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LHCb charmonia results in heavy ion collisions

* Probe nuclear matter effects:
* J/y and Y (2S) production in pPb @ 5.02 TeV and 8.16 TeV:
@ 5.02TeV:J/y [JHEP 02 (2014) 72], ¥(2S) [JHEP 03 (2016) 133],
@ 8.16 TeV: J/y [Phys. Lett. B774 (2017) 159], ¥ (2S) [JHEP 04 (2024) 111],
« Y(25) to ] /4 ratio in pp @ 13 TeV: [JHEP 05 (2024) 243]
* Probe nature of y.1(3872):
* x.1(3872) to Y(2S) ratio in pp: [Phys. Rev. Lett. 126 (2021) 092001],
« x.1(3872) to (25) ratio in pPb @8.16 TeV: [Phys. Rev. Lett. 132 (2024) 242301]

* Photoproduction:
* J/¥ and Y (2S) in PbPb ultra-peripherial collisions: [JHEP 06 (2023) 146]
* J/1¥ in PbPb peripherial collisions: [Phys. Rev. C105 (2022) L032201 ]
* J/¥ and Y (2S) in pp central exclusive production: [JHEP 10 (2018) 167 ]

* Fixed target results:
 J/y and D° in pHe and pAr collisions, first fixed-target result: [Phys. Rev. Lett. 122 (2019) 132002]
 J/y and D° in pNe and PbNe collisions: [Eur. Phys. J. C83 (2023) 625 ], [Eur. Phys. J. C83 (2023) 658]
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The LHCb detector (Run2)

Calorimeters
energy measurement
: : RICH detectors e/y identification
* LHCb is the only dedicated K7t/ p separation AE/E=1% ©10 %/VE (GeV)
e(K—=K) ~ 95 %, T —— —

detector (at LHC) fully

mis-ID e(m—K) ~5 %

instrumented in forward
) Vertex Detector
region reconstruct vertices
decay time resolution: 45 fs

* Unique kinematic coverage Impact Parameter

resolution: 20 um

2<n<5

* A high precision device, 1
down to very low-py,
excellent particle ID,

precise vertex and track

_ Dipole Magnet , Muon system
reconstruction. bending power: 4 Tm Tracking system u identification
momentum resolution e(u—p) ~ 97 %,
[ JINST 3 (2008) S08005 ] Ap/p =0.5%-1.0% mis-ID e(r—p) ~ 1-3 %

[ UMPA 30 (2015) 1530022 ] (5GeV/c-100GeV/c)
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LHCb Run2 heavy ion data

Both the collider mode and fixed-target mode

running at the same time Kinematic acceptance
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LHCb Run2 heavy ion data

Collider mode datasets:

2013 2016 2015 2017 2018

SNN 5.02 TeV 8.16 TeV 5.02 TeV  5.02 TeV  5.02 TeV
pPb Pbp pPb Pbp PbPb XeXe PbPb

L 1.1nb=t 0.5nb~! 13.6nb~! 208nb~!' | 10 ub~! 04 pub~!' ~ 210 pub~!

Fixed target mode datasets:

2

protons (Pb
| NIIIIIITI] lIlIIITI] IIIII|'|T| I|III|'|T|_

g Beam Energy
_ rotons on target = 10 2500 Gev
/Edt ~ 5nb 1 X (p 59 g ) % B 4000 Gev
10 gl B 6500 Gev
Pgas °

—~

107"
o

X 3% 0—"mhar x Exp_efficiency

pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe
2015 | 2016 | 2017 | 2018
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LHCb charmonia results in heavy ion collisions%

* Probe nuclear matter effects:
* J/y and Y (2S) production in pPb @ 5.02 TeV and 8.16 TeV:
@ 5.02TeV:J/y [JHEP 02 (2014) 72], ¥(2S) [JHEP 03 (2016) 133],
@ 8.16 TeV: J/y [Phys. Lett. B774 (2017) 159], ¥ (2S) [JHEP 04 (2024) 111],
e P(25) to ]/ ratioin pp @ 13 TeV: [JHEP 05 (2024) 243]
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 Charmonium dominantly produced in initial
hard scattering then interact with the QGP

medium.

* Ty (2 0.05 - 0.1 fm/c) < Tggp (= 0.3 fm/c at LHC)
* Production in small system (pp, pA):

* Probes the initial state cold nuclear matter
(CNM) effects: Nuclear shadowing, gluon
saturation, k; broadening, etc., constraining
nPDFs.

e Production in large system (AA):

* Hard probes of the QGP medium through in-

medium suppression and enhancement of the

production yields
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J /Y and Y (2S) production in pPb collisions

pPb @ 5.02 TeV: J /Y [JHEP 02 (2014) 72], ¥(2S) [JHEP 03 (2016) 133],
pPb @ 8.16 TeV: J /Y [PLB 774 (2017) 159], ¥(2S) [JHEP 04 (2024) 111],

* Production differential cross-section measured in

‘Swoo;—' o | l2'.5I<'y'<3'.0' I e f_lb' ' I _-4..0;;;_3-.5.
pPb for both 5.02 TeV and 8.16 TeV %1600:_(33% et = 7°°§ (LJCb Ao
. . EMOOE— pPb(Fwd) (s, = 5 TeV E 600" pPb(Bwd) sy, = 5 TeV
* Spontaneous fit to dimuon mass and pseudo- S O: = ik
. [7)] . (7] =
proper time for both forward and backward £1000f £ a00}
. . 5] C K] -
collisions 3 zzg 5 300f
. S o S 200f
* for both prompt and non-prompt production 200k 100}
(from b-decaY) e e b 1 ] 1 TR EProf s Lo il 1 1 1

0 » b 1 L PR T T L L 0 = . 1 1 i L L
3000 3050 3100 3150 3200 3000 3050 3100 3150 3200

L m,, [MeV/c?] m,, [MeV/c?]
* Also measured nuclear modification factors: . ]
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2
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=

* And forward-backward ratio: o :
_ oppu(+Hyl, T, v/581) 1 h:
Reg (Y, pT, /Swn) = . i,
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J /Y and Y (2S) production in pPb collisions

pPb @ 5.02 TeV: J /Y [JHEP 02 (2014) 72], ¥(2S) [JHEP 03 (2016) 133],
pPb @ 8.16 TeV: J /Y [PLB 774 (2017) 159], ¥(2S) [JHEP 04 (2024) 111],

Differential cross-section

pPb @ 5.02 TeV

pPb @ 8.16 TeV
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Nuclear modifications
pPb @ 5.02 TeV

J /Y and Y (2S) production in pPb collisions
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pPb @ 5.02 TeV: J /Y [JHEP 02 (2014) 72], ¥(2S) [JHEP 03 (2016) 133],
pPb @ 8.16 TeV: J /Y [PLB 774 (2017) 159], ¥(2S) [JHEP 04 (2024) 111],

pPb @ 8.16 TeV
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Forward-backward ratio:
pPb @ 5.02 TeV
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J /Y and Y (2S) production in pPb collisions

ch

pPb @ 5.02 TeV: J /Y [JHEP 02 (2014) 72], ¥(2S) [JHEP 03 (2016) 133],
pPb @ 8.16 TeV: J /Y [PLB 774 (2017) 159], ¥(2S) [JHEP 04 (2024) 111],

pPb @ 8.16 TeV
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Y(2S) to ]/ ratio in pp collisions

* Initial-state effects cancelled,

[JHEP 05 (2024) 243]

* Prompt ratio decrease with multiplicity, nonprompt independent on multiplicity.
* Larger dependence on multiplicity at low p-.

s 1.4¢ LA AL AL L L J i 1.6 B ' S e -
= n . © B -
% 13F LHCb pp Vs=13TeV - xﬁ 1.4 % LHCb pp Vs=13TeV ]
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- - . 8 1.2 [ ]
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E 1 g g E E T - |
Z 09F " 3 Z 08F : 3 -
» | ] n H -
- = B B
0.8+ prompt B E 0.6F 4+ 03< p_<20GeVic —
07 - -+ non-prompt 3 [ —+-2.0< p_<40GeVlc —6.0< p_<80GeV/c .
" E[] co-mover model = 04f 40< p_<6.0GeV/c 8.0 < p_<20.0GeV/c =
06 AT TR T R (T TR TN TN S T RN SR SR S N SN SN SN T N R : S T TN T NN TN TN SRS T S SUN SUN S S SN SUN SUN S T R gy
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LHCb charmonia results in heavy ion collisions%

* Probe nature of y.1(3872):
* x.1(3872) to Y(2S) ratio in pp: [Phys. Rev. Lett. 126 (2021) 092001],
« x.1(3872) to ¥(25) ratio in pPb @8.16 TeV: [Phys. Rev. Lett. 132 (2024) 242301]
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* Prompt: Increasing suppression of
Xc1(3872) production relative to

x¥:1(3872) to Y (2S) ratio in pp

iy

D°D " Molecule ¢ ompact tetraquark

Y(2S5) as event activity increases

* From-b-decay: No significant & o 014
. . . R[S
change in relative production, as Slg op
. ~ <
expected for decays in vacuum. I
. L
Ratio is set by b decay branching B[ 008
. v\d s.
fractions. S
. Sl - 004
* Compact tetraquark of size 1.3 fm z |2
b>5|bs 0.02

gradually dissociated as multiplicity
increases — consistent with data
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x-1(3872) to Y(2S) ratio in pPb

* ¥-1(3872) to y(2S) ratio in pPb measured and

[Phys. Rev. Lett. 132 (2024) 242301]

. ~ I | [
compared with pp and CMS PbPb results k|~ CMS
o _ _ _ I8 F p.> 15 GeV/c
* Ratio increase with system sizes, but decrease with N
multiplicity in pp collisions, indicate coalescence is SIS
allowed to become the dominant mechanism towards T [+ (| LHCb T
large system N~ -
_ _ _ _ ST p.> 5 GeV/c -
* The exotic y.1(3872) experiences different dynamics ~=|S [ ]
than conventional charmonium state ¥ (25) gg Q| ]
E 014 "LHCb = S T T o X n i
® l‘\' 012:_PP s =8 TeV ¥ +4Prompt -4 b decays E % g ®
i §~ - E pT>5 Ge/:% Comover Interaction Model, Esposito et al. E :T, b\s | ¢ .
IR TR B e Wm0
= [ 0081 —1
g Qe n —H= .
SSE§ 0.06 —— ! - "
QQA 004: B . 10 - ]
e B e ” ] [ oo ]
Xl 002 = B -
[Phys. Rev. Lett. N: . » . 2<y<4.5 | 15<y<4 | -5<y<2.5 | bl<0.9
0 2(

126 (2021) 092001] D Nvl'ggo' Tw pp pPb Pbp PbPb

tracks
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https://doi.org/10.1103/PhysRevLett.132.242301

* Photoproduction:
* J/¥ and Y (2S) in PbPb ultra-peripherial collisions: [JHEP 06 (2023) 146]

* J/1¥ in PbPb peripherial collisions: [Phys. Rev. C105 (2022) L032201 ]
* J/¥ and Y (2S) in pp central exclusive production: [JHEP 10 (2018) 167 ]
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ch
Rich photon-induced physics program at LHCb@

* CEP J /4y production in pp collisions has already been measured at
LHCb at 7 TeV pp

* Focusing on the CEP charmonium production in 2018 PbPb collisions

&N

CEP J /Y and Y (2S) @ 7 TeV J. Phys. G40 (2013) 045001
Updated CEP J /Y and Y(25) at 7 TeV J. Phys. G41 (2014) 055002
CEPY @ 7 TeV JHEP 09 (2015) 084
CEP J /1 and Y(2S5) @ 13 TeV JHEP 10 (2018) 167
CEP J /Y @ 8.16 TeV 2015 PbPb UPC JHEP 07 (2022) 117
CEP J /Y and Y (2S) @ 8.16 TeV 2018 PbPb UPC JHEP 06 (2023) 146
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Photoproduction of charmonia

 Ultra-peripheral collisions (UPC): Two nuclei bypass

each other with an impact parameter greater than the W s
—~= N\ NN\
sum of their radii
b>R1 + R2
* Photon-induced interactions are enhanced by the /f \

strong electromagnetic field of the nucleus

* Coherent J/ and (2S) production gives constraints on

the gluon Probability Density Functions,

* (J/¥) / P(2S) ratio measurement is helpful to constrain the P

choice of the vector meson wave function in dipole Pb__»—""—, Pb

scattering models [e.g. PLB 772 (2017) 832, PRC (2011) Coherent J/{ production: Incoherent J/{ production:
011902] photon interact with the  photon interact with particular
whole nucleus coherently nucleons in the nucleus
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acceptance cuts:

e ]/ and P (2S) in PbPb ultra-peripherial collisions

* Require a near empty detector with only two long tracks reconstructed, WitR06(2023) 146]

2.0 < n* < 4.5,p% > 700MeV,
prt < 1GeV, |4¢,,| > 097

 HERSCHEL detector [JINST 13 (2018) 04 P04017] is used to further purify the selection

Hole radms
47mm
600"““ B

1 Hole radius
] LHCDb x = 61mm
&

Cut-out
~108x230mm

\
v

Station B2
z2=-114.0m

Station F1
z2=20.0m
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JHEP 06 (2023) 146

Signal extraction (2)

* Coherent production signal is extracted from a In(p; 2) fit

* Coherent, incoherent, and feed-down shapes modelled using STARLight + EviGen +
PHOTOs + GEANT4 Simulation

* Non-resonance shapes determined from data side-band

~ ] ' ' | ' ! ! ! | ! ! i - - ! ' ' ! ' ' ! | ! ' '
=000 LHCb 1 = 200F LHCb } =
:}i’ - PbPb sy =5.02 TeV J/¢ . :\b 180 - PbPb sy = 5.02 TeV + ¢(2S) E
% 300 |- 20< y*<4.5 N % 160;— 20< y*<45 —;
) - 1 O 140f =
E 600 - + Data N 'E 120 S_ —I— Data _f
In(p;2) fit 3 — o 100f — -
N - Coherent J/y N o 80 F Coherent y (25) =
d 400 n Incoherent J/y o ~ - ]
_ N - =~ 60 Incoherent y (25) —
| vy (2S) > Jy+ X i _fg - .
; 200 B Non-reson. [ —_ 8 40 :_ Non-reson. =
§ . i N i 28 g +
Mo —15 -10 ~15 -10

-5 0 -5 0
In (p;z) [In(GeV?/ 2] In (p,*rz) [In(GeV?/ ?)]
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J/W and Y(2S) in PbPb ultra-peripherial collisions ‘T‘HﬂCﬂb

JHEP 06 (2023) 146
* Integrated cross-section and ratio (most precise measurements in the forward

region at the moment):

coh

of?  =5.965 + 0.059(stat) + 0.232(syst) + 0.262(lumi) mb,

coh

o35 = 0.923 + 0.086(stat) * 0.028(syst) + 0.040(lumi) mb,
afhn /05rss) = 0.155 £ 0.014(stat) + 0.003 (syst).

Source Relative uncertainty [%]
O'COI} O'CZOh
JAp P (2S5)
. L. Tracking efficiency 0.5-2.0 0.5-2.0
o Systemat|c uncertainties: PID efficiency 0.9-1.6 0.9-1.6
Trigger efficiency Dol I 2.1-2.5
HERSCHEL efficiency 1.4 1.4
Background estimation 1.2 1.2
Signal shape 0.04 0.04
Momentum resolution  0.9-34 1.3-27
Branching fraction 0.6 2.1
Luminosity 4.4 4.4
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J/W and Y(2S) in PbPb ultra-peripherial collisions

JHEP 06 (2023) 146

* The most precise coherent J /Y 0.5 pe== (B I LA e s ® data
production measurement in PbPb 6.0 | A28 LHCbH stat. unc.
. .y : [ Isyst. unc.
UPC in forward rapidity to date 55 E PbPb /sxn = 5.02 TeV

Coherent J/1 production ==== STARIight

The high precision LHCb dataare —— 5.0 | e

: : e 8Py, SR IARRN \ . Luminosity unc. : 4.4% L:)‘p%gD (o0
of great value in theoretical 4.5 Bt : . Ry et
model fine-tuning — 40 E [EE nPDF unce.
NLO pQCD (FEGLP):
Compare to most recent > 3.0 B e EPPS21
. . 'U ; nPDF unce.
theoretical calculations: ~ 3.0 ET— Seale variation
+ p-QCD calculations: include new = 2.5 =S tre e e
NLO p-QCD calculation PDF t = LR P R R R R R R g i
p calculation uncert. > O () [EEEEEEEE s - bCGC+GLC (GMMNS)
and factorization / renormalization ~= 15 LN A R o o IP-SQTJrBG (<(3Ml\f'INS))
= R ANAVARAYARETGHD —— —— IP-SAT+GLC (GMMNS
scale uncert. Y E -
E ' —a—Ts fluct. +BG (MSL)
* Color-dipole models: draw 1.0 = —— No fluct. +BG (MSL)
different model tuning options as 0.5 F o Eoﬂgﬁz't +fcl;fc(1211\%1)4)
theoretical variations 0.0 o --=- GBW+BT (KKNP)

I
- GBW+POW (KKNP)
0 1 2 9 4 D o KST4BT (KKNP)
% --- GG-hs+BG (CCK)
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* The first coherent
P (2S) measurement in
forward rapidity at the LHC

1.5

J/W and Y(2S) in PbPb ultra-peripherial collisions

JHEP 06 (2023) 146

LHCb

=) PbPb /sy = 5.02 TeV
= Coherent 1(2S) production
1.0 = Luminosity unc. : 4.4%
*
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. =
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0
&
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* The first cross-section ratio
between J /1Y and P (25) vs.
rapidity measurement in
forward rapidity region at the
LHC

Compared to pQCD and color-
dipole models

GKSZ: PRC 93 (2016) 055206, PRC 95 (2017) 025204,
FEGLP: PRC 106 (2022) 035202.

GMMNS: PRD 96 (2017) 094027, EPJC 40 (2005) 519,
MSL: PLB 772 (2017) 832, PoS DIS2014 (2014) 069,
KKNP: PRD 107 (2023) 054005

CCK: PRC 97 (2018) 024901
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J/W and Y(2S) in PbPb ultra-peripherial collisions
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JHEP 06 (2023) 146
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J/W and Y(2S) in PbPb ultra-peripherial collisions

JHEP 06 (2023) 146

* The first measurement of the coherent J /1 and ¥(2S5) production cross-section
vs. pr in PbPb UPC

Compared to pQCD and color-dipole models
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J/W and Y(2S) in pp CEP at 13 TeV

* Central exclusive photoproduction of J /1 and y/(25)

in pp collisions (only ~204 pb~1)
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J/W and Y(2S) in pp CEP at 13 TeV

e

* Central exclusive photoproduction of J /1 and y/(25)
in pp collisions (only ~204 pb~1)

JHEP 10 (2018) 167
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J /Y photoproduction in PbPb peripherial collision%

I”

* “Peripheral” means collided with centrality > 50%

* Photoproduction also observed when PbPb collided.
[Phys. Rev. C105 (2022) L032201 ]
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g 300 : 4 Data PbPb s =5TeV \\5 180 <Npmf£Nl0.6i2.9 =
@/250 = —Signal Ny = 10.612.9 — 5 160 — 30<m,., <32 GeV/c? =
> - 20<y<45 . R 140F 2.0<y<45 3
% 200:— _'BaCkground pT>0GCV/C —: 1205_ NJ/'//=277i19 _f
% 150 - N}f,:fl =1764+£52 - 100 —1— Data E
5 - . g0F- == J/w hadro-produced E
© 100k ] 60 E_ ------ J/y photo-produced E
: : 40F -
SOFFTRE + 20 E
- . A B L 0 P waAY AT =y R .

3%00 3050 3100 3150 3200 5 10 15 , 20
m(u i) [MeV/e?] Photoproduction In(p2/[MeV?/c?])

ZFENN ERFHEFHRBRTE F4EHCOINEYETITS 202466752731 WE BE 29


https://doi.org/10.1103/PhysRevC.105.L032201

ch
] /Y photoproduction in PbPb peripherial collision%

I”

* “Peripheral” means collided with centrality > 50%

* Photoproduction also observed when PbPb collided.
[Phys. Rev. C105 (2022) L032201 ]
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LHCb charmonia results in heavy ion collisions%

* Fixed target results:
 J/y and D° in pHe and pAr collisions, first fixed-target result: [Phys. Rev. Lett. 122 (2019) 132002]
 J/y and D° in pNe and PbNe collisions: [Eur. Phys. J. C83 (2023) 625 ], [Eur. Phys. J. C83 (2023) 658]
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]/ and D® in pHe and pAr collisions %

» pHe at 86.6 GeV; and pAr at 110.4 Gev  [Irst LHCb fixed-target result

[Phys. Rev. Lett. 122 (2019) 132002]
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]/ and D? in pHe and pAr collisions %

» pHe at 86.6 GeV; and pAr at 110.4 Gev  [Irst LHCb fixed-target result

[Phys. Rev. Lett. 122 (2019) 132002]
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]/ and D® in pHe and pAr collisions %Ié

» pHe at 86.6 GeV; and pAr at 110.4 Gev  [Irst LHCb fixed-target result

[Phys. Rev. Lett. 122 (2019) 132002]
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J/Y and DY in oNe and PbNe collisions %

° pNe and PbNe at 68.5 GeV [Eur. Phys. J. C83 (2023) 625],
) [Eur. Phys. J. C83 (2023) 658]
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J/Y and DY in oNe and PbNe collisions

° pNe and PbNe at 68.5 GeV [Eur. Phys. J. C83 (2023) 625],
) [Eur. Phys. J. C83 (2023) 658]
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J/Y and DY in oNe and PbNe collisions %

[Eur. Phys. J. C83 (2023) 625],
[Eur. Phys. J. C83 (2023) 658]
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Take away

e Charmonium as tools:

* Production cross-section: probe nuclear matter effect
* Ratio y.1(3872) to(25): probe nature of y.1(3872)

* Photoproduction: constraint gluon PDFs

e Study charmonium production: Fixed target production at pHe, pAr, pNe,
PbNe

* Rich program at LHCb on charmonium related physics

* Expecting new ideas!
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