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Outline

e CEP: brief introduction.
e SuperChic 2: what’s new.
¢ Present results for some example processes.

e Ongoing work: the photon PDF with rapidity gaps.
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Central exclusive production (CEP) 1s the interaction
pp(p) = p+X+p(p)
* Protons remain intact after collision. Only object of interest X 1s
produced (X = jets, J/¢,nta" ,WTW™...):
» Clean experimental environment (in absence of pile-up).

» Can measure outgoing protons - reconstruct X 4-momentum, proton
distributions...

X

Also: Odderon
Can (principally) occur through IPIP, IPv and -y interactions



HKRS: arXiv:1005.0695... M.G. Albrow, T.D. Coughlin, J.R. Forshaw, Prog.Part.Nucl.Phys 65 (2010) 149-184

‘Durham Model’ of Central Exclusive Production
(QCD mediated)

e The generic process pp — p + X + pis modeled perturbatively by the
exchange of two t-channel gluons.

e The use of pQCD is justified by the presence of a hard scale ~ My/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

e The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2 and S? Sei

enh"

e In the limit that the outgoing
protons scatter at zero angle, the
centrally produced state X must
have J- = 01 quantum numbers.




A MC event generator including®:

SuperChic vl

LHL talk at EDS Blois 2013

e Simulation of different CEP processes, including all spin correlations:

Xc(0.1.2) CEP via the xc — J/¢¥y — u" ™~ decay chain.

xb(0,1,2) GEP via the equivalent xp — Ty — u v decay chain.
X (b,c)s and 0, ¢y GEP via general two body decay channels
Physical proton kinematics + survival effects for quarkonium CEP at RHIC.
Exclusive J/v and T photoproduction. + (25
vy CEP.

Meson pair (77, KK, nn...) CEP.

e More to come (dijets, open heavy quark, Higgs...?).

— Additional processes to add, but also theoretical improvements to be
included.



SuperChic v2

New MC for CEP released in August. Based on original SuperChic, but
with significant extensions.

® Theoretical developments:

» Correct inclusion of Sudakov factor T.0. Coughlin and J.R. Forshaw, JHEP 1001 (2010) 121
» Consistent treatment of ‘skewed’ gluon PDFs LHL. Phys. Rev. D88 (2013) 3, 034029
» Full (differential) treatment of soft survival effects

e | HAPDF interface.

e Complete calculation performed ‘on-line’, and structured so that
additional processes can be easily added.
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Abstract

We present a range of physics results for central exclusive production processes at
the LHC, using the new SuperChic 2 Monte Carlo event generator. This includes
significant theoretical improvements and updates, most importantly a fully differential
treatment of the soft survival factor, as well as a greater number of generated processes.
We provide an overview of the latest theoretical framework, and consider in detail a
selection of final states, namely exclusive 2 and 3 jets, photoproduced vector mesons,
two—photon initiated muon and W boson pairs and heavy X, quarkonia.



e MC + user manual available on Hepforge:

SuperChic 2 - A Monte Carlo for Central Exclusive Production

SuperChic is a Fortran based Monte Carlo event generator for central exclusive production. A range of Standard

2R Model final states are implemented, in most cases with spin correlations where relevant, and a fully differential

e Code treatment of the soft survival factor is given. Arbitrary user-defined histograms and cuts may be made, as well as
¢ References unweighted events in the HEPEVT and LHE formats. For further information see the user manual.

e Contact

fg/("'l. eee)

fy(-r'.f- o)

A list of references can be round here and the code is available here.

Comments to Lucian Harland-Lang < |.harland-lang (at) ucl.ac.uk >.



® Processes generated:

New » SM Higgs boson

New ) Jets: g9, heavy/massless qq, ggg, massless gqg

New » Double quarkonia: J/J/1), J/91)p(2S) and 1 (25)(2S)

» Light meson pairs: nm, KK, pp, n(")n("), ¢¢
» Xecb: two body and J/¢, T + v channels

» Tle,b

» Photoproduction: J/v, ¥(2S5) and T  HERA fit
New *» Two-photon interactions: WW —, [T]~ and Higgs
New » Photoproduction: p and ¢

New » Two-photon interactions in electron/positron collisions



Theoretical improvements

e Sudakov factor:

§/4d]€2 o L2 1-A
T(Q., 1) =exp <— / 2 kQL 2(WL> / dz
1L 0

with A =k, /Mx TD.Coughlin and I R. Forshaw, JHEP 1001 (2010) 121

z) + Z Pog(2)

)

Different value taken 1n Durham results before the CF paper, but this
correct prescription used after. Accounted for in MC.

¢ Skewed gluon PDF often related to standard unintegrated gluon by

2 2 » a 2 2
fg(CC,ZC,,QJ_,ILL ) ~ Rg@ln(@i) [xg(x,QL)\/T(QL,,u )}

with ‘skewness factor’ R ;- However more exact form can be readily

implemented in MC: LHL, Phys. Rev. D88 (2013) 3, 034029

o 1, (2 2:01) Vi@ )|

, T T 4x T
with H, (—,—7622) :—/ dy y'?(1—y)"?g | —,Q
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Survival factor

e Survival factor, S, : probability of no additional soft proton-proton
interactions, spoiling exclusivity of final-state.

e Not a constant: depends sensitively on the outgoing proton p ; vectors.

Physically- survival probability will depend on impact parameter of

colliding protons. Further apart —> less interaction, and Sg, — 1 .
b; and p.1 : Fourier conjugates.

— Need to include survival factor differentially in MC.
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® Averaged survival factor given by (in impact parameter space)
Opacity, relates to prob. of no inelastic scattering

<SQ- > _ f d2b1t d2b2t ’T(S, blt, bzt) ’2 exp(—Q(s, bt)) .One—che.lnnel for
eik f d2 bltd2b2t ’T(S, blta b2t) ’2 illustration

in P space this 1s equivalent to \ ‘Bare’ amplitude

(S2,) = J &1, &pa, [T(s,P1.,P2.) + (s, P1y, P2, )
- f d2p1¢ d2p2¢ ‘T(Sv P1,, p2J_)‘2

where ‘screened’ amplitude 1s given by

res z deJ— 2 / /
T (Sale_ap2J_):_ Tel(sakj_) T(S7p 1J_7p2J_)

S 872
P
k: O: M
P2

‘Bare’ amplitude ‘Screened amplitude’
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®* In p, space we can therefore write

‘Bare’ amplitude

do T S, P1,,P2 :
:/dzplj_d2p2j_‘ ( 5 L))‘ SeQik(Svp1¢7p2L)7

dyx 16275
™S

with Not a constant!

S (5.p1. py.) = T(s,p1.,P2,) + T"(s,P1,, P2, )°
e L R ‘T(Sale_apQJ_)P

)

These expressions, suitably generalised to multi-channel case, are used in

the MC to give the correct differential treatment of S~ Phys: €73 (G012 2507

‘Bare’ amplitude ‘Screened amplitude’

p]z

ki QO M

P2
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® The observation of CEP with tagged protons also provides additional

information about survival factors...
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e Distribution in angle ¢ between outgoing protons strongly effected, in model

dependent way.
® In particular true when larger values of proton P are selected. Cancellation between

screened and unscreened amplitudes leads to characteristic ‘diffractive dip’ structure

V. A. Khoze, A.D. Martin and M.G. Ryskin, hep-ph/0203122
LHL, V.A. Khoze, M.G. Ryskin and W.J. Stirling, arXiv:1011.0680
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Example process: .J/¢ photoproduction

® C-odd J/v : produced exclusively through ~P fusion.

® Observed by LHCb and ALICE at the LHC.
LHCb collab., J. Phys. G41 (2014) 055002  ALICE collab., Phys. Rev. Lett. 113 (2014) 23, 232504

e Survival effects less important compared to pure QCD CEP, but not
negligible, in particular for precise comparisons.

102:—

> H O

LHCb (W+ solutions) .
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J /4 photoproduction: theory

* Different approaches to modeling .J /+) photoproduction available.
S.P Jones et al., J. Phys. G41 (2014) 055009
L. Motyka, G. Watt, Phys. Rev. D78 (2008) 0124023

® In Superchic, take simple fit to HERA data:

do7P—Vp Wep ov by g2 / Wop
— V32, b — b 4 1
Vv (QOGeV) vafp V= R os | 50 Gev

HI find: ¢4, =0.67£0.03 Ny =81+ 3nb Anti-correlated
In what follows we take dy = 0.64GeV? Ny = 81nb

Elastic J/ip photoproduction

= 300 — Lower end of cross sections allowed by fit
c ¢ H1 data HE |
— | ® H1 data LE
g 200 4 H1(2005) + i — .
< — Fit HE, LE, H1(2005) S OF H 1 5 5 ]
= : (Q?) = 0.05 GeV ]
¢ Zeus(2002) O [ '
T 1001 O 5L a) :
Q — 71 .
= I 3% [ {
o) i 4k _
I 5 5 o | } % — 2D-Fit 3
} (Q%) =0.1 GeV : :
30 N Itl < 1.2 GeV? 3:' y
| | | | o | | o M M | M
30 100 200 W, [GeV]
W,p [GeV] H1 collab., Eur. Phys. J. C46 (2006) 585-603

H1 collab., Eur. Phys. J. C73 (2013) 6, 2466
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J /1) photoproduction: results

* We find: LHCDb acceptance, ,u+,u_decay including spin corr.
2 <t <45
O-l?)bare Sig 511
olpb] | ou | 218 406
(S2) 0.77 0.79
* L HCb measure:

oV (9 < gt < 4.5) =291+ 7+ 19pb

recall these predictions are (roughly) the lowest values in good agreement
with the H1 fit (can be up to ~ 40% higher).

—> Predictions with screening effects favoured.

What about differential tests?



Rapidity distribution

o . L ) &m?
* Photon virtuality has kinematic minimum Q7 . =
,min 1 — 51
M, . . "
~ " oYy positive
where & s e assuming photon emitted from proton 1 Sirection
—> Forward production => higher photon Q2 and less peripheral interaction
—> Smaller $2, M 5p,
® Predicted rapidity distribution steeper due to y%wz
—> M

survival effects:

6 do/dyy [nb], /s = T7TeV

data

Normalized to LHCb

2 2.5 3
Yy

3.5

4.5

(e

x\>P2

2

® Screened prediction gives better
description. Somewhat model

dependent (don’t have to assume
HERA fit)...
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p | distribution

® Proton p | transferred directly to J/v . Higher p,,, =>less peripheral, and
stronger screening. = Survival effects will steepen Py, distribution.

dc)’/dpfpL [pb], Vs =T7TeV, 2 < nt < 4.5
1600 T T T T T

* Fit as an exponential ~ exp(—bpj, ) with oo L bare —— |

blé)lare — 50 GeV—Q Zi: — 55 Gev—2 1000 |

600

with ~ +0.1 GeV~2 error from parameter

400

uncertainty in HERA fit to v /P vertex.

" Normalized
Wop 0 - '
90 GeV

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

2
Dy,

by = by + 4o’ log <
e L. HCb have measured this quite precisely:

Y = 5.70 & 0.11 GeV 2

—> Survival effects again greatly improve description. Arguably less model-
dependent. Crucial to include in any precise phenomenological predictions.
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Two-photon 1nitiated processes

® Two-photon 1nitiated exclusive processes are in principle very well
understood (standard equiv. photon approx.). Proposed as luminosity test

and probe of anomalous gauge couplings.
P gdlg ping EPA luminosity

doppspxp / doyyox (Wyy) L7 JW
= VY

dQ Q AW,

. . . . . 2 .
e However: in proton-proton collisions a correct inclusion of S“ essential.

® General considerations: the EPA flux prefers small photon virtualities

W.

and therefore interaction highly peripheral —> (S°) ~ 1

eiyx

* But still important for precise treatment, and as betore it W.,., large or for
forward production, then (S°) is smaller.

20



L (5*(0Mx)

0.95

Mx = W,,
e Consider (S?(Mx)) for pp~ O

0.85

production: clear drop with Mx

0.8 |

SCCI1.

0.75

® Recall expression for survival factor:
/yfy % X o7 0 E;O 1I00 1I50 2I00 2I50 SIOO 3I50 4IOO 4I50 500

/ Mx
<SQ. > _ f d2b1t dzbgt ‘T(S, blta bgt)‘2 eXp(—Q(S, bt))
o J d2b1;d?by; [T(s,b1s, bay) |2
— Important to correctly include b, dependence of subprocess amplitude

(massless leptons)
e /]~ production: theyy — [T]~ amplitudes vanish for J, = 0 initial state

photons. It turns out this leads to less absorption than naive expectations.

® In particular, this leads to dependence on event selection: by demanding

V.A. Khoze, A.D. Martin, R.Orava, M.G. Ryskin, Eur.

+7- 2
small p(I717), get (S?)very close to 1. Phys. J. C19 (2001) 313-322

ptp= | ptu, My, > 2My | ptu, P < 0.1 GeV | WHIW -
Obare | 0240 11.2 3170 87.5
Osc. 5990 9.58 3150 71.9
(52 | 0.96 0.86 0.994 0.82
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e ATLAS data on exclusive 4+t and e e™ production: arXiv:1506.07098.

¢ Important of including survival effects 1s discussed, and measurements compared
to predictions of Dyndal & Schoetfel- form of one-channel calculation, with

specific assumptions about the form of the opacity:
EPA flux M. Dyndal and L. Schoeffel, Phys. Lett. B741 (2015) 66-70
\ - - . I
P . _ 2 2
fbl>rp fb2>r blawl (627W2) non ’mel(’bl b2|)d bld b2 Pnon—inel(b) — ’1 . exp(—b2/(23))‘2,

32 - - —
fb1>0 fb2>0 (blvwl)n(b2>w2)dzbld252

does not include b; dependence of Yy — "1 “amplitude.

—> Misses important physics, may overestimate suppression due to S~ .

e ATLAS measure: a;’;iw_ = 0.628 + 0.032 (stat.) = 0.021 (syst.) pb,
a;’;‘ie+e_ = 0.428 + 0.035 (stat.) + 0.018 (syst.) pb .

® Superchic 2 predictions: o(ptp™)=0.74pb o(eTe”) =0.46pb (S

e

1k> ~/ 094

— Good agreement for ¢ ¢, some tension with u" 1~. Higher precision and more
differential (in e.g. p1 (#"17)) data will shed more light on this. Tagged protons:
eliminate dissociative BG.
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Ongoing project: the photon PDF with rapidity gaps

® As well as exclusive processes considered 1n previous slides, can also

consider inclusive, or semi-inclusive photon--initiated processes.

¢ For inclusive production have usual factorization:

0 = /dxl dxo 7(x17M2) 7(x27ﬂz)5—(7172 — X)

o W(LE, ,uQ) : photon PDF, distribution of photons
within proton, determined from (QED) DGLAP

evolution of starting distribution v(z, 1g).

¢ But what about diffractive/semi-inclusive
processes”?

Fig: M. Luszczak et al., 1510.00294
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The photon PDF with rapidity gaps

® Want to calculate distribution of photons in semi-exclusive case, 1.e. with
large rapidity gap veto between central system and dissociation system.
Corresponds to experimental situation in absence of proton tagging.

e Consider photon PDF at scale 2 (~ M%) :

Q3 d 2 d / . ,
Y@, Q%) = v(x, Qp) + / Q Z( . (;Qz) +ZP’YC](Z) Q(27Q2)> :

® v(z,Q5) : input PDF, given in terms of :

» ‘Coherent’ component: elastic p — p + v and low mass excitations, leads
naturally to rapidity gap.

» ‘Incoherent’ component: emission from

individual quark lines. As we have kinematic } M > M,
constraint on quark £, < Q¢ ~ 1GeV , the

rapidity of produced secondaries is large. p coherent non-coherent
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The photon PDF with rapidity gaps

® Thus PDF from input term (emission up to scale )y ~ 1 GeV) naturally
generates rapidity gaps. What about DGLAP evolution to hard scale @ ~ Mx ?

Purely virtual

@ 4Q? ['d < 5 v
0@ =otm )+ 5= [ G f(w:z)v(g,@%+;qu<z>q<;,@2>).

* At LO in a the photon PDF 1s generated by the ¢ — g7 transition,
governed by splitting function P.,(z).

® Require that emitted quark lies 1n rapidity interval demission , beyond LRG
region —» kinematic considerations show this can be included in DGLAP
evolution via a simple © function constraint on z, Q” integration region.

Yx YLRG
T T yTI(IJIIIIIIIlllllllllﬁjD

\

-~

5emission
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The photon PDF with rapidity gaps

* First look: consider MRST2004QED PDFs: particular model for v(x, Q3) and
then DGLAP evolution.

® Consider different values of demission Where secondary emission is allowed.

— Clear suppression vs. inclusive case, in particular at lower x .

o D Q” = 200 GeV2) MRST2004QED 095 21 Q* =107 GeVz) MRST2004QED
Prehmmary P Prehmlnary oo =2
0.08 - 6emission =3 _ 0.2 5emission =3
6emission =9 5emission =95
0.06 | 1015 )
0.04 | L0l
0.02 | 4 0.05 |
o000l o000l ool o1 1 Qoo oo oo
Yx YLRG
A T Yq Yp
TIIIIIIIIIIIIIIIIIIIIT

\

-~

5emission



The photon PDF with rapidity gaps

® In addition to secondary particle production due to DGLAP ¢ — q7
splitting, rapidity gaps may be spoilt by additional soft proton-proton
interaction —3 need to include survival factor, S? .

e However, the size of S 2 depends on amount of ‘perturbative’
emission, and this explicitly breaks simple factorization picture:

0 = /dxl dxo 7(x17M2) 7(x27ﬂz)5—(7172 — X)
—_—

l
-~ (’V(%,Q%)—I—/dg; /xj %qu(z)“')<7(3327€23)‘|‘/dQQ,QZ /x: %qu(z)'“)

e Multiplying out gives four terms, each with its own S“. The size of the
‘effective’ photon PDF for rapidity gap events depends on what other proton
1s doing. Work 1s ongoing on this.
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Summary and outlook

e Have discussed new ‘SuperChic 2’ MC. Builds on previous MC, but
with significant changes/extensions:

» Theoretical improvements, most important a fully differential treatment
of survival effects. Crucial to have this in many cases.

» Completely re-structured: LHAPDF interface, and complete calculation
performed ‘on-line’, structured so that additional processes can be easily
added.

» New processes added: jets, Higgs, two-photon interactions, double
quarkonia...

» In the immediate future: DD production will be included. Other
processes”?

® Paper on the arxiv: arXiv:1508.02718.

® Briefly outlined ongoing work on the photon PDF in events with
rapidity gaps: paper out soon.
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