propagators will be far off–shell and the amplitude
can be calculated using the standard tools of pQCD.

Originally, in [9, 10], the simpler case of initial–state
photons, γγ → MM , was considered. In [7, 8] we extended
these results to the two–gluon case. Taking the simplest
case of scalar flavour–non–singlet (ππ,KK...) production,
this proceeds via the type of diagram shown in Fig. 2. We
will present the results first, before commenting on them
at the end of the section. There are 31 Feynman diagrams
which contribute to the leading–order amplitude, and after

1For a meson produced with large momentum, |k⃗|, we can to
good approximation neglect the transverse component of the parton
momentum, q⃗, with respect to k⃗.

g(λ1)

g(λ2)

k3

k4

Figure 3: Representative ‘ladder type’ diagram, which contributes
for flavour–singlet mesons.

an explicit calculation we find

T qq
++ = T qq

−− = 0 , (3)

T qq
+− = T qq

−+ =
δAB

NC

64π2α2
S

ŝxy(1 − x)(1 − y)

a− b2

a2 − b2 cos2 θ
(4)

·
NC

2

"

cos2 θ −
2CF

NC
a

#

,

where ‘qq’ indicates that the final–state partons are qq
pairs, ‘A,B’ are the gluon colour indices and

a = (1− x)(1 − y) + xy , (5)

b = (1− x)(1 − y)− xy . (6)

As well as the configuration shown in Fig. 2, the outgoing
qq pairs can also combine in a second way, with the qq
pair forming each meson being connected by a quark line.
A representative such ‘ladder–type’ diagram is shown in
Fig. 3; as each meson couples individually to two (isosin-
glet) gluons, only flavour–singlet states can be produced
via such a diagram (for e.g. a π± state, this is clear, while
for a π0 the uu and dd components of the flavour Fock state
interfere destructively), while for the case of initial–state
photons it is forbidden in all cases by colour conservation.
There are 8 Feynman diagrams which contribute to the
amplitude, and we find that these give

T S,qq
++ = T S,qq

−− =
δab

NC

64π2α2
S

ŝxy(1 − x)(1 − y)

(1 + cos2 θ)

(1 − cos2 θ)2
,

(7)

T S,qq
+− = T S,qq

−+ =
δab

NC

64π2α2
S

ŝxy(1 − x)(1 − y)

(1 + 3 cos2 θ)

2(1− cos2 θ)2
,

(8)

where the label ‘S, qq’ is used to distinguish these ampli-
tudes, which only contribute for flavour–singlet mesons,
from (3, 4), which contribute for both flavour–singlet and
non–singlet states.

As well as having valence qq components, it is well
known that the dominantly flavour–singlet η′ (and also,
through mixing, η) mesons should have a valence gg com-
ponent, which also carries flavour–singlet quantum num-

2

• Original aim:         BG to       CEP. 

• Study of underlying parton-level 
diagrams gave intriguing results.
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Figure 3: Representative Feynman diagrams for the gg → MM process, where the M are flavour–
singlet mesons. There are 8 Feynman diagrams of type (a), and the corresponding helicity ampli-
tudes are given by (3.25, 3.26). There are 76 Feynman diagrams of type (b), and the corresponding
Jz = 0 helicity amplitude is given by (3.23), while a numerical evaluation of the |Jz| = 2 case
is shown in Fig. 4. There are 130 Feynman diagrams of type (c), and the corresponding Jz = 0
helicity amplitude is given by (3.24), while a numerical evaluation of the |Jz | = 2 case is shown in
Fig. 4. In the case of the amplitudes for (b) and (c), all diagrams allowed by colour conservation
are included, and not just diagrams of this ladder type.

corresponding to the ‘ladder diagrams’ as in Fig. 3 (a), see [17].

T qq.
++ = T qq.

−− = −
δab

NC

64π2α2
S

ŝxy(1− x)(1− y)

(1 + cos2 θ)

(1− cos2 θ)2
, (3.25)

T qq.
+− = T qq.

−+ = −
δab

NC

64π2α2
S

ŝxy(1− x)(1− y)

(1 + 3 cos2 θ)

2(1 − cos2 θ)2
. (3.26)

Thus all three Jz = 0 amplitudes are identical, up to overall colour and normalization

factors (including the factors of ‘(1− 2x), (1− 2y)’ which ensure that the amplitudes have

the correct symmetry under the interchange x(y) ↔ 1− x(y)).

In the case of the gg → ggqq and gg → gggg amplitudes for |Jz | = 2 incoming gluons

we can find no simple closed form. However, by numerical evaluation we can see that

they exhibit a similar angular behaviour to the Jz = 0 counterparts. We show this in

Fig. 4, where we plot the differential cross sections dσλ1λ2/d| cos θ| corresponding to the

amplitudes T gq
+− and T gg

+− (or equivalently, T gq
−+ and T gg

−+).

We recall that, due to the selection rule which operates for CEP [32] the contribution

of the |Jz| = 2 amplitudes is strongly suppressed. As observed in [17], this is particularly

important in the case of flavour–non–singlet meson production. These mesons (which

only have a qq component), cannot be produced in the ‘ladder–type’ gg → qqqq or the

gg → ggqq subprocesses discussed above, where the qq pairs forming the mesons come from

the same quark line. The contributing diagrams are instead of the type shown in Fig. 2

(left), with the photon pair replaced by gluons, but in this case it was found in [17] that

the corresponding amplitude vanishes for Jz = 0 incoming gluons, and so the CEP cross

section for flavour–non–singlet meson production is expected to be strongly suppressed.

We note that it can readily be shown from the Feynman rules for fermion fields that

we should associate an additional factor of (−1) with the flavour–non–singlet amplitude of
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Jz = 0 helicity amplitude is given by (3.23), while a numerical evaluation of the |Jz| = 2 case
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helicity amplitude is given by (3.24), while a numerical evaluation of the |Jz | = 2 case is shown in
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• V. simple results from v. complex underlying Feynman diagrams: 
natural to think about within MHV formalism (James’ suggestion).

LHL, V.A. Khoze, M.G. Ryskin, W.J. Stirling, arXiv:1105.4133, 1302.2004, 1304.4262

Jz = 0 dominant in CEP
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3.3.1 Jz = 0 amplitudes

In general it is well known that the full n-parton amplitude Mn can be written in the

form of a ‘dual expansion’, as a sum of products of colour factors Tn and purely kinematic

partial amplitudes An

Mn({pi, hi, ci}) =
!

σ

Tn({cσ(i)})An({kσ(i), hσ(i)}) , (3.16)

where {cσ(i)} are colour labels and {kσ(i), hσ(i)} are the momenta and helicities, respectively,

of the external legs i = 1 · · · n, and the sum is over appropriate simultaneous non-cyclic

permutations σ of colour labels and kinematics variables. The colour factors Tn are easy

to determine, while the purely kinematic part of the amplitude An is to be calculated, and

encodes all the non-trivial information about the full amplitude, Mn, see for instance [67]

for more details.

We are therefore interested in calculating the kinematic amplitudes for the 6-parton

g(±)g(±) → qqqq process: once this is done we simply use (3.16) to determine the full

amplitudes. These MHV amplitudes have very simple forms (given in full in [69] and

elsewhere), and in fact the total n-point amplitude for qqqq plus (n − 4) positive helicity

gluons can be written down in two lines [61]

Mn = ign+2A0(hs, hr, hg)
!

σ

⟨ks kr⟩
⟨ks a1⟩ · · · ⟨al kr⟩

⟨kr ks⟩
⟨kr b1⟩ · · · ⟨bl′ ks⟩

(λa1 · · ·λal)i1j2(λ
b1 · · · λbl′ )i2j1

−
1

NC

⟨ks ks⟩
⟨ks a1⟩ · · · ⟨al ks⟩

⟨kr kr⟩
⟨kr b1⟩ · · · ⟨bl′ kr⟩

(λa1 · · ·λal)i1j1(λ
b1 · · ·λbl′ )i2j2 . (3.17)

Here the indices r(r) and s(s) refer to the quarks (antiquarks) with colour indices i1(j1)

and i2(j2), respectively, and the labels ai, bi refer to the gluons, while the standard spinor

contraction ‘⟨k, l⟩’ is defined in (A.1). The sum is over all the partitions of the gluons

(l + l′ = n− 4, l = 0, · · · , n− 4) and over the permutations of the gluon indices, with the

product of zero λ matrices becoming a Kronecker delta and the kinematical factors equal

to one when l = (0, n − 4). The overall factor A0 depends on the particular quark helicity

configuration: for our calculation, it is given by the expressions from [61] for the two quark

helicity combinations relevant to the meson spin projections. For the equivalent ‘MHV’

diagram with all negative helicity gluons, we simply replace ⟨k l⟩ → [k l], see (A.2).

Considering now the case of the 6-parton amplitude relevant to our calculation, we

make the following identifications

kr = xk3 kr = (1− y)k4 ks = yk4 ks = (1− x)k3 , (3.18)

i1 = j2 i2 = j1 , (3.19)

for the collinear quarks (neglecting as usual the qt of the quarks relative to the meson

momenta) to form colour singlet mesons, where k3,4 are defined as in Fig. 2. Note that

there is in general a second possible assignment corresponding to the diagrams for which the

rr and ss pairs belong to the same mesons, but this does not contribute for non-isosinglet

– 13 –

• Plugging kinematics of underlying process into MHV ‘dual expansion’ 
these results naturally drop out in a number of lines

states; we shall discuss this further in Section 4.

Immediately we can see that first term in (3.17) goes like ∼ k23 , k
2
4 = 0, while the colour

factors for the individual pieces contributing to the second term are universal and are given

by Tr(λaλb) = δab/2. Factoring this out, we readily find that the amplitude is given by

M ∝
⟨k3 k4⟩

⟨k4 k1⟩⟨k1 k3⟩⟨k3 k2⟩⟨k2 k4⟩
+

1

⟨k3 k1⟩⟨k1 k2⟩⟨k2 k4⟩
+

1

⟨k3 k2⟩⟨k2 k1⟩⟨k1 k4⟩
∝ ⟨k3 k2⟩⟨k1 k4⟩+ ⟨k1 k3⟩⟨k2 k4⟩ − ⟨k3 k4⟩⟨k1 k2⟩ = 0 , (3.20)

from the Schouten identity (A.4), while the MHV amplitude similarly vanishes. This result

depends crucially on the colour structure and collinearity of the (massless) quarks/antiquarks

given in (3.18), which lead to the factorisation of the colour factors and the cancellation

between the kinematic pieces in (3.20), respectively. It also requires that the produced

mesons are flavour non-singlet states, see Section 4 for a discussion of this.

We have therefore in a few lines of algebra confirmed the vanishing of the gg →
MM amplitudes for Jz = 0 initial-state gluons (3.14), which resulted from a non-trivial

calculation of 7 independent Feynman diagrams. This gives some idea of the power of the

MHV formalism, which we now apply to the more complicated non-MHV |Jz| = 2 case.

3.3.2 |Jz = 2| amplitudes

s+

s−

r−

− +

k−1

r+

k+2

s−

k+2

r+

− +

r−

k−1

s+ s+

s−

r+

− +

r−

k−1

k+2

Figure 5: Representative tree diagrams contributing to the g(k1)g(k2) → qqqq process with |Jz| = 2
incoming gluons. Quark labels follow the same notation as (3.17) and ± signs represent particle
helicity, with all momenta defined as incoming. All contributing amplitudes are of these three types.

To calculate these amplitudes, which are not MHV, we follow the formalism described

in [67,70]. The basic idea is that these ‘nMHV’ diagrams can be calculated by connecting

two MHV diagrams in all allowed ways with a scalar propagator 1/p2. For the general

qqqq case there are four types of diagram that contribute (shown in Fig. 2 of [67]). In fact

the set of diagrams with a purely gluonic MHV sub-graph can readily be shown to vanish

when the colour singlet projection is performed and all permutations are summed over (in

particular, the amplitudes for the diagrams where the external gluon legs are interchanged

have a relative minus sign but are otherwise identical), and so we will not consider these

further. Representative diagrams for the three contributing sets are shown in Fig. 5. The

remaining diagrams are then given by including all possible positions and permutations of

the two gluons, with the important requirement that gluons are always emitted from the

same side of the connected quark-antiquark line (see in particular Fig. 1 of [70] and the

discussion in the text).
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+ + +
1

2
CF

δAB

Nc

+ + −2

−2

−NC

4

δAB

Nc

A

B

Figure 3: Basic Feynman diagrams for the gg → MM process, grouped into individually gauge in-
variant subsets T1 (upper) and T2 (lower), and with the relevant colour factors shown schematically.
The inclusion of all permutations of these diagrams is implicit.

as

Tgg =
δAB

NC

!

1

2
CFT1 −

NC

4
T2

"

, (3.10)

where T1 and T2 represent the corresponding amplitudes for the diagram sets in Fig. 3.

T1 is given by the kinematic part (i.e. with the colour factor CF → 1) of the γγ → MM

amplitudes, (3.2)-(3.3), by setting e1 = e2 = 1 and α → αS . As we have e1 = e2, the

Jz = 0 amplitudes for this vanishes (as in the γγ → π0π0 case), while for the |Jz | = 2

amplitudes we find

T+−

1 = T−+
1 =

1

ŝxy(1− x)(1 − y)

−128π2α2
S(a− b2)a

a2 − b2 cos2 θ
, (3.11)

where a, b are defined in (3.4)-(3.5). An explicit calculation of the T2 helicity amplitudes

then gives

T++
2 = T−−

2 = 0 , (3.12)

T+−

2 = T−+
2 =

1

ŝxy(1− x)(1 − y)

−128π2α2
S(a− b2) cos2 θ

a2 − b2 cos2 θ
, (3.13)

giving for the total gg amplitudes

T++
gg = T−−

gg = 0 , (3.14)

T+−
gg = T−+

gg =
δAB

NC

64π2α2
S

ŝxy(1− x)(1− y)

(x(1 − x) + y(1− y))

a2 − b2 cos2 θ

NC

2

!

cos2 θ −
2CF

NC
a

"

,

(3.15)
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T (g(±)g(±) ! qqqq) = 0
<latexit sha1_base64="LtlEXpGpbyHExWuXm9AULSeg1hA="></latexit>

= 0
<latexit sha1_base64="OZHf6/St3xMmonzxjrqUB51eyu4=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgKcxEMclBCHjxGMU8IFnC7GQ2GTL7YGZWCEv+wIsHRbz6R978G2eTCCpa0FBUddPd5cVSaIPxh5NbWV1b38hvFra2d3b3ivsHbR0livEWi2Skuh7VXIqQt4wwkndjxWngSd7xJleZ37nnSosovDPTmLsBHYXCF4waK91e4kGxhMsYY0IIygipXmBL6vVahdQQySyLEizRHBTf+8OIJQEPDZNU6x7BsXFTqoxgks8K/UTzmLIJHfGepSENuHbT+aUzdGKVIfIjZSs0aK5+n0hpoPU08GxnQM1Y//Yy8S+vlxi/5qYijBPDQ7ZY5CcSmQhlb6OhUJwZObWEMiXsrYiNqaLM2HAKNoSvT9H/pF0pk7Ny5ea81Ggs48jDERzDKRCoQgOuoQktYODDAzzBszNxHp0X53XRmnOWM4fwA87bJ0hnjTM=</latexit>
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MHV & Radiation Zeros
• This original idea was seed of later work on ‘radiation zeros’ in 5 parton 
QCD amplitudes.

p.s.

inc.

colour sing.

dσ
dA34

A34

21.81.61.41.210.8
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100

0
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inc.

colour sing.

dσ
dA34

A34

21.510.50

1e+06

100000

10000

1000

100

10

1

0.1

Figure 2: Differential cross sections (in arbitrary units) with respect to the variable A34,
defined in the text, for 5–gluon scattering at tree–level, with the particle momenta restricted
to lie in a plane. Plots are shown for the case of colour–singlet initial–state gluons, the inclu-
sive colour averaged/summed case, and with the final–state particles distributed according
to phase space. The integrated cross sections are normalized to each other in the region of
each plot.

where (i, j, k) is a permutation of the gluon labels (3, 4, 5). Thus, the zero condition (23)
is satisfied when A34 = 1, when as before the gluons 3 and 4 are by definition aligned. In
Fig. 2 we show the differential cross section with respect to A34 for this process, subject to
the condition that the gluons are in an exactly planar configuration. The distributions for
the colour summed/averaged cross section, which contributes inclusively, as well as that due
to phase space (i.e. with a uniform matrix element) are shown for comparison. The distinct
behaviour of the colour–singlet cross section, and in particular the clear zero at A34 = 1, is
evident.

More realistically, events which are approximately in a planar configuration can be se-
lected by imposing suitable cuts. In Fig. 3 (left), the distribution with respect to the absolute
value of the gluon rapidities |yi,j|, subject to the requirement that |∆φij| < 10◦ is shown, i.e.
events are selected where one of the gluon pairings satisfies this constraint, and both gluon
rapidities are then binned. Upon inspection it can be shown that (23) only has a solution for
cosh∆34 > 7; we impose an additional, somewhat lower, cut of cosh∆ij > 4 here to further
isolate the kinematic region where a zero can occur without masking the dip structure by a
more stringent, higher, cut. After this, although for the reasons discussed above a zero does
not occur, a clear radiation dip is present in the resulting distribution. Comparing to the
phase–space only and inclusive distributions, we can see that this is indeed driven by the
zero condition, rather than being, say, an artefact of the cut choices. In Fig. 3 (right) the
distribution with respect to the angular separation |∆φij| for gluon pairings passing the cut
0.9 < Aij < 1.1 is shown. A pronounced suppression for lower values of |∆φij |, driven by the

14

Gluons in 
plane )

<latexit sha1_base64="oN4bLRrS8m5H+ZxJsaeNAauz5GA=">AAAB8nicdVBNSwMxEM3Wr1q/qh69BIvgqWyq2PZW8OKxiv2A7VKyadqGZjdLMquUpT/DiwdFvPprvPlvzLYVVPTBwOO9GWbmBbEUBlz3w8mtrK6tb+Q3C1vbO7t7xf2DtlGJZrzFlFS6G1DDpYh4CwRI3o01p2EgeSeYXGZ+545rI1R0C9OY+yEdRWIoGAUreb0bMRoD1Vrd94slt+y6LiEEZ4RUL1xL6vVahdQwySyLElqi2S++9waKJSGPgElqjEfcGPyUahBM8lmhlxgeUzahI+5ZGtGQGz+dnzzDJ1YZ4KHStiLAc/X7REpDY6ZhYDtDCmPz28vEvzwvgWHNT0UUJ8Ajtlg0TCQGhbP/8UBozkBOLaFMC3srZmOqKQObUsGG8PUp/p+0K2VyVq5cn5cajWUceXSEjtEpIqiKGugKNVELMaTQA3pCzw44j86L87pozTnLmUP0A87bJ97FkaU=</latexit>

• Comes from same MHV simplicity. In principle observable in 3-jet CEP.
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Radiation Zeros at HERA —
More About Nothing

M. Heysslera and W.J. Stirlinga,b

a Department of Physics, University of Durham, Durham, DH1 3LE
b Department of Mathematical Sciences, University of Durham, Durham, DH1 3LE

Abstract

The process eq → eq + γ exhibits radiation zeros, i.e. configurations of the final–
state particles for which the scattering amplitude vanishes. We study these zeros for
both e+u and e+d scattering. The latter exhibits a type of zero which to our knowledge
has not previously been identified. The observability of radiation zeros at HERA is
discussed.

• These ‘type-II’ zeros: first 
noticed by James!

LHL, arXiv:1503.06798

M. Heyssler, W.J. Stirling, hep-ph/9707373
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A novel technique for measuring masses of a pair of semi-invisibly decaying particles

L. A. Harland-Lang1, C. H. Kom1,2, K. Sakurai3, and W. J. Stirling1
1Cavendish Laboratory, J.J. Thomson Avenue, Cambridge CB3 0HE, United Kingdom

2Department of Mathematical Sciences, University of Liverpool, Liverpool L69 7ZL, United Kingdom and
3Deutsches Elektronen-Synchrotron DESY, 22603 Hamburg, Germany

Motivated by evidence for the existence of dark matter, many new physics models predict the
pair production of new particles, followed by the decays into two invisible particles, leading to a
momentum imbalance in the visible system. For the cases where all four components of the vector
sum of the two ‘missing’ momenta are measured from the momentum imbalance, we present analytic
solutions of the final state system in terms of measureable momenta, with the mass shell constraints
taken into account. We then introduce new variables which allow the masses involved in the new
physics process, including that of the dark matter particles, to be extracted. These are compared
with a selection of variables in the literature, and possible applications at lepton and hadron colliders
are discussed.

PACS numbers: 12.60.Jv, 14.80.Ly

Introduction.— If new physics (NP) is observed in col-
lider experiments, the mass of the NP particles involved
will be the first quantities to be measured. Motivated by
the astrophysical evidence of dark matter, many theories
beyond the Standard Model (SM) include a neutral dark
matter (DM) candidate as the lightest of the new parti-
cles. In many of these models, the stability of the DM
against decays into SM particles is enforced by a new
(discrete) symmetry. Typically such symmetry implies
that NP particles are pair produced in a collider, which
subsequently cascade decay into a pair of DM particles
that escape detection. An example is the minimal super-
symmetric extension of the SM (MSSM) with R-parity.

A possible collider process is shown schematically in
Fig. 1. The NP particle X/X ′ decays via (a system of)
visible particle(s) Y/Y ′ into the DM particle N/N ′. The
momenta of these particles are denoted pi=X,X′,Y,Y ′,N,N ′.
If pN and pN ′ could be measured directly, the truemasses
mtrue ≡ (mN ,mX) for the particles N/N ′ and X/X ′

would show up as delta-function peaks in the invariant
mass distributions of pN/pN ′ and pX/pX′ in the limit of
zero width and perfect detector resolution. In reality, at
best the vector sum p/ = pN + pN ′ may be inferred from
the 4-momentum imbalance between the initial state and
observed final state particles. An observed event is then
defined by the 4-momenta set p ≡ {pY , pY ′ , p/}. Although
mtrue cannot be measured directly, including mass shell
conditions consistent with the topology in Fig. 1 con-
strains the mass hypothesis m̃ ≡ (m̃N , m̃X) consistent
with p and improves the determination of mtrue. Sys-
tematically incorporating these constraints would hence
be beneficial.

In this Letter, we describe a method to determine all
possible m̃ which takes into account the mass shell con-
straints when p, in particular all four components of p/, is
known, such as at a future linear collider, and in central
exclusive production processes at the LHC with tagged
forward protons. For each m̃ we obtain analytic solu-

.

NX

Y

N ′X ′

Y ′

hard

FIG. 1: The event topology. Y/Y ′ are visible, and their 4-
momenta can be directly observed. N/N ′ are dark matter
candidates; only the vector sum of their 4-momenta could be
inferred from the momentum imbalance between the initial
and observed final state particles.

tions for the momenta pi. Using the fact that mtrue

lies within the boundary of m̃, we define boundary vari-
ables m̃max ≡ (m̃max

N , m̃max
X ) which develop sharp edges

at mtrue without further input.
To illustrate the use of these variables, we will use the

example of selectron pair production in the MSSM to
demonstrate how they complement existing ‘standard’
mass measurement techniques at future linear colliders,
many of which however do not include information from
the mass shell constraints. As the edges of m̃max are in-
dependent of the system centre of mass energy (

√
s), they

can be particularly useful at the Large Hadron Collider
(LHC). We will briefly discuss how our methods can be
used in central exclusive processes, and connections with
‘transverse’ variables in inelastic processes at the LHC.
The calculation method.— Given a set of measurable

4-momenta p, the 4-momenta of the particles N,N ′, X
and X ′ in Fig. 1 can be parametrised as

pN/N ′ =
1∓ a

2
p/±

b

2
pY ∓

c

2
pY ′ ± dP , (1)

pX/X′ = pN/N ′ + pY/Y ′ , (2)

• Work with James not relating to QCD.

• Use extra info. from tagged protons to 
pin down masses of new invisibly decaying 
particles (SUSY….).

3

m̃max
N

m̃max
X

(mN , mX)

m̃min
X (mN)

mN

d2 < 0

d2 > 0

[m̃N ]

[m̃
X
]

m̃max
X (mN)

FIG. 2: Consistent (m̃N , m̃X) region for a ‘typical event’,
defined by the 4-momenta (pY , pY ′ , p/). The region d2 > 0 is
consistent. It includes the true mass point (mN ,mX). m̃max

N,X

are the maximum m̃N/m̃X values, while m̃min,max

X (mN) is the
minimal/maximal value of m̃X given mN .

Ref. [1]. Since its functional form is different from m̃max,
it contains in principle complementary information.
Although not considered in this Letter, the methods

for finding consistent m̃ and m̃max should be valid even
when the equal mass constraints, Eq. (3), are relaxed. In
this case Eq. (9) becomes a quadratic function of two or
three independent mass differences, for the case of one or
no pairs of equal-mass particles, respectively. A unique
m̃max, now containing three or four elements, can again
be obtained analytically for each p.
Note that m̃max depends only on p, and so while the

shape of the distributions is sensitive to detailed dynam-
ics and

√
s, the position of the edges are not. This should

be compared with other linear collider mass measurement
techniques which depend on

√
s being controllable/fixed,

without including mass shell constraints. For example,
by varying

√
s, the threshold scanning method [2] is sen-

sitive to the production threshold scale 2mX , while di-
rectly measuring 2mN will be challenging since N/N ′ are
invisible. In addition, the distribution of EY/Y ′ , the en-
ergy of Y and Y ′, have endpoints [1, 3]

Emax,min
Y/Y ′ =

√
s

4

!

1−
m2

N

m2
X

"

#

1±
$

1−
4m2

X

s

%

(15)

when radiation and detector smearing effects are ne-
glected. The true mass mtrue can then be obtained if the
endpoints and

√
s are accurately determined. Depend-

ing on the values of mtrue and
√
s, our method could

have statistical advantages in the endpoint determina-
tion. Furthermore, the fact that the m̃max are bounded
from below by mtrue implies that these variables could be
particularly effective in separating the signal events from
(the SM) background when used simultaneously. More
interestingly, the

√
s independence and Lorentz invari-

ance of m̃max leads to the possibility of utilising these

.

m̃max
N [GeV]

m̃
m
a
x

X
[G

eV
]

250200150100500

350

300
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50

0

FIG. 3: Scatter plot for m̃
max = (m̃max

N , m̃max
X ) for the SM

leptonic W+W− events (black), and pair production of se-
lectrons (mX = 150 GeV) in MSSM, followed by decays into
neutralinos (mN = 100 GeV) and electrons (red) at a 3 TeV
e+e− collider. 10,000 events for each process are displayed.
No cuts, detector smearing and radiation effects are included.

SM MSSM

(mN ,mX) [GeV] (0, 80.4) (100, 150)

σtotal [fb] 7 68

TABLE I: Total cross sections for e+e− + p/ events for the
SM W+W− and MSSM selectron pair production, followed
by decays into electrons and neutralinos at a 3 TeV e+e−

collider. The W → eνe branching ratio is taken as 0.108.

variables in hadron-hadron collisions at the LHC, where
the partonic

√
s cannot be controlled directly. We shall

illustrate these points with the examples below.
Examples.— Our first example is based on a e+e− col-

lider with
√
s = 3 TeV, the proposed CLIC energy [4].

We use Herwig++ v2.5.0 [5] to simulate pair production
of right handed selectrons (ẽR) in MSSM, followed by de-
cay into a pair of electrons and two lightest neutralino
(χ̃), assumed to be the superpartner of the SM U(1)Y
gauge boson, and which is stable and escape detection:

e+e− → ẽ+Rẽ
−
R → e+e−χ̃χ̃ . (16)

The mass of ẽR (mX) and χ̃ (mN ) are chosen to be
150 and 100 GeV respectively. The small electron mass
means that ϵ, ϵ′ in Eq. (4) can be safely neglected, leading
to much simplified analytic expressions. For comparison,
the irreducible SM W+W− background:

e+e− → W+W− → e+e−νν̄ , (17)

is also simulated. The cross sections for the two processes
are displayed in Table I.
In Fig. 3, we show a scatter plot of m̃max for the MSSM

(red) and SM (black) processes at parton level, i.e. with-
out initial and final state photon radiation. While the
cross section for the MSSM signal process is already an

• Best suited to clear large       signals, but 
recently revived within context of 
compressed SUSY scenarios.

6E?
<latexit sha1_base64="uoflb3mzsvy2T49z1pE+KmqJshE=">AAAB+3icbVDLSgMxFM34rPVV69JNahFclZkq6LIggssK9gGdYcikmTY0k4QkI5ZhfsWNC0Xc+iPu/BvTdhbaeuDC4Zx7ufeeSDKqjet+O2vrG5tb26Wd8u7e/sFh5aja1SJVmHSwYEL1I6QJo5x0DDWM9KUiKIkY6UWTm5nfeyRKU8EfzFSSIEEjTmOKkbFSWKn6XJjMr/k1eBv6kiiZh5W623DngKvEK0gdFGiHlS9/KHCaEG4wQ1oPPFeaIEPKUMxIXvZTTSTCEzQiA0s5SogOsvntOTyzyhDGQtniBs7V3xMZSrSeJpHtTJAZ62VvJv7nDVITXwcZ5TI1hOPFojhl0Ag4CwIOqSLYsKklCCtqb4V4jBTCxsZVtiF4yy+vkm6z4V00mveX9VariKMETsApOAceuAItcAfaoAMweALP4BW8Obnz4rw7H4vWNaeYOQZ/4Hz+AB6qk9c=</latexit>

SUSY at the LHC
• Pre-LHC: EW-scale SUSY theoretically well motivated BSM scenario: 
hierarchy problem, coupling unification, natural DM candidate…

• Post-LHC folklore: no EW-scale SUSY to be seen! 

Selectrons & smuons: striking gap ��Æ�MÆ �� GeV
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See backup for striking gaps in charged fermion (chargino) production

Photon collider for new physics searches | Lydia Beresford & Jesse Liu | �� Dec ���� �

Lightest SUSY 
particle = ‘LSP’

• Only half true: most significant limits based on ‘classic’ large missing         
signal, requiring largish SUSY particle mass splittings.

• For e.g. small slepton-
neutralino mass differences, 
LEP constraints still 
dominant!

‘Coannihilation 
Corridor’

Inclusive slepton searches

Marek Taševský DM searches with forward protons at LHC        3

ATLAS SUSY Summary plot

Both
protons 
break 
up

ISR jet (for trigger purposes)

DM particle
candidate.
Large missing 𝐸𝑇
in Central
detector

Leptons precisely 
measured in 
Central detector

Slepton: spin=0 partner of lepton
- decays to fermionic DM + leptons with BR=100%

13 TeV 2L 0 jets

8 TeV 2L 0 jets

Model 
dependent
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Thank you for listening!


