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CENTRAL EXCLUSIVE PRODUCTION
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*  CEP: diffractive process of theformpp - p+ X +p

* Mediated by the exchange of a colourless object
n vs azimuth ¢ for diffractive pp interactions

based on [arXiv:0806.0883]

* The cross-section for J/y and yw(2S) central

exclusive production can be calculated in
pQCD and (at LO) is proportional to the

square of the gluon PDF, g(x)

Single diffraction

Double diffraction

With LHCb:

» In pp collisions: probe g(x) at very low CEP elastic

Bjorken-x values, down to x ~ 107°

»  In PbPb collisions: probe the nuclear gluon

PDF down to x ~ 10_5 CEP inelastic
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http://arxiv.org/abs/0806.0883v3

LHC) DETECTOR

* LHCb detector: located at the LHC, fully instrumented in the pseudorapidity (1)
range 2 < n < 3, partially in =3.5 < < — 1.5. Very high p resolution!

Pseudorapidity (7)
defined as:

0290° /n=0.88

0=45°
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https://cds.cern.ch/record/1129809/files/jinst8_08_s08005.pdf

HERSCHEL: HIGH RAPIDITY SHOWER COUNTERS FOR LHC)

* Need to detect proton remnants — increase the LHCb coverageto 1.5 <5 < 10
in the forwardand —-10 <y < =5, —3.5 <5 < —1.5inthe backward regions
with HeRSChel.
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https://arxiv.org/abs/1801.04281

CENTRAL EXCLUSIVE PRODUCTION IN pp COLLISIONS



CENTRAL EXCLUSIVE PRODUCTION IN pp COLLISIONS
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* CEP event: diffractive process of theformpp - p+ X +p

* Mediated by the exchange of a colourless object:

yy fusion IPIP fusion
D D p P
v P
- w
@ ...... Ye
- ut
~y P P
e
p p ip p p p
up, ee, xm, WW, .. . L IO =17 Iy w(29),Y,...0 PC=+4+: y..v1.H,...

* IP: pomeron ~ two or more gluons in a colour-singlet state
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CENTRAL EXCLUSIVE PRODUCTION IN pp COLLISIONS

* CEP event: diffractive process of theformpp - p+ X +p
* Looks like this at LHCb:

Inelastic pp collision CEP pp collision
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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Backgrounds:

*  Continuum dimuon production (yy fusion)

*  Peaking at the J/y mass: y, feed-down (IPIP '
fusion), w(2S) feed-down (yIP fusion)

* Inelastic production: a proton dissociates or sseseeeseesenes >
there is gluon emission p
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https://cds.cern.ch/record/2622688

CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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*  Build a figure of merit with the HeRSCheL information to measure the activity in
the detector: log()(fmc) . No (low) activity = elastic CEP!

Chosen cut : log(;(éRC) < 3.5, efficiency = 0.723 = 0.008
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* Estimate inelastic background by using two samples: above and below
HeRSCheL veto (more in backup)
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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* Signal extraction: remove background from each sample, fit the remaining curve
with a single exponential

¥ Regge theory: do/dpz ~ exp(—bsigp%), by 6 GeV™2 = In agreement!
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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x  Cross-section calculation per rapidity bin y with &, . = 204 + 8 pb™!:

dal//—w*ﬂ‘ Nsig
dy €rot * Ay " €single 3lot

* Integrated luminosity, &, multiplied by the fraction of events with no additional

Interactions, €single

Optyyry- = 435 £ 18 (stat.) £ 11 (syst.) £ 17 (lum1.) pb 6,5 ,+,- = 11.1 £ 1.1 (stat.) £ 0.3 (syst.) £ 0.4 (lumi.) pb
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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Power law fit to H1 data

--------------- JMRT NLO prediction

4

LHCb (Vs= 13 TeV)
= LHCDb (Vs=7 TeV)
¢ ALICE

H1

ZEUS

Fixed target exp.

10? 10°
W [GeV]

«  LHCb (Vs= 13 TeV)
= LHCb (Vs=7 TeV)
H1

1 IIIIIIII
1 llllllll

H1 JAp power law scaled by 0.166

10? 10°
W [GeV]

Photon-proton cross-section, 6,y (W)

LHCb data Calculated Taken from HERA
dn v dn
Opp—pyp = T (W+)k+a6yp—>w(w+)+’” (W—)k—agypﬁwp(w—)

+ —

»  r(W,) is the gap survival factor
y k= Mw/2ei|y| is the photon energy
»  dn/dky is the photon flux

» W, =2k,\/s isthe yp system invariant mass

*  2-fold ambiguity: W,, W_ contribute to the

same LHCDb rapidity bin = we fix W_ from the
HERA H1 parametrisation
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https://arxiv.org/abs/1304.5162
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CENTRAL EXCLUSIVE PRODUCTION IN ULTRAPERIPHERAL PbPb COLLISIONS



CEP J/y IN PbPb COLLISIONS AT , /5,y =5 TeV [LHCB-CONF-2018-003]
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* Diffractive process of the form PbPb — Pb + X + Pb

* Ultraperipheral Collisions (UPCs): impact parameter larger than the sum of the two
nuclei radii

Jhy

ii Nucleon is scattered off

[Phys. Rev. C97 (2018) 024901]

A A(.)

Coherent production:

v interacts with the Incoherent production: y
| Wi

scatters a nucleon off A
whole nucleus A

* Coherent: yA interaction can be modelled by pomeron exchange
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CEP J/y IN PbPb COLLISIONS AT , /5,y =5 TeV [LHCB-CONF-2018-003]
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* Incoherent J/y production S sf bbb P\(%Jlgv {‘H oo foed-dowr
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CEP J/y IN PbPb COLLISIONS AT , /5,y =5 TeV [LHCB-CONF-2018-003]
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*x  Cross-section calculation per rapidity bin y with &, = 10.1 £ 1.3 ub~:

do(PbPb — Pb + J/y + Pb)/dy = n_,,/(€,,, - Ay - L, - By — p"p7))

Optymsptpy- = 9-3 £0.2 (stat.) £ 0.5 (syst.) £ 0.7 (lumi.) mb

* Comparison to some theoretical models:

S 5 L. Guzey et al.
8 45 LHCb Preliminary LA W pQCD with three
ed . _— < Tev N different nuclear
,.%‘ 4 PO =S Te —LTAS structure descriptions
B 35 = EPS09
o 3 - Goncalves et al.
25 === [P-SAT+GLC
) — Color-Dipole
2 _ model: based on
15 Cepilactal saturation physics
) — GG-hs+BG
1 GS-hs+BG
O 5 Mintysaari et al.

Color-Dipole model:
Ol — 1 — 2 — 3 — 4 - 5 == IS fluct. +GLC including subnucleon
scale fluctuations

=== o fluct. +GLC
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OUTLOOK
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* For pp collisions:
* Update with more data coming soon, higher statistics for y(25)

* Measurement with electrons for J/yr and w(25)

* For PbPD collisions:

*  Preliminary studies show how HeRSCheL can reduce the incoherent
contribution. Update coming soon!
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HERSCHEL: HIGH RAPIDITY SHOWER COUNTERS FOR LHC)
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Cut-out
~108x230mm

Station B2
z=-114.0m Station B1
z=-19.7m Station BO
z=-7.5m

BTN
- E— ]

Station F2

z=114.0m

* Around zero ADC counts in each counter: no activity

* Long tail to higher numbers of ADC counts: significant activity

x Construct a ¥ quantity to combine the activity in all detectors

F1 LHCb HERSCHEL 2 _ T ~—1
| XHRC — X C X
' —— pp crossings
-------- After bunch train .
— i L ) .
jp— Li—Hq T: < WU
v oi(l—|—)\imi)’ v ’u”"
S0 o0 s T T o
ADC counts

Cristina Sanchez Gras virtual Quarkonia as Tools - 23 March 2020




CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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Estimating the contribution of the proton dissociation background:
*  Take p% distribution with non-resonant uu and feed-down bkg removed
*x  Define two samples and define a variable with exclusive events, f:

Sy forlog(;(éRC) < 3.5

5 p =S8 — (1 —ey)ey) Sy with e, the efficiency for a CEP event to be in Sy,
Sgtorlog(xire) > 3.5

*  Proton dissociation bkg: scale ff by f(p%) = SH(p%)/ﬁ(P%)

~ ] —~ E
LS = L 4E E
< _ LHCb unofficial E < 35 E LHCb unofficial 3
4?+ E 3 E
. 25F 3

3 + — =

_ + N 25

2F : 15}

E ] 1F

1; ________ +‘+‘++++ . __ 05E
SN athasesnioasron corasear 2o OF, oy
OO 05 1 1.5 2 0 0.5 1 1.5 2
J/p transverse momentum squared (GeV?) P (2s) transverse momentum squared (GeV?)
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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*  Systematic uncertainties:

Table 1: Summary of relative systematic uncertainties on the total cross-section.

Source Jfp analysis (%) ¢(2S) analysis (%)
HERSCHEL veto 1.7 1.7
2 VELO track 0.2 0.2
0 photon veto 0.2 0.2
Mass window 0.6 0.6
py veto 0.3 0.3
Proton dissociation 0.7 0.7
Feed-down 0.7 -
Nonresonant 0.1 1.5
Tracking efficiency 0.7 0.7
Muon ID efficiency 0.4 0.4
Trigger efficiency 0.2 0.2
Total excluding luminosity 2.5 2.7
Luminosity 3.9 3.9
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV

[JHEP 10 (2018) 167]
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*  Cross-section calculation:

do

Wyt

—/dy — Nsig/(etoz ’ Ay ’ €single | gtot)

Table 3: Tabulation of numbers entering the cross-section calculation for the (2S) analysi
with statistical and systematic uncertainties for the integrated luminosity of Liot = 204 + 8 pb~
and the fraction of single-interaction beam crossings, €gingle = 0.3329 =+ 0.0003.

y bin 2.0-3.0 3.0-3.5 3.5—-4.5
N 170 134 136
Stat. unc. (%) 7.7 8.6 8.6
€Erec 0.633 0.644 0.622
Stat. unc. (%) 3.4 2.6 2.9
Syst. unc. (%) 1.3 0.6 0.6
Esel 0.650 0.664 0.671
Stat. unc. (%) 1.2 1.2 1.2
Syst. unc. (%) 1.9 1.9 1.9
Purity 0.726

Stat. unc. (%) 8.4

Syst. unc. (%) 1.7
do/dy(pb) 4.4 6.6 3.4
Stat. unc. (%) 12.0 12.4 12.4
Syst. unc. (%) 2.9 2.7 2.7
Lumi. unc. (%) 3.9 3.9 3.9

Cristina Sanchez Gras

Table 2: Tabulation of numbers entering the cross-section calculation for the J/i analysis with
statistical and systematic uncertainties for the integrated luminosity of Lyt = 204 + 8 pb~! and

the fraction of single-interaction beam crossings, €single = 0.3329 £ 0.0003.

y bin 2.0-2.25 2.25-2.5 2.5-2.75 2.75-3.0 3.0-3.25
N 259 1022 1644 2204 2482
Stat. unc. (%) 6.2 3.1 2.5 2.1 2.0
€rec 0.410 0.525 0.555 0.565 0.563
Stat. unc. (%) 5.9 4.2 3.3 2.8 2.6
Syst. unc. (%) 3.1 0.8 1.7 1.0 0.5
€sel 0.636 0.643 0.650 0.655 0.663
Stat. unc. (%) 1.2 1.2 1.2 1.2 1.2
Syst. unc. (%) 2.5 2.0 2.0 1.9 1.9
Purity 0.760 0.759 0.751 0.758 0.764
Stat. unc. (%) 2.7 2.2 2.2 2.1 2.1
Syst. unc. (%) 1.0 1.0 1.0 1.0 1.0
do/dy(pb) 44 134 200 263 296
Stat. unc. (%) 9.2 6.0 5.0 45 4.3
Syst. unc. (%) 4.3 2.7 3.1 2.7 2.6
Lumi. unc. (%) 3.9 3.9 3.9 3.9 3.9

y bin 3.25—3.50 3.50-3.75 3.75—4.0 4.0-4.25 4.25-4.5
N 2522 2112 1433 829 246
Stat. unc. (%) 2.0 2.2 2.6 3.5 6.4
€rec 0.587 0.599 0.588 0.551 0.518
Stat. unc. (%) 2.5 2.6 2.8 3.3 4.1
Syst. unc. (%) 0.6 0.6 0.5 0.8 0.9
€sel 0.665 0.670 0.670 0.676 0.667
Stat. unc. (%) 1.2 1.2 1.2 1.2 1.2
Syst. unc. (%) 1.9 1.9 1.9 1.9 2.0
Purity 0.763 0.749 0.748 0.732 0.738
Stat. unc. (%) 2.1 2.1 2.2 24 3.1
Syst. unc. (%) 1.0 1.0 1.0 1.0 1.0
do/dy(pb) 288 230 159 95 31
Stat. unc. (%) 43 4.4 4.8 5.7 8.5
Syst. unc. (%) 2.6 2.6 2.6 2.7 2.8
Lumi. unc. (%) 3.9 3.9 3.9 3.9 3.9

virtual Quarkonia as Tools - 23 March 2020



https://cds.cern.ch/record/2622688

CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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*  Cross-section without fiducial requirements on the muons to compare with theory:

Table 4: Tabulation, in bins of meson rapidity, of the fraction of decays with both muons in the
range 2.0 < n < 4.5 and the differential cross-sections for J/2 and 1 (2S) production calculated
without fiducial requirements on the muons.

Jhp ybin  2.0-2.25 2.25—2.5 2.5—2.75 2.75—3.0 3.0—3.25
Acc. 0.095 +0.003 0.280 & 0.005 0.460 £ 0.006 0.627 & 0.006 0.733 £ 0.005
2 (nb) 776 +£0.77  8.034+051  7.294+038  7.04+0.33  6.78+£0.30
Jhp ybin  3.25—3.50 3.50—3.75 3.75—4.0 4.0—4.25 4.25—4.5
Acc. 0.721 +£0.005 0.620 =0.006 0.471 £0.006 0.287 & 0.006 0.094 =+ 0.004
42 (nb) 6.70+£0.29 6224028  566+029 5554034  5.46 £0.52

¥(28) y bin 2.0—3.0 3.0-3.5 3.5—4.5

Acc. 0.362 4 0.003 0.726 = 0.004 0.372 % 0.003

<2 (nb) 1.53+0.25 1.16+£0.19  1.17+0.20
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CEP J/yy AND y/(2S) IN pp COLLISIONS AT /s = 13 TeV LHEP 10 (2018) 1671
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* Photoproduction cross-section, aypéwp(WJr):

dn dn
d_k-l_ayp—n//p(W-l—)_i_r (W—)k—d_k_ayp*w

W)k, (W)

Cppspyp = T

* Two contributions: W, , W_ corresponding to the emitted photon being parallel or
antiparallel to the LHCb beam axis

* W, contributes 2/3 of the times in LHCb. W_ taken from the HERA H1 parametrisation:
= a(W/90GeV)°, a = 81 +3 pb and § = 0.67 +0.03

Oyp—Jhyp
(a) (b)
p < N > p W — >
[ "— Jhy {,u— Jhy
W.x Y/ IQT
x| [x )
P < P ¢ ’

Figure 2: The two diagrams describing exclusive J/v production at the LHC. The vertical lines
represent two-gluon exchange. Diagram (a), the W, component, is the major contribution to
the pp — p + J/v + p cross section for a J/v produced at large rapidity y. Thus such data
allow a probe of very low x values, x ~ M ,exp(—y)/+/s; recall that for two-gluon exchange
we have z > 2’.  arXiv:1307.7099 [hep-ph]
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CEP J/y IN PbPb COLLISIONS AT , /5,y =5 TeV [LHCB-CONF-2018-003]
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*  Cross-section calculation: de(PbPb — Pb + J/w + Pb)/dy = n_,/(e,, - Ay - ZL,,. - B)

Table 2: Cross-section measured differentially in J/i) rapidity. The first quoted uncertainty is
statistical and the second systematic, where the luminosity component (correlated across all
bins) has been removed.

JM) rapidity do/dy (mb)
2.00-2.50 3.0 £04 £0.3
2.50-3.00 2.60 £0.19£0.25
3.00-3.50 2.28 £0.15£0.21
3.50-4.00 1.73 £ 0.15 £ 0.17
4.00-4.50 1.10 £ 0.22 = 0.13

*  Systematic uncertainties:

Table 1: Relative systematic uncertainties considered for the cross-section measurement of

coherent J/i production. The first two contributions are taken from Ref. [21].

Source Relative uncertainty (%)
Reconstruction efficiency 2.1-4.5
Selection efficiency 3.2

Hardware trigger efficiency 3.0

Software trigger efficiency 1.6-5.3
Momentum smearing 3.3

Mass fit model 3.9
Feed-down background 0.8
Branching Fraction 0.6
Luminosity 13.0
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