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Outline

¢ CEP: brief introduction.
® Superchic 2: what’s new.

e Present results for two specific processes:

» J /1) photoproduction
» Jet production
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Central exclusive production (CEP) 1s the interaction

pp(@ ! p+ X+ 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

Can (principally) occur through IPIP IP~ and ~+ interactions
Also: Odderon



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 v1

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 under development. Based on original SuperCHIC, but
with significant extensions.

® Theoretical developments:

» Correct inclusion of Sudakov factor 1.p. 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.

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



® Processes generated:

New

New

New

New

» SM Higgs boson
» Jets: gg, heavy/massless qq, ggg, massless gqq

» Double quarkonia: .j/v)J /2p, J/1p1p(2S) and 1p(25)(2S)

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

» Tlc.b
» Photoproduction: J /4, 1(2S5) and Y  HERA fit

» Two-photon interactions: W+W~ utu~ and ete



Theoretical improvements

e Sudakov factor:

§/4d]€2 o L2 1!
T(Qy,p) = exp (—/ L0l L>/O dz

Qi k’i 2T

2Pyq(2) + Z Pg(2)

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

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
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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 I less interaction, and Sg, — 1 .
b, and p. : Fourier conjugates.

! Need to include survival factor differentially in MC.



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

!52_ no__ f dzblt d2b2t |T(S, b1t7 b2t)|2 eXp(# Q(S, bt)) .One—che.lnnel for
eik f d2 bltdzbZt |T(S, b1, b2t)|2 illustration

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

!SQ' "= fd2p1J‘ d2p2J‘ |T(S’ le—’ p2J-) T Tres(s’ le_? p2J_)|2
eik fd2p1L d2ps, |T(s,p1,,P2,)|?

where ‘screened’ amplitude 1s given by

res z d2k! 2 ! !
T (Sale_apQJ_): g/ Tel(sak!)T(S7p 1J_7p 2J_)

82
P
k: O, M
P2

‘Bare’ émplitude ‘Screened amplitude’
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* [n P space we can therefore write

‘Bare’ amplitude

dO' T(S,p | 1p | )) °
dy—X — dzPl; dzng ‘ 11627r52' ‘ Sgik(S’PL » P2, )
with Not a constant!
1T(s,p1, ,P2, ) +T"(s,p1, , P2, )|?

Sgik(sapll P2 ) =

)

IT(s,p1, , P2 )|?

These expressions, suitably generated to multi-channel case, are used 1n

the MC to give the correct differential treatment of Sg "' Phys 1 €73 (2013) 203

‘Bare’ amplitude ‘Screened amplitude’

1t P
M kt O Qf M
2t P 2t
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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 .
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Example process: J/!' photoproduction

® C-odd J/' :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 -

LHCb (W+ solutions)

LHCDb (W- solutions) i ng
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Fixed target experiments — \
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¢ Different approaches to modeling J/!  photoproduction available.
S.P Jones et al., J. Phys. G41 (2014) 055009

J/!'  photoproduction: theory

L. Motyka, G. Watt, Phys. Rev. D78 (2008) 0124023

® In Superchic, take simple fit to HERA data:

do'Pt VP W Voo W,
=N o bve ™ by = by +4%log o F
dq%! 1 GeV Vo 90 GeV
H1 find: ! =0.67+ 0.03Ge\V¥ N, =81+ 3nb Anti-correlated
In what follows we take ! =0.64GeV¥ N, =81nb
Elastic J/" photoproduction .
= 300 md' — oo I Lower end of cross sections allowed by fit
ata
E 200 | WH1ldatalE +
Q 4 H1(2005) Sl . —_—
N TRE—
o I = [
& | 2 4
! 2 ) o | } § — 2D-Fit
l &% 0.1 GeV :
30 7| it] < 1.2 GeV? 3t
30 100 200 H1 collab., Eur. Phys. J. C46 (2006) 585-603
W, [GeV]

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

* We find: LHCb acceptance, p+ p! decay including spin corr.
) 2< 1H <45
s=7TeV s=13 TeV
bwe | 360 >12
0 [pb] ) éc. 2_78 405
#Sezik$ 0.77 0.79
* . HCb measure:

o/ T (9 < gt < 4.5) =291+ T+ 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?



® Photon virtuality has kinematic minimum Qi min =

M

where ! !

Forward production !

Rapidity distribution

S

! Smaller SZ,

® Predicted rapidity distribution steeper due to

survival effects:

|
g dt/dy, [nb], §=7Tev

assuming photon emitted from proton 1

- Preliminary

T
screened
bare

Normalized to LHCb
data

2 2.5

4.5

21?2
L Img

11 1y

positive
z-direction

higher photon QZ? and less peripheral interaction

Xy

L b

y%QQJ
=> M
G’T‘ 4,

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.

|
do/ dp?, [pb], §=7TeV,2< n*< 4.5

1600 . ;
screened

* Fit as an exponential ~ exp(—bpj, ) with ool pare

1200 |

bbare _ 50 Gev—Q Zi: _ 55 Gev—2 1000 -

el ..
a0l Preliminary

600

with ~ +0.1 GeV~2 error from parameter

uncertainty in HERA fit to vIP vertex.
W " Normalized
I'p . .

by = b+ 4W|Og 90 GeV °0 005 o1 o015 pcfi.!z 025 03 035 04

400

200

e L. HCb have measured this quite precisely:

b =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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Example process: jet production

® We are interested in the exclusive signal, in which case we have

For inelastic DPE: e.g. POMWIG, B.E. Cox and J.R.
Forshaw, Comput.Phys.Commun. 144 (2002) 104-110

(Note does not include survival factor)

® The parton-level dijet amplitude i1s given by the usual Durham expression:

d°Q, M (gg! X)

T = !2'
Q7 (Q1 " p1, )2(Q: + pz )?

Where X = g9, d, 999, g
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Dijet production

®* We need the amplitudes for
gg! g9 and gg! qq

For colour singlet gluons. J, = 0 selectionrule ! dominant
contribution will come from amplitude for incoming gluons with (++ , ——)

helicities. These are given by

B N. 32 s
M (g(x)g(x) — g()g(x)) = 67 N2 —1(1 — cog )

/

Other final state helicities give vanishing amplitudes

| cd 16"# | mg

M (g(x)g9(x) — qndy) = = ht 1)1,
For massless quarks this vanishes! Helicity non-conservation along quark line

! Quark jets dynamically suppressed by selection rule

19



Production subprocess

¢ [f we consider the exclusive cross section ratio, we find
d! (qg)/dt NZ2—-1mg; 2 mg
d! (gg)/dt —~ 4N3 M2 27 M2

[

Additional suppression from colour and spin 1/2 quarks

® Taking e.g. my =4.5 GeV and My =40 GeV we then get
do (bb) /dt
do(gg)/dt

Huge suppression in b quark jets (increasing with M x ). Completely
unlike inclusive case. See also:H ! bb

1 1073

| What about light quark jets?

20



Light quark jets

* For light quark jets (mq! Q) the leading order .J, = 0 production
amplitude (dominant for CEP) will vanish. !  Must consider
sub-leading |J,| = 2 contribution. Find that:

_ 1/2
| cd 1 ::hCOS$ /

M(Q(£)9(F) — U,0g) = N 8™ s L+ heos$ b #

® In general such a|J,| = 2 contribution is suppressed in CEP by
9 Average outgoing proton transverse
0'( Jz‘ — 2) <pi> </_2 momentum (sub-GeV? )
— ~ 5 ~ 10
U(J z O) <Qi> - Average gluon transverse momentum
inloop | several GeVf

¢ Combining these we have
d! - =*2(qg)/dt  N2" 1 p? °
d! (gg)/ dt 16N 3 #Qif

! Huge suppression in light quark jets

% 10~ *
For one flavour
= multiply by n,=4

21



Glu
On 1
Jet domina

m th
e ab
entir ove
ely ( CONSsi
ur sl ation
nglet) 99 S, We expect
dij
c
Verified inJCt events to b
Ple of —
UJ .
jets

CEP
gluon j jets of
on jets at theerJrS the possib
H 1bili
C. ility of obser
ving th
e 1solat
ed
producti
tion o
f

lidat

\ T
cMS -

Ex
B s T

/! oct: Thu Jul 12

oot 156303 34 o

e
] 012 B
RST

Lum

Pl 166

ssing: 43375975
—_—

CDjetC

@5}

\\\\\\\\\\\\\\
‘\\\\\\\\
R

M 90m B
o !
4 i
) /\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\““
‘l|\l‘l‘l“\\““““\\\‘\\\\\\\\\\\‘
“‘\“““l“\“\‘\‘ ‘\\\‘\\
“\\\‘\l\“\\\‘\“\\\‘\\“ Segi i
“““‘““““““‘\“\\‘ ast Junsets
““““‘ \\"‘\\\‘\“‘\“ aness S
“““““ \“‘\“ -
““‘\\“ \“‘ < L‘\\\
“l“““ \‘\\\‘
““““““‘\\ ‘\“‘\\‘\\\\\‘\\
““““‘\‘\“"‘\““\\‘\‘\\\‘\\\\\\\\\\
o ““‘\““\\“\'“\\“\\\“\ ¢
“““““‘ “I““““ £ e
\\\\\\\\‘ \\\\\\\\\\\ o o
t\““‘\ n\““‘t«ww ““\‘\\“
Sl n‘\\\\\\\\\\\\‘ n\\\\\\\‘\\‘
3 k‘“‘\-:.\\‘“‘\‘l | g‘\\‘:“.‘&“m
L eSS 1| p“«“““‘"‘:“.“
e e o
[ e
.-no-..-' -~
o = T ==
SR ':,‘._.;i ‘”‘,’._._‘-‘_::“::':,:‘::_
».«»
S s ‘-!_.:_-.’.'-

D
i '-‘-"»-‘0

»«..-‘

“.-‘-»‘ S

¢‘¢«.¢ =

¢.-.-‘-“..

.‘-.»« oy

.;«;.“

et

Run/E

vent 1

prilege 98903/3

E, = 65,4527 6318279

ST

5 \:‘:‘\.“‘.‘“““‘.“““ s

NS, 1| oue
i
E:.p,ki:u;,,e;n‘, I
Orbi sect a890; i I
I/Cr ion: 1 3734 Do
& 78379 s
37507 SERE
1789
e
B s S
3 “‘*:-‘._‘:.'-“"‘-::-‘-‘ =2
o “II“"“““" e
'-'-"'""‘"-""_:.,‘,_‘,o.-.'-"‘-""""..«
“"‘-"“‘ “‘-“‘I“ﬂ'ﬂﬁﬁdb‘
ST = ‘¢.¢“'¢¢¢¢-‘
T e “"“‘O“
5 "“““
5 ““O““ 5
,““ 5
=
e
SR
=
%

Ip-{CMS) = 3.4 eV M(CMS) =2
et
-““‘" 5 :“ st
’%." ‘: S o :‘ :“:‘:" ‘:ﬁ
= s B
i 5 “O““““““‘.‘.“:‘“‘
S ““v«“‘““““\\“““““‘\
“““‘:“““‘"‘“‘:““s:::::s:::‘\‘
SRS “\““‘\\‘
S \\\\\\\\

FSC
empty both sides

—
o
-
o SO
S
S
S
o

“""‘"«m
m‘:‘.‘g‘.““.‘. %
BEoeEnE “:‘:“‘“‘““ Sss
“m«‘“‘\“ 5
““““““‘%3\\\\\\\
““\\\\\\\\\\‘
<

M
| ﬁﬁ?) =244 G
2 gentral) °
1 [,=0.01
ol s

S 0
s &‘“‘\3\\\3\\\ i
\\““8{\\%}8\3{&&\{%&%&\\
“““Q\\\\\\\\\\x
\\\\\\

Mik
C Albr
Ow’s E
01

3 summary talk CMS
’ arXiV- + TOTE
11310.7047 M event displ
: ays

The
se dii
events nd trijet
. But event

’ while a hadro

at LE n colli
P th lder

ere w ? and re .
qa. one of

|

. Clea
n
probe
of
properti
fies Of
gluons j
ons jets (mult;
lplicit
y9 partl
cle co
rrelatio

ns...)

22



® Consider three-jet production, proceeds via 99!

* dqc :

Tryet production

gg¢ and 99!
configuration with y becoming soft/collinear to d/Qdriven by

two-jet 00 amplitude, which vanishes for J; = 0 gluons and mg =0,

qqc

Expect relative enhancement of ‘Mercedes-like’ configuration for QcCevents.

® [n addition, new result: both 9Y¢ and dq¢€ amplitudes for c.s. initial gluons
completely vanish for certain configurations, if all particle momenta lie 1n a

plane (! ! =0," for final--state particles). Under study.
j

60

50

40 |

dA34

20 +

10 +

0

j
1000 9.9 <Al <11

30 {7

T T T
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100 |
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LHL, arXiv:1503.06798
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_CDF Collab., Phys.Rev.D77:052004,2008
Tevatron cross sections

® Can compare results of the MC with the CDF measurement.
® See clearly how both soft survival effects and Sudakov factor (non-pert.

and pert. physics) are crucial to describe data. \
d!/ dM;j; [pb/GeV], s=1.96 TeV, parton level Probability to produce colour singlet dijet
10000 | | | Sudakov. S2 ] state drops strongly with Mij;
1000 - s ]
CDF data —=— ]
100 - e 1
10 | - . .
- 1«— Soft survival not included, scale
11 of Sudakov factor frozen
01l 1«<— Soft survival included, scale of
: * Sudakov factor frozen
0.01} | i .
: Preliminary TH Soft survival included, scale of
0.001 L— ' ' ' ' ' Sudakov factor ! M ;;
40 60 80 100 120 140 160
Mj; [GeV]

Made with particular choice of S? model and PDFs |  more measurements
(different s...) needed to test theory further...

Also, caveat: only parton level!
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ILHC cross sections

¢ Predictions for /s = 13 TeV :

o [pb] n;| < 2.5 anti-k;, R = 0.6
Mx (min) | gg qq bb 999 947
L] >20GeV == T3 120 [ 70073 [ 012 60 0.14
150 40 | 1.4x1073 | 1.7 x 1073 | 0.78 0.02
1| >40 GeV ™ 950 | 0.13|52x10°% | 52x 1075 | 0.018 | 5.0 x 10~*
one flavour  NMMHT14 LO PDFs

100

do/dMx [pb/GeV], /s =13 TeV

1e-06
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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”?

* Will be released on O(Month) timescale, with accompanying paper.
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