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> Content covered by this talk:

1- What we know from theory

2Z-Whatweknow liromexpeniment
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1-What do we know

from theory?

> The physics of quarkonia involves several energy scales:

(vaz)z < (va)2 < mé
kinetic energy momentum mass < .
interaction  (spatial size)"!  distance range for v = relative
time 00 creation velocity

> Nearly all approaches to describe quarkonium production...
*
*

*
... assume a factorisation between the production of the Q0 pair and its

hadronisation

» However, none of them is able to describe consistently experimental studies of
transverse momentum spectra and polarisation

Lidia Carcedo 15
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1-What do we know

from theory?

> Fragmentation Functions (FFs) are non-perturbative functions describing the
formation of hadrons from partons: e

fon i quarkonium @
parton i

» What distinguishes quarkonium FFs is the existence of the subset of scales, which
allows (applying methodology) to faotorlse them

\,, short-distance ooefflolents Wh|o_h LDMEs from |}
t describe the production rate of a Q0 pair

= Thus, the FFs for quarkonium are calculable up to a set of LDMEs

Lidia Carcedo 17



1- What do we know
from theory?

Gluon FFs into various cC[n]| statesat u = 2m,_

LO (o) JHEP11(2014)003
4

> Predictions based on LO calculations
showed a high discrimination power
among the various states

Z = fraction of the fragmenting
gluon’s energy carried by the cc

Lidia Carcedo 18


https://doi.org/10.1007/JHEP11(2014)003

1-What do we know
from theory?

LO+NLO (aq) arXiv:1810.04138
4t |
& 2
=
— [
Z 0
s |
N L
N =2+
z
a4l
-6 I
0.0 0.2 0.4 0.6 0.8 1.0

Z = fraction of the fragmenting
gluon’s energy carried by the cc

Lidia Carcedo 19


https://arxiv.org/pdf/1810.04138.pdf
https://doi.org/10.1007/JHEP11(2014)003

1-What do we know

from theory?

> JHEP11(2014)003 proposed an experimentally accesible observable.

» Considering that the cc pair is not produced directly in the hard scattering but is
produced within high-p; jet,
—> the cross section be factorised into:

a. Hard and soft functions describing the production of the cc|n] (+ other jets)
b. Fragmenting Jet Function (FJF) describing the non-perturbative

fragmentation of the cc[n] into the J/y

* Energy of the jet Ejer}:} further FFs @ matching

factorisation coefficients
(non-perturbative) (perturbative)

l

Diﬁ@(Z, U) = Z dieQQ[n](Za ﬂ)<@@[n]>

Lidia Carcedo 20

» FJF contains two scales:

* Hadron mass


https://doi.org/10.1007/JHEP11(2014)003

1-What do we know

from theory?

> Energy dependence of gluon FJFs . . -
! |

at three fixed z values

= fraction of the jet’s

energy carried by the J/y JHEP11(2014)003
22003 Z=0.5 Z=0.8
T —  0.019. I
003 f/ . 0018 0015~ —
0.030 | | 0.017 ¢ : ]
030, 10016 0.010 |
o1 [ I 0015 [
0.0251 | 0014 0005\
: | 0013 | |
0020 _—7 1 0012 L0000 b
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 20() 60 80 100 120 140 160 180 200
E (GeV) E (GeV) E (GeV)
g ] :
decreasing with L, ——> discrimination power

3 (8) . .
> and gagi increasing with L,

> Again, these distributions are evaluated from LO FFs, so the differences might be
washed away with NLO FFs
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2- What we know Irom

expermment

> A wide variety of measurements involving quarkonia exist since these states are
powerful tools to:

e Probe the gluon content of protons and heavy nuclei
o

e Investigate multiple-parton interactions (MPls)

> As in this talk we will discuss J/y isolation, we will center only on related
experimental measurements, which consist of a set of measurements of J/iin jets

Lidia Carcedo 23



2- Whatwe know lrom
expermment

Measurements of J/y/ in jets

Ref.

Phys. Rev. Lett. 118 (2017) 192001

Phys. Lett. B 825 (2022) 136842

pp (and PbPb)

Jet

R=05antikt

pt > 20 GeV

R = 0.3, anti-kt

20 < pt <40 GeV

Jw

J/Y:25<eta<4.0

J/p : pt > 6.5 GeV

CMS R = 0.5, anti-kt '
Phys. Lett. B 804 (2020) 135409 pp pt > 25 GeV J/@ : E>15 GeV; |y|<1 ’
D. Bjergaard, PhD thesis, Duke U., 2017. ATLAS R=04, anti-kt
Unpublished PP pt > 45 GeV J/W : pt > 45 GeV; |y[<2
8 TeV leta] < 2.5
PoS (HardProbes2020), vol 387, 072 STAR R=0.2 / 0.4 / 0.6, anti-kt
Unpublished pp pt >10 GeV J/g : pt>5 GeV; |etal <1
500 GeV leta] <1-R

There are ongoing LHCb and ALICE measurements

Lidia Carcedo

24


https://link.aps.org/doi/10.1103/PhysRevLett.118.192001
https://doi.org/10.1016/j.physletb.2021.136842
https://doi.org/10.1016/j.physletb.2020.135409
https://inspirehep.net/literature/1770891
https://pos.sissa.it/387/072

2-What we know Irom

CXPErIMmCEn
prJly)
Measurements of J/l// in jets Observable: 7 = : distribution
pr(jet)
z—0 z— 1.0
o I I >
Embedded in Isolated
high activity
0.3 — T > System: proton-proton collisions
I .Data (syst) --- DPS LHCb ] at \/_ =13 TeV
i (s =13 TeV |
0ol — LONRQCD - SPS Prompt < |»> Jets with p,(jet) > 20 GeV
o | — 1 |> Results for prompt-J/y show a softer
° ¢ _ trend than Pythia8 predictions (LO
I . NRQCD), which underestimate the
0= = 7 activity around the J/y
I N TN — Jly
0 0.2 0.4 0.6 0.8 1 C
z(Jy) Phys. Rev. Lett. 119, 032002 (2017) [backup]

Phys. Rev. Lett. 118 (2017) 192001
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https://doi.org/10.48550/arXiv.1702.05525
https://link.aps.org/doi/10.1103/PhysRevLett.118.192001

19.1 fb™ (8 TeV)

0.15

0 - CMS 0.40 <z <0.45
2-What we know Irom g | [ososicoss
° E 0.14 @ Data v BK FJF TOTAL
experlment @ + CHAO FJF TOTAL
g"\l). 0.135_ ................ U e
Measurements of J/i/ in jets w' e
0.12:— ............... -
, 0.15F '<'z'< | | |
Observable: self-normalized E;,,—dependence g oS  Os0mzeoss
in three Z intervals § 014 ¢ Daa v BKFJFTOTAL
‘2 g ¢+ CHAO FJF TOTAL } ......
. o 0.13F
> System: proton-proton collisions at /s = 8 TeV g
B o.12§—'
> Jets with p,(jer) > 25 GeV moF
. L. . 0.11 E—o
> Only FJF predictions using the BCKL (Phys. Rev. e | L |
Lett. 113, 022001) LDME set, based on p,(J/y) > 10 e  ECMS be0xz<oss
GeV data, matches data in the three z intervals 3 ol éom  vecmrroa
= - * CHAOFUFTOTAL . v
m Number of observed jets in g o
events with prompt J/y b
(p; > 10 GeV, 5| < 2) O
011?I||||I||||I||||I||||I||||I||||I
0 1 W2 60 70 80 90 100 110 120

Ee (GeV)
lela Carcedo Phys. Lett. B 804 (2020) 135409 26



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.022001
https://doi.org/10.1016/j.physletb.2020.135409
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Wihibouimecasuhcicno
PLOYIUCS

Collab,
Ref. system, Jet J/W
energy
LHCb R = 0.5, anti-kt
Phys. Rev. Lett. 118 (2017) 192001 pp pt> 20 GeV J/Y:25<eta<4.0
13 TeV 25<eta<4.0
CMS R = 0.3, anti-kt
Phys. Lett. B 825 (2022) 136842 op (and PbPb) 20 < pt < 40 GeV JJ : pt > 6.5 GeV
5.02 TeV leta] < 2
CMS R = 0.5, anti-kt
8 TeV letal < 1
D. Bjergaard, PhD thesis, Duke U., 2017 ATLAS R=0.4, anti-kt
| ‘Unpublished pp pt > 45 GeV Iy : pt > 45 GeV; |y|<2
8 TeV letal < 2.5
PoS (HardProbes2020), vol 387, 072 STAR R=02/0.4/06, anti-kt
UnpubliEhes pp pt>10 GeV JJw: pt>5 GeV; |etal <1
500 GeV letal <1-R
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ISOLATED

high p(J/y)
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\/\/_r_l:ll OUINHCASUTCINCIAD

NOT ISOLATED
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high p(J/y)

singlet
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\/\/_r_l:.ll OURNCASUICIICII

Actual pr(J/y) coverage: 0.3 < p(J/y) < 20 [GeV]

> But that’s notall! We plan to...

> Provide the cross section for isolated J/y in bins of p(J/y)
» Study how the results differ depending on the size othhe considered region

around the J/y

Lidia Carcedo
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What complementary information could be useful?

Isolation measurements of other quarkonium states

Isolation measurements in other LHC experiments at higher p;, where the
theoretical interpretation of the results is easier

Would it be interesting to perform this kind of measurements at EIC?

Lidia Carcedo
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4 - Challenges and our'strategy
for'J/wasolation

4.1-How to define isolation?
Lidia Carcedo 33
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ey, P(J )
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4 - Challenges and our'strategy

for'J/wasolation

Challenge: hadronic collisions are
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» Apart from the particles produced in
the hard interaction, additional
particles arise from other processes
and give rise to what is known as
Underlying Event (UE)
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4 - Challenges and our'strategy

for'J/wasolation
Challenge: hadronic collisions are prleading
busy environments particle

» Apart from the particles produced in
the hard interaction, additional
particles arise from other processes
and give rise to what is known as
Underlying Event (UE)

A

» The UE must be studied in a

data-driven fashion .
» Model dependent
> Not completely well reproduced
by any model -3
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4 - Challenges and our'strategy

for'J/wasolation
Challenge: hadronic collisions are prleading
busy environments particle
> Apart from the particles produced in N
the hard interaction, additional VAN AD = Prending — Pother
particles arise from other processes Vo1
and give rise to what is known as

Underlying Event (UE)

» The UE must be studied in a
data-driven fashion
» Model dependent
> Not completely well reproduced
by any model

How can we
proceed?

> A well stablished procedure of characterising UE s
is by taking the regions 7TRANSVERSE in ¢ to the
direction of the products of the hard interaction
JHEPOA4 (2020) 192 arXiv:1110.5530

Lidia Carcedo 44


https://doi.org/10.1007/JHEP04(2020)192
https://doi.org/10.48550/arXiv.1110.5530

4 - Challenges and our'strategy

for'J/wasolation

Lidia Carcedo 45



4 - Challenges and our'strategy

for'J/wasolation

> Instead of taking only a cone around the J/y, we can construct 3 cones:

(x,y) — plane

z (beam axis)

Lidia Carcedo 46



4 - Challenges and our'strategy

for'J/wasolation

> Instead of taking only a cone around the J/y, we can construct 3 cones:
» TOWARD (TO) cone > Naxis = NJw) and @,.c = P y)

(x,y) — plane pr(Jy)

TOWAR

¢axis,T0 —

z (beam axis)
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4 - Challenges and our'strategy

for'J/wasolation

> Instead of taking only a cone around the J/y, we can construct 3 cones:

» TOWARD (TO) cone > Nxis = N W) and @, = (U )
» TRANSVERSE (TRANS) —— 1,y = N(J/y) and ¢,;; = ¢(J/y) * 7/2
cones
(x,y) — plane pT(J /w)

¢axiS,T— - ¢J/l// - 7[/2 - ¢axiS,T+ — ¢J/l// + 71'/2
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4 - Challenges and our'strategy

for'J/wasolation

> Instead of taking only a cone around the J/y, we can construct 3 cones:

» TOWARD (TO) cone > Nxis = N W) and @, = (U )
» TRANSVERSE (TRANS) —— 1,y = N(J/y) and ¢,;; = ¢(J/y) * 7/2
cones
(x,y) — plane pT(J /w)

only UE only UE

¢axis,T— — ¢J/l// — /2 o ¢axiS,T+ _ ¢J/l// + 7/2

Z (béam axis)

Lidia Carcedo
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4 - Challenges and our'strategy

for'J/wasolation
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4 - Challenges and our'strategy

for'J/wasolation

QLA sTEP2

» For each cone:

i) Take all reconstructed charged particle tracks within a distance

r= \/(naxis o ntmck)z + (¢axis o ¢track)2 <R=0.5

ii) Compute the sum of their transverse momenta
sPT(cone) = Z | pr| (i track)

Lidia Carcedo 51



4 - Challenges and our'strategy

for'J/wasolation

» For each cone:

i) Take all reconstructed charged particle tracks within a distance

r= \/(naxis o ntmck)z + (¢axis o ¢track)2 <R=0.5

ii) Compute the sum of their transverse momenta
sPT(cone) = Z | pr| (i track)

* The J/yis notincluded in the TO
cone, it’s just the axis

Lidia Carcedo 52



4 - Challenges and our'strategy

for'J/wasolation

STEP1

Lidia Carcedo 53



4 - Challenges and our'strategy

for'J/wasolation

ster1 | ster2 [CEIR

» Estimate the UE contribution to sPT(TO) as

<sPT(TRANS)> = average of sPT over the two TRANS cones,
determined individually for every event

Lidia Carcedo 54



4 - Challenges and our'strategy

for'J/wasolation

STEP1 STEP 2
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4 - Challenges and our'strategy

for'J/wasolation

STEP1

STEP 2

> Define isolated J/y as those which fulfil

Lidia Carcedo

Our estimator for UE
contribution to the TO cone

o0



4 - Challenges and our'strategy
for'J/wasolation

4.2 - Studies made on MC
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4 - Challenges and our'strategy

for'J/wasolation

» Even though Monte Carlo (MC) models for UE don’t completely reproduce data,
we can use MC to test the proposed strategy

> Also, for our study case, having a MC sample where we can distinguish if the J/y
was produced by the hadronisation of a singlet or ectet state is very interesting:

a) Produced via singlet = cc doesn’t radiate = J/y is produced in isolation

b) Produced via eetet —> cc¢ needs to radiate a number of soft gluons to

neutralise its color = a shower can evolve = J/y embedded in hadronic
activity

Lidia Carcedo 58



4 - Challenges and our'strategy

for'J/wasolation

> We have produced MC samples using HELAC-Onia + Pythia8 with the J/y being

produced via singlet and octet PrIw)

» And we have constructed the 3 cones
presented in the strategy

» Particles considered inside the cones
e Charged final-state particles

e pr > 200 MeV & TRANS ~ TRANS N
ep > 2 GeV | |
e2<n<>

» We will be showing plots at
generator-level (no detector or reconstruction effects)

» More details on how the simulation was produced in the backup and here

Lidia Carcedo 59


https://gitlab.cern.ch/lcarcedo/runsim

4 - Challenges and our'strategy

for'J/wasolation

> sPT(TO) in three p;(J/y) bins
SPT = ) ||

LOWEST INTERMEDIATE HIGHEST

300 < pr(JIy)[MeV] < 2500 10 < pr(JIp)[GeV] < 12.5 25 < pr(JIw)[GeV] < 30

0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000
sPT(TO) [MeV] sPT(TO) [MeV] sPT(TO) [MeV]

> At high p(J/w) we observe sPT(TO,singlet) < sPT(TO,octet)
> At low p(J/y) differences are not so clear

Lidia Carcedo



4 - Challenges and our'strategy

for'J/wasolation

> <sPT(TRANS)> in three pp(J/y) bins
SPT = ) ||

LOWEST INTERMEDIATE HIGHEST

300 < pr(JIy)[MeV] < 2500 10 < pr(JIp)[GeV] < 12.5 25 < pr(JIw)[GeV] < 30

-O= singlet

= OCtEt

0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000
<sPT(TRANS)> [MeV] <sPT(TRANS)> [MeV] <sPT(TRANS)> [MeV]

= Small differences, which is what we expected

if the oetet radiation doesn’t contaminate the
THANS cones

Lidia Carcedo 61



4 - Challenges and our'strategy

for'J/wasolation

sPT(TO) — <sPT(TRANS)>

> O —
sPT(TO) + <sPT(TRANS)>

Lidia Carcedo
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4 - Challenges and our'strategy

for'J/wasolation

sPT(TO) — <sPT(TRANS)>

> O —
sPT(TO) + <sPT(TRANS)>

>

' notisolated

Lidia Carcedo 63



5 - Conclusions

>
> Provide additional information to help disentangle the importance of CS and
CO contributions
> Extend the use of quarkonia to TMDs in hadroproduction

dWhat do we know from theory?
> A full calculation of NLO FFs is needed to clarify if the proposed observables
are useful to disentangle the production mechanism

Measurements of J/y in jets with z = p(J/w)/p(jet) provide, atz = 1,
information on isolated J/y at high p(J/y)

Extend our knowledge to lower p(J/y)
Establish a possible procedure to future quarkonium isolation measurements

Lidia Carcedo






ST IO

» The simulation was produced with:

» Helac-Onia v2.7.6
o Compute kinematicsof g + g — 65[25+1LJ(C)] + 8
> Pythia v8309 (with (4§ settings)

o Evolve cE[zSHLJ(C)] to the physical J/y

o Decay J/w — utu"

© Include all the processes giving rise to UE
© Hadronisation

> This is a generator-level MC (doesn’t include reconstruction effects)

Lidia Carcedo
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https://gitlab.cern.ch/lcarcedo/runsim

> Multiplicity of the TO cone in three p,(J/y) bins

|_, Charged final-state particles with p > 200 MeV,
p>2GeVand2 <y <3

LOWEST INTERMEDIATE HIGHEST

300 < p(JIw)[MeV] < 2500 10 < p,(J/w)[GeV] < 12.5 25 < p(JIW)[GeV] < 30

-O= singlet

== octel

2 4 6 8 10
N (TO)

> At high p;(J/y) we observe N_,(singlet) < N, (octef)
> At low p(J/y) differences are not so clear

Lidia Carcedo 6/



Underiymgyent

...7'.“’

Lidia Carcedo
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Proton + PDF
Initial state

Hard process

PS + Hadronization
Hadron decay
Photon radiation

Underlying event
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VCASUTCIICILS!

VIOYCEONPIOMPLY/I/ANYCLS

PoS (HardProbes2020), vol 387, 072

0-7 R LI I rrri I LILELIL I LI I rrri ' LI I LI I LRI l_
- ptp, /s =500 GeV, L, =22.1pb’ ]
a 0'6:— Charged jets, anti-kT, R=04, |nj“|<0.6 —:
VI 0.5 pjTet >10 GeV/e, p:h" >5GeVie -
N C i
2w R ]
= o -~ STAR Data Ny
Slo 04C 7
s Pythia8 inclusive J/y -
o Z : ]
Elo 03[ 7
2|0 L i
* o, w4
£ °% 7$L1$L79} :
= C i
z C ]
0.1 STAR Preliminary i
I l I 1 I | 5 T I Lt I | ] 8 I ]

8 B O 5 0 6 0 7 08 09 1 } /\; 1 2
jet
z (p./p)

> No significant
dependence
> More statistics
> Less isolated than
PYTHIAS8 predictions

» Point at z = 1 represent
events where J/y = jet

Lidia Carcedo

1/N dN/dz

Phys. Lett. B 825 (2

022) 136842

pp 302 pb™ (5.02 TeV

U 0O
=
)

rompt J/y
,>65GeV

<p <40GeV
.| <

jet
—o— Prompt data

——— Prompt PYTHIA8

W T
o—l

————— Nonprompt PYTHIA8

Il|lIIlIIIIIlIIIIIIIIIlIII

L
- ———
ol v b b b b b
03 04 05 06 07 08 09 1
Z

» Similar to LHCDb results

» Peakatz =~ 0.5
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D. Bjergaard, PhD thesis, Duke U., 2017.
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. Gluon Fragmentation Improved PYTHIA (GFIP):
. Hard gluons produced in the short distance process with virtuality of order E,,, are

: allowed to shower until a gluon with virtuality ~ 2m, and convolution with LO-NRQCD
E FFs to obtain J/y distributions

. FJF

. Combine FJFs with hard events and evolve FFs from 2m_to E,,

Better agreement than default PYTHIA
High—pr LDME sets better agreement
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