Quarkonia and exotic hadron production in
pPDb collisions at LHCb
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1. Motivation.

* Why study pPb collisions?
2. The LHCb experiment.
* More than beauty.

3.  LHCb results in pPb collisions.
Content * J/W production at y/syy = 8 TeV.
Y (2S) production at \/syy = 5 TeV.
Y production at /sy = 8 TeV.

Cross section ratio d(xc»)/0(xc1) at /Sy = 8 TeV.
Cross section ratio 0(x.1(3872))/a(¥(2S)) at/syy = 8 TeV.

4.  Summary and outlook.
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1. Motivation.
Why study pPb collisions?

f H1PDF 2009; Q2= 10 GeV?
0.8 T T T —T T A
Cold nuclear matter effects PRI, 5 b Caturation

o7 Statistical + systematic A4, 7 N

uncertainty

* nPDFs - Nuclear effects on parton densities o6 ] @ o

. 0 a 0.55

(shadowing/antishadowing). . x it st
a 04r £
* Colour Glass Condensate — Saturation at low x. ~ i >
 Energy loss traversing the nucleus. 0z
* Hadronic comovers. i @ g
T nQ? g

Gelis F, et al. 2010.
i_l Annu. Rev. Nucl. Part. Sci. 60:463—-89
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1. Motivation.
Why study pPb collisions?

 nPDFs - Nuclear effects on parton densities Studies with multiplicity show possibility
(shadowing/antishadowing). of QGP-droplet in small systems.
e Colour Glass Condensate — Saturation at low x. U,

* Energy loss traversing the nucleus.

e Hadronic comovers.
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2. The LHCb experiment.
More than beauty.

Fully instrumented forward detector
2<n<5.

Excellent tracking, momentum resolution
and particle identification.
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3. LHCb results in pPb collisions.
J /Y production at \/syy = 8 TeV.
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The reconstruction of the candidates is S 300f 6 <P;<7GeVic LHCb 1 & I LHCD i
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3. LHCb results in pPb collisions.
J /Y production at \/syy = 8 TeV.

The reconstruction of the candidates is
performed through the decay channel:

J/Y - ptu,

B = (5.961 + 0.033)%.

The pseudo-proper time was used to
separate the prompt and non-prompt

contribution,

(Zjjp—=2Zpv) XM 1y

tZE
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3. LHCb results in pPb collisions.
Y(2S) production at \/syy = 5 TeV.

The reconstruction of the candidates is

performed through the decay channel:
Y(28) > putpT,
B (2S) » utu™)=(79 + 09)x1073

But, assuming lepton universality...
B(2S) » u"u™) = B@y(2S) »efe™) =
= (7.89 + 0.17)x1073,

The pseudo-proper time was used to separate

the prompt and non-prompt contribution.
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3. LHCb results in pPb collisions.

Y production and y/syy = 8 TeV.

The reconstruction of the Y(15), Y(25),
Y (3S) candidates is performed through
the decay channel:

Y(nS) » utu”,
B(Y(1S)) = (2.48 + 0.05)%
B(Y(2S)) = (1.93 + 0.17)%
B(Y(3S)) = (2.18 + 0.21)%
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Y production at \/syy = 8 TeV.

Available models:

1. HELAC-Onia event generator with nPDFs: EPPS16, nCTEQ15.

2. Calculations that add interactions with comovers to nPDFs:

EPS09-LO, nCTEQ1S.

 The calculations that include final state
interactions with comovers seem in better

agreement with the data.
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Y production at \/syy = 8 TeV.

New models include hot-medium effects!
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Y production at \/syy = 8 TeV.

[dzappb(pz,y*) . pp 0.328(4) 0.137(2)
Ratio of Y(25) and Y(35) R (Y = de?y )
. oppp(PTY*
to the Y(15): [ prb{oT ](ms» pPb 0.28(5) 0.11(2)
D . . R (Y(TIS)) RY(nS)
ouble ratio with respect g Y1)/ Y(15) pPblPbp _ Rppb Pbp 0.29(7) 0.06(2)
to pp collisions: (pPb|Pbp)/pp — pY(19)
R (Y(nS))pp Rpy
@&22"""”"""""': @&23""' L B B B
= 218 LHCb +iHcy 4 2 518F LHCh tLHCh 1
g %1‘6:_ Dcomovers E §§12_ Dcomovers E
S~ 814F 3 = E
* R (Y(3S)) decreases notably with respect to &&1.2:_ 1 & .k 3
pp for backward collisions. -b--é-z- . ;_ £
Y(nS)/Y(1S) . . 10-62 . 0.6 5
ER(prlpbp)/pp consistent with 1 for Y'(2S), g g 0 P, <25 GeVie
0.2F —_ - 0.2F So=
0.44(15) for Y'(3S) at backward rapidity. N I e N T . =8.16 TeV 4
—4 -9 0 2 4 —4 -2 O 2 4
¥ y*
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3. LHCb results in pPb collisions.

* The ratio of the charmonium states y., and y.q are

measured through their decay: RS

>

— Q

o(xei) > U/ - udy >

e}

* t, <0.1ps. <

5

* Two independent results are shown: @
* Converted photons: reconstructed through

y > ete.
* Calorimetric photons: reconstructed through the

energy deposited in the calorimetric system.

e

Prompt-production cross-section ratio (xc2)/0(Xc1) at /Syn = 8 TeV.

-+ Data LHCb
sof —Totalfit ppp g = 8.16 Tev
- ----Background
- Converted photons
. IZIX 31gna1
40__ X Slgnal 1.5< y* <4.0
301 ’
20[- ’ } \ ’
N
P | 1 I 1

-+ Data LHCb

300 — Total fit pPb \/% =8.16 TeV

- ---Background Calorimetric photons
|:|x 51gnal 1.5<y*<4.0

C X 51gnal

Events /(5 MeV/c?)
[\
(¥,
o

IIIIIIII[ILLI | Ll
900 300 400 500
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Prompt-production cross-section ratio o (x.2)/0(xc1) at v/Syn = 8 TeV.

* The ratio is consistent with unity for forward and backward

rapidity regions.

o(x /o )

* The binding energies of y., and y.; are small compared to

J /W but similar among them.

* The results hint that the nuclear effects have same impact on

the two states within uncertainties.

Clara Landesa Gémez
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3. LHCb results in pPb collisions.
Prompt-production cross-section ratio

0(xc1(3872))/o(Y(2S)) at+/syn = 8 TeV.

* First measurement of any exotic hadron in pPb

collisions.

e t, <0.1ps.

* Both y.1(3872) and ¥(2S5) are reconstructed
through their decays to (J/Y —» u*tu - )ntn~

Clara Landesa Gémez
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Prompt-production cross-section ratio a(x.1(3872))/a(y¥(2S)) at+/syy = 8 TeV.

* Increase of the ratio of cross-sections from pp to pPb to Pbp collisions. : ~ ! ! ' CMS
o _ _ o IS n p.. > 15GeV/c
* pp collisions show a decreasing trend with multiplicity. R | T
s -
. . . .. S
* May indicate that y.;(3872) experiences different dynamics in the N > )l
nuclear medium than the conventional charmonium state. 0 ? 1 LHCb ~
I .. i
* Possibility that hadronic densities allow quark coalescence to become s 2 L Prehmlnary i
a more relevant production mechanism. @3 N p_>5GeV/c -
Xlg | T :
ol~ *““F LHCb ' ' = v i _
& f\' C pp Vs=8TeV <+ Prompt b decays . -
SR 0‘12—_1) >5GeV/c . . = S| @
N S - T s Comover Interaction Model, Esposito er al. A o | g - .
T S 0.1 [— 8 < Molecule Compact gﬂ Molecule —} Rt bS
Q8 T u A ] (coalescence) tetraquark (geometric) . )
o I -
(SR N2 L - $ -
v'; s o _ —
Nlg fF ¥ _#: - 107 =
q - = . | 4
al -~ 004 — — - .
fla Tk — || ] s i
b*:b 002 - . 2<y<4.5 | 1.5<y<4 | -5<y<-2.5 ¢ |y[<0.9
ak pp pPb Pbp PbPb
0 50 100 150 200
NVELO

wks  OC Charged particle multiplicity
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Prompt-production cross-section ratio a(x.1(3872))/a(y¥(2S)) at+/syy = 8 TeV.

The increase on the ratio can be due to:

1. Alarger relative suppression of the Y (2S5) with respect

to the exotic hadron.

2. An enhancement of the y.1(3872) in high density

medium. New theoretical results explain the behaviour

of the ratio through medium-assisted enhancement .

Clara Landesa Gémez
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4. Summary and outlook:
Quarkonia and exotic hadron production in pPb collisions at LHCb.

* So far, LHCb has measured the production of J /3 and Y(nS) at 5 and 8 TeV and the
production of Y (2S) at 5TeV.

* The prompt-production cross-section ratio (¥ .2)/0(x 1) has been measured at 8 TeV

» Measurements of charmonia and bottomonia in pPb show stronger suppression with respect to pp of excited states, with

lower binding energy. This effect is better reproduced by models with final-state effects.

» The prompt-production cross-section ratio a(x.1(3872))/a(y¥(25)) has been measured at 8 TeV. It constitutes the first

measurement of the exotic hadron y.1(3872) in pPb collisions.

Clara Landesa Gémez Hard Probes 2023 27
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1. Motivation.
Quarkonia production in heavy ion collisions.

In heavy ion collisions, in which high energy densities are
achieved, the formation of Quark Gluon Plasma is expected. EALICE, mdusive o S

| I L 205« y<4 Transport |[s,,, = 5.02 TeV (TM1, Du and Rapp)

_LH AA
~
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o
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Colour screening prevents heavy
flavour (qq) from hadronising
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Charmonium (¢c) and bottonium (bb)
suppression with respect to pp collisions. i 16 PN NTprt(TWDdRppj
T 12

This suppression is generally quantified by the nuclear modification factor: 08 T ERRRRETTRRRRRRISEY 3

c E i .
R d’ oaa/dydpr o 8 105 (Gevie)12

AA
dzapp/dyde
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2. The LHCb experiment.
More than beauty.

. . . 107 : : : :
pPb and Pbp collisions are asymmetric: 8.16 TeV pPb Other Collision Systems
ool ™ LHCb — LHCb 110 GeV
. « Je . 1 ATLAS/CMS HERA
there is a centre-of-mass rapidity shift et

105} ALICE Muon

Bl

Ay = +0.465.

« pPb1.5<y* <4.0= x ~ 1075,

102 ~
* Pbp -5.0<y*<-25=x ~ 1074 >
101} | ¢ — &
p Gas
Gluon saturated region (He,Ne, Ar...)
10~ 1075 10~ 1073 1072 107! 10°
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Binding energies

Clara Landesa Gémez

observed stable charmonium states are summarized in table 1 and the corresponding bot-
tomonium (b b) states in table 2. The binding energies AF listed there are the differences
between the quarkonium masses and the open charm or beauty threshold, respectively.

state Ne | J/¥ | X0 | Xt | Xe2 | ¥

mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69

AE [GeV] | 0.75 ] 0.64 | 0.32 | 0.22 | 0.18 | 0.05

Table 1: Charmonium states and binding energies

state i 3 Xoo | Xb1 | Xb2 4 iy Xbo X1 Xb2 g

mass [GeV] | 9.46 | 9.86 | 9.89 | 9.91 | 10.02 | 10.23 | 10.26 | 10.27 | 10.36

AFE [GeV] | 1.10 | 0.70 | 0.67 | 0.64 | 0.53 | 0.34 | 0.30 | 0.29 | 0.20

Table 2: Bottomonium states and binding energies

Hard Probes 2023
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J/W production at \/syy = 5 TeV and \/syy = 8 TeV.

J/y: The results are compared to HELAC-Onia
* Less suppression but similar trend to prompt measurements (higher event generator with different nPDFs:
suppression at forward rapidity and low pr). * EPPS16, EPPS16%,
« Compatible with the more recent measurements of B*production. « nCTEQ15.
WE T T T T T —+52—""""'{3"4¢D'at5 -+§2""""'b,'b""' N
1.8 LHCD Pbp 3 &=;gE LHCb pP 3 &’=;gE LHCb pPb/Pbp 4 Data E
. 7JEPPS16 ] & = 7JEPPS16 1 x| ]
F 35<y<-25 EPPS16* ; F 25<y<35 EPPS16* ; 2<p_<20GeVic EPPS 16+ ;
1-45_ —e—Nonprompt Jyp 7 1'45_ - Nonprompt J/xp_z 1.4 & Nonprompt J/TP—E
1.2F N | e = 1.2F - 1.2 -
E I'It%%ﬁ.'.‘:.w.'l’ F Ll o, | ] NG e ]
SRR ci || RV = | 2 S BT O G R = AT 2SN = ﬂillllll """""""" =
C 3 E 4 . mr‘ !r‘m'l ] C _— /I// IV
- — OTAEY Aﬂ'ﬂ . r [sunss! Al 5
ool 1 ot Bl T o LY, Yoo
0.4F 3 04F 3 04f =
02F = 02F = 02F 3
ob v v v 0] S U I R obt v v vy
0 5 10 15 20 0 5 10 15 20 —4 -2 0 2 4
p. [GeV/c] P, [GeV/c] y
B*, B° andA production
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Y production at \/syy = 8 TeV.

S 02E LA L N B EE L L I A L L :
= 0.18F LHCb —$— pPb, Pbp 8.16 TeV 4
o - e
* The (open 0. 16: _+_pp 8 TeV ]
s_() 14 -
beauty) in pp and pPb are compatible within S 0.12F | + E
uncertainty for backward collisions, but there is a ‘6 0.1F i#i+ + + E
S~ L i
small suppression at forward rapidity. o 0.08F ++ + -
— - e
= hints of different final CNM effects :88461 ]
affecting bottonium production \60'02 _ pT<25 GeV/c _
(): L 1 Ll | 1
—4 -2 0 2 4
y*
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