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Central Exclusive Production (CEP)
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*Elastic process: protons remain intact and an object X is produced exclusively

*For charmonia, cross-sections can be calculated in perturbative QCD
* Constrains gluon PDF at low x values, tests pQCD predictions and probes the pomeron

*Low-background environment
* Allows better understanding of the centrally produced object
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Published analysis

——

Central Exclusive Dimuon Production at+/s = 7 TeV
LHCb-CONF-2011-022

Exclusive J/ and {)(2S) production in pp collisions at \/s = 7 TeV
J. Phys. G40 (2013) 045001

Updated measurements of exclusive J/{ and {(2S) production cross-sections in pp collisions at /s = 7 TeV
J. Phys. G41 (2014) 055002

Observation of charmonium pairs produced exclusively in pp collisions
J. Phys. G41 (2014) 115002.

Measurement of the exclusive Y production cross-section at /s = 7 TeV and 8 TeV
JHEP 1509 (2015) 084

~——
—

Study of coherent J/ production in lead-lead collisions at /sSyy = 5 TeV with the LHCb experiment
LHCB-CONF-2018-003

Central exclusive production of J/{ and {(2S) mesons in pp collisions at /s = 13 TeV
JHEP 10 (2018) 167

J/¥ photoproduction in Pb-Pb peripheral collisions at \/Syy =5 TeV
PHYS. REV. C105 (2022) L032201

Study of coherent charmonium production in ultra-peripheral lead-lead collisions
LHCB-PAPER-2022-012

~——
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J/{ photoproduction in Pb-Pb peripheral collisions at \/Syy =5 TeV o\\
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>
Study of coherent charmonium production in ultra-peripheral lead-lead collisions A

LHCB-PAPER-2022-012

~——
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Detector

LHCb is a single arm spectrometer fully instrumented in the forward region (2.0<n<5.0)

Designed for heavy flavour physics <> Exploited for general purpose physics
[Int. J. Mod. Phys. A 30, 1530022 (2015)]

/m
P Scintillating Pad Detector (SPD)
Charged particle multiplicity
// Ny

/ %

BEAL, ok Ma M5 A\
SPD/PS M3 \
Magnet RICH2 M) M2 \
T3 \
T2 :

VELO
~20um IP resolution

Luminosity
Uncertainty
ol BV

Tracking (magnet) Muon
0.4%-0.6% momentum resolution (0.2-100 GeV) £~97% for misID~2%
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Common strategy

-LHCb cannot detect outgoing protons
- Look for regions without particles (rapidity gaps)

-Trigger on low multiplicity events
- Use information from SPD and/or tracking

-Select candidate, veto on aditional activity
- Detector acceptance: 2.0 < n(track) < 5.0

- Veto backward tracks: -1.5 < n < -3.5 (+Herschel at Run 2)

-Background:
- Non-resonant production
- Resonant feed-down
- Inelastic production
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Common strategy

backward track

60 mrad

’ ||
cross section o

at x=0: ‘ | | “””

VELO
Surrounds the interaction point
No magnetic field
Reconstructs backward tracks (-3.5<n<-1.5)
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Common strategy

backward track

60 mrad
y |
cross section > X 15 mrad
at x—0: RN
\ 1m ,
‘\'\ Interaction region o =5.3cm
Typical Event CEP-like event: 2muons

il
0
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Charmonium pairs
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Combined dataset:
2011: ~0.9 fb~1 (7 TeV)
2012: ~2.0 fb~1 (8 TeV)
Trigger:
2 muons with pr > 400 MeV
Less 10 hits at SPD
Candidate selection:
Exactly 4 forward tracks,
with at least 3 identified as muon

T/

J. PHYS. G41 (2014) 115002

- 77 -
- J
‘ioggm< M)
A z
_ I
- % -
%5000 — . :
= 4500 |LHCDb -
[ C 3
@ 4000 =
£ ]
E 3500 e
S 3000 - cH =
= - - ]
S 2500 E
N -
.L 2000 o- . - —
ho] » Egg [=] a as
¢ 1500 S SR L
3 2000 3000 4000 5000
- Higher di-muon invariant mass [MeV]
Candidates:
37]/y -1/
S5]/¢ -9 (25)
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Charmonium pairs J. PHYS. G41 (2014) 115002

Exponential fit (up to 2500 MeV/) extrapolated to estimate non-resonant background
0.3 £+ 0.1 background events for J /Y

0.07 £+ 0.02 background events for Y (25)

Feed-down from J/P P(2S) to J/P J/ estimated from simulation
Normalize simulation to match J/y (2S) yield
2.9 + 2.0 background events

Inelastic background estimated only for J/{ J/Y
Describe di-meson pZ with sum of 2 exponentials (elastic and inelastic)

—_
[\

—_
o

LHCb fabs exp (—=bept) + (1 — fo)byexp (—bep7,).

Events per 0.2 GeV?

& $ 4 _ Elastic fraction: 0.42 + 0.17

8 40
P2(Jyd/y) [GeV7]
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Charmonium pairs J. PHYS. G41 (2014) 115002

Cross-sections are quoted without proton dissociation correction

Limits are caculated with 90% CL

oI = 58 4+ 10(stat) £ 6(syst) pb, o (J/p(29)) 05
oV PE5) = 6377 (stat) 4 10(syst) pb, o (b ) = L1754
oV 29¥ES) < 237 pb, eS)
gXe0Xe0 < 69 nb, o(¥(25))
xaxa < A5 b U =00

gXezXe2 < 141 pb,

c I 1T | tusive = (2.1 £ 0.8) x 1072

JJ/IL’J/'@D /Jumb |inclusive - (51 +1.0=x Oﬁiig) X 10_4
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CEP Y(nS) JHEP 1509 (2015) 084

> T(nS)

Pomeron

»
>

b

Combined dataset:
2011: ~0.9 fb~1 (7 TeV)
2012: ~2.0 fb~1 (8 TeV)
Trigger:
2 muons with p7 > 400 MeV
Less 10 hits at SPD
Candidate selection:
Exactly 2 forward tracks, both identified as muons
p%(y) <2 GeV?
My € |9 GeV,20 GeV]
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CEP Y(nS) JHEP 1509 (2015) 084

180

Total

""" T(nS) signal, 2<y<4.5 .
1901 selected candidates

------ Non-resonant background

Events / ( 60 MeV/c?)
S

20
0 ’ . 1 . | L R
9000 10000 11000 12000
m(up) (MeV/c?)

Non-resonant background separated via mass fit.
Resonances modeled with double-sided Crystal Ball functions.
Non-resonant modeled with exponential function.
Takes input from data and simulation (Only 6 free parameters)
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CEP Y(nS) JHEP 1509 (2015) 084

Feed-down background from yj decays estimated from simulation and data.
Background fraction: 39%

Proton dissociation background extracted from fit to p# of dimuons.
Non-resonant contribution subtracted via sPlot technique
Signal shape obtained from simulation
Background fraction: 28%

100 LHCb

80

a i
o i
a ]
> ;
() - ]
O 7
7o) o — Total .
(@\ B ) ]
- ok ---- Exclusive Y(nS) ]
8 I vt L Inelastic background ]
o 40F ‘ + Feed-down x (mP)
= - i
> 20F ]
a8 N > =
of T T AU TS
0 0.5 1 1.5 2
p ()’ (GeV/e)
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CEP Y(nS) JHEP 1509 (2015) 084

olpp = pY(1S)p) = 9.0+£21+£1.7 pb,
olpp — pY(25)p) = 1.34+£08=£0.3 pb, and
alpp — pY(3S)p) < 3.4 pb at| the 95% confidence level

o
o
N

o)
2, roaTen | LHCb
£ (a) — LO(8TeV) (b)
= W NLO (7TeV) AT LT
3 401 — NLOGTeY) | = S e
% 8“ T LHCb sensitivity
(=] 30t 1~
5 o LO
-~ = 2F NLO =
é 20y { ©10 B.G. bCGC —
2 Gauss LC bCGC -
S 10f : S - ] HI1 2000 ——
= . S 15 LHCb run 1 —— |
A ol . | . | 10 | ZEUS 1998/2009 ——
0 1 2 3 4 5 102 103
T(1S) rapidity W (GeV)
Rapidity dependence in Photon-proton cross-section in
agreement with NLO prediction. agreement with NLO and CGC
predictions.

LO & NLO: JHEP 1311 (2013) 085
bGCG: Phys. Lett. B742 (2015) 172
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The HeRSChel detector JINST 13 (2018) P0O4017

High Rapidity Shower Counters for LHCb — HeRSChel

- Installed at the end of 2014 - increase pseudorapidity coverage

- 5 stations with 4 scintillators with PMT

- Able to detect forward particle showers and veto events with these

hole radius

Station B2 47mm hole radius
atz=-114.0m ' 61 mm

hole dimension
~ 54 x 115 mm

Station B1
atz=-19.7m

Station BO

gz =L Station F1

atz=20.0m

Station F2
atz=114.0m
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The HeRSChel detector

LHCb

Single diffraction p L
(gap) . p

Double diffraction b
Y =

CEP elastic p
(gapI . .(gap) p:%

CEP inelaggic p
d . (9ap) %

p

Elastic scattering

‘ (gap) ‘ I

-15 105 0 5 10 15
Pseudorapidity (1)

Intact protons
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The HeRSChel detector JINST 13 (2018) PO4017

LHCb [ HeRSChel

Single diffraction p
I (gap) . p L
Double diffraction p
a-A 1=
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LHCb simulation
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Pseudorapidity of the parent particle

Intact protons
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167
% :

u+

>

v% "

p)

Combined dataset:
=204 /pb (2015)
Trigger:
2 muons with pr > 400 MelV
Less than 30 hits at SPD
Candidate selection:
Exactly 2 reconstructed muons (2 < 1 < 4.5)
Pr¢ ) < 0.8 GeV?

Mass window
Herschel cut: log(x&rc) < 3.5
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

104 E T T | T T T
E —e— LHCb ({s=13 TeV)

»
Total fit ?
{
------- Nonresonant background ®

[S—
-
(I8

[
-

Candidates per 10 MeV
- 2,

[

2000 3000 4000
Mass(u*u~) [MeV]

|

14753 J /1 candidates
440 ¢y (2S) candidates
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

The HeRSChel response is described using a variable y#p that quantifies the
activity above noise, taking account of correlations between the counters.

0.1g———— ' LHCb

»

Selected

Clear discrimination observed for:

—— CEP-enriched dimuons
......... Inelastic-enriched JAy
e More than 4 tracks

CEP-enriched dimuons: pf; ) < 0.01 GeV?
More than four tracks

Inelastic-enriched J/\: p%(]/lp) >1GeV?

lIIIIlllllllIIIIIllllllIIIIIlIlll[IIIIIIllllllIII

L

O IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|IIII|IIII
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

Non-resonant background estimated from fit to mass distribution.
Resonances modeled with CrystalBall functions
Non-resonant modeled with sum of exponential functions
Background fraction: 0.9% ( 16.1% ) for J /Y (Y (2S) )

Feed-down background estimated from simulation and data.
Considered only for J /1
Combined background fraction: 0.6%
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

Proton dissociation background extracted from fit to pZ of dimuons.
Based on HeRSChel information
17.5% ( 11% )for J /3 (P (2S5) )

N>3000 e A B : N>2500g_' e L e B R '_:
8 2500 —— LHCb (Vs=13 TeV) = 8 A —— LHCb (Vs=13 TeV) ]
= + [ ] Proton dissociation ] = 2000 £t Exponential fit E
2'2000 I Feed-down E 2 1500F- 4 ]
. ] r =
&1500F . I Nonresonant = 2, \
3 ] =1000F =
E _-: '9 -
o ] >~ \
;8 500 n - ~
= J -
8 ."_"-"‘i.
A . Y o SRR AR e SRS AAARE RAARSEAARRE
1.5 2 0 0.5 1 1.5 2
I P2 1GeV'] I P 1GeV']

Lower feed-down and inelastic background thanks to HeRSChel!
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

g
[}

IIIIIIIIIIIIIIIIIIIIIII]I]]III IIIIIIII

¥P [nb]

et
N s ON 00N

do ,,_,
d pp— py(2S)p [nb]

y

do— pp— pJ/i

dy
O = NP W s N O
LIL TTrTrTT

IIIII II]l]IillIlllIlllIllI-

[JmrTLO

[ MRT NLO
—e— LHCb ({s=13 TeV)

o
o\ oo

[JmrTLO

[ MRT NLO E
- —— LHCb ({5=13 TeV) E 0.2
| R R of——

JHEP 11 (2013) 085 —i J. Phys. G41 (2014) 055009

<
=

2 3 4 2 3 4
JAy rapidity W (2S) rapidity

NLO shows better agreement than LO

O J [ th—sp+p— (2 <n< 45)
Op(28) =+ p— (2 <n<4.b)

399 4+ 16 == 10 = 16 pb,
10.2+1.0+£ 0.3 &= 0.4 pb.
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167
1 dn

7 an 7 7 7
Tpprpip = (Wi )by @U w—ip(W) + 7’(1’1’—)]‘5—£0 p—=riip (W)
ris the gap survival factor, ky = M, /2¢®¥ is the photon energy,

dn/dk, is the photon flux and W3 = 2k /s is the invariant mass of the photon-proton system

Assuming HERA result for W_, one can obtain

a(W,):
31035 ™ T T T =) ) T T T
= - Power law fit to H1 data 1 £ 10 3 E
§:- [ JMRT NLO prediction . é E E
7 1 = 7 :
2102 _| T 10 E
o 10 - LHCb(s=13Tev) 3 & F :
= LHCb(s=7Tev) { © i « LHCb({s=13TeV) ]
¢ ALICE - 1L = LHCb(Vs=7TeV) |
. HI - E . HI 3
v ZEUS - ]
10 3 Fixed target exp. E i H1 JAy power law scaled by 0.166 |
C L1 | 1 L 1 L1 1 11 | 3 T 10—1 1 L 1 L1 1 I 1 1 L 1 L L1 1 | 3
10° 10 10 10
W [GeV] W [GeV]
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Ongoing More CEP!

Analysis in advanced stage:

*Update of CEP J /1 and Y/(2S) measurement with full Run 2 data

*Update of Y(nS) CEP measurement

*Studies of exclusive ¢ ¢ and J /1 ¢ production
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Summary

*Extensive CEP program at LHCb
* Some results from pp data were shown

* New studies coming soon
*Important tests of QCD in the forward region

*Studies are also conducted on PbPb colisions
* See Xiaolin’s talk for latest results
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Thank you!
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Backup
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Charmonium pairs J. PHYS. G41 (2014) 115002

> N T ]
2 - .
25— -]
3 . LHCDb ® -
8 20 —
8 - ]
o 15 * E
> — i
Ll - .
10 ]
5 + -
0 | * 1 L +| | 1 1 1 1 :

1000 2000 3000 4000 5000

Mass [MeV]
Mass of the second pair when the first pair has a mass consistent with J /i or Y(25)
Exponential fit (up to 2500 MeVl/) extrapolated to estimate non-resonant background

0.3 £+ 0.1 background events for J /i
0.07 £ 0.02 background events for y(25)

LUCAS MEYER GARCIA - DIFFRACTION AND LOW-X 2022 31




Charmonium pairs J. PHYS. G41 (2014) 115002

Feed-down from J/P P(2S) to J/P J/ estimated from simulation
Normalize simulation to match J/ {(2S) yield
2.9 + 2.0 background events

Inelastic background estimated only for J/{ J/Y
Describe di-meson pZ with sum of 2 exponentials (elastic and inelastic)

Slope of inelastic exponential obtained from fit to pZ of exclusive dimuons with mass
within [6, 9] GeV

t\% L T T | T T 7
Q) 1035— LHCb E
N :
o ) ]
5 [e :
o [ ]
%) 1025_ o% E
c a 3
() C 3
>
KT [ i
10 —
15_. T B B L
0 2 4 6 8 10

p2(u) [GeV?]
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Charmonium pairs J. PHYS. G41 (2014) 115002

Fit di-meson p# with fixed slope on background exponential to estimate elastic
fraction

felbs exXp (_bsp'%') + (1 - fel)bb eXp (_bbp%')

N _
> 12 —
8 ]
810 LHCDb 1
o :
g s -
@ N
S 6 ]
> ~ i
L N .

4r -

1 AT

0'. Ittt N

0 4 6 10

N,

8
p2(Jydiy) [GeV]

Elastic fraction: 0.42 + 0.17
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

1 04 T T l T L] T 1 T
—e— LHCb ({s=13 TeV) o

Total fit 0
------- Nonresonant background !

L

10°

14753 J /1Y candidates
440 1 (2S) candidates

1 llIIl|,|] 1 Illlllll

: + e b, ‘-ﬁ-'%’ 'l

Candidates per 10 MeV
2,

l &
) | ) " ) ) | ) " ) ) 1
2000 3000 4000

Mass(u*u~) [MeV]

Reconstruction and selection efficiencies estimated from data driven methods

Fraction of single interaction beam crossings: (36.52 £ 0.03) %
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

HeRSChel efficiency estimated from fit to pZ of non-resonant dimuons.
Signal shape obtained from simulation
Background modeled as sum of two exponentials

N 4 — T T T T T T T T T T T T T T
> 10" € LHCb w/o HERSCHeL ({s=13 TeV)
S F — > LHCb w/ HiRSCHEL (Vs=13 TeV)
e o Total fit
g 10° 5"0...‘ ---------- Inelastic background
S E.o . e
0] o, haad N
o :..':‘Q%oq .ﬂ‘_-g_-_.._“
% 2 Oooo'o MiEas "f‘* Pod
i) - et o
o 0N
5 00 # :M“iﬁ ‘t+
O 10 JI, JI»
= R TR R 4
0 0.5 1 1 5 2

p%(ﬂiu‘)[GeVz]
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

New Technique:

Niyrc = ENgg + B(P7)Npg

Nantinre = [1-€INgig *+ [1-B(P7)] Niyg
¢ known from QED sample B =S — ((1—en)/en)Su

Pure bkg sample obtained
Subtract bkg from total => Signal derived

sy 3000 . —_—————— R | | _
() _ E > 2500 ‘L: =]
32500 — LHCb (I=13Tev) 3 5™0F —— LHCb (Vs=13 TeV)
g + [ ] Proton dissociation ] T 2000 f+ Exponential fit &
22000 [ Feed-down E S F ]
+ - ny ]
81500F . I Nonresonant = EISOO -t E
5 ] Sroa0b :
= 1000 - <1000 & B
= e X
2 500 3 S00E . E
O oF “eee.,
0 . T BN S ARSI SAARE RAARERAARIRE
L5 2 0 0.5 1 1.5 2

Iy p’ [GeV’] I p2[GeV?]
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J/P and P(2S) at 13 TeV JHEP 10 (2018) 167

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2022

. ] . 2022 (6.8 TeV): 0.28 /fb _

o = . 2018 (6.5 TeV): 2.19 /fb

= 9 . 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /b

— - " 2016 (6.5 TeV): 1.67 /fb

= = 2015 (6.5 TeV): 0.33 /fb

g — 2012 (4.0 TeV): 2.08 /fb

c vi — | 2011 (3.5 TeV): 1.11 /b

E — 2010 (3.5 TeV): 0.04 /fb
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