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Outline

e Jets and access to the dynamics of hadronization
* A charge-energy correlation
e Simulation study for electron-proton collisions at the EIC

* Measurements in current experiments hadronization of jets in
wide range of collision systems

* Summary
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Jets and access to the dynamics of hadronization

ﬁets are collimated streams ch

Parton shower evolution +

nonperturbative gluon splitting ,
particles
) 14
A e 0 . . .
T Dynamics of hadronization can
220, # be studied through correlations
> A among particles in a jet
“ +
> Tt Leading and next-to-leading

particles — nonperturbative in

| ..
Hadronization &rlgm /
(nonperturbative)
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New charge-energy correlation

Observable : charge-energy correlation, I, Je

» Correlations in momentum, charge and flavor
» Leading(L) and next-to-leading (NL)
momentum particles in a jet

N N .- Noc : # Jets where L and NL particles
r = CC — 'VccC with same sign charges
¢ Ncc + NCZ' Nz :#Jets where Land NL particles

with opposite sign charges
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Ncc — Nce
Ncc + NCZ'

N (o N

“random” picture :

Significance of 1, =

/”alternating” picture :

Nea Ch tral pai
arge-neutral pair .
ro=-1 ll 5 P no charge correlation
Neo = Neg
_ r.=0
Partonic final state . u and u <

KCombine charge-neutral pair : d and d / \ /

I - is a measure of the fraction of “string-like hadronization”
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Correlations using PYTHIA and Herwig

-z I
Event Generation : PYTHIA 6.428

EIC: ep@18x275 Herwig 7.1.5

Q2 > 50 GeV?
\ /

7 lets: )
anti-k;R=1.0  pyp, > 0.2 GeV/c
Prjet > 5 GeV/c  -3.5<n,<3.5
-2.8 <Nj <2.8

.
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Leading and Next to leading particle kinematics

anti-kt R=1.0

ijet >5 GeV

0% 052 o2 0 05 1 15 2 K, = relative traverse
z k1 (GeV)  momentum between H, and H,
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Formation time

ﬂ:ormation time (tm): \

E 107 ( H*H;’ or H'H, )
L 1 1" 2/ 4 2
; __ [22(1-2)p] / k,
T107° .
% | Small formation time :

Small z : perturbative region — soft emission

S sn-5 .
Z 107 Fep@18 x 275 .
T - Q2> 50 GeV? _ On* Large formation time |
107 L anti-kt R=1.0 Lok oK* z=1/2 : nonperturbative dominated

k <200 MeV :

Qtrinsically nonperturbative process /

Opp

- ijet >5 GeV

107 110 10° 10° 40" 1 10 102 10°

(fm)

t form

t ¢orm 1S LOrentz dilated and observed in lab frame
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Charge-energy correlation with formation time

perturbative non perturbative
( ky<200 MeV )

transition PYTHIA Herwig
[ ]

it ot

region ok* o K*

o . .G|85?$i
"ooeeesgéé$§

ﬂc early time de-correlations for wide-ar%
perturbative emissions.

There is strong flavor dependence in r,
* highly unlikely to produce same sign
or pp compared to pp

* more likely to observe two leading kaons
with opposite signs due to strangeness

conservation

for pions and kaons at t;,,, < 10 fm

Qerwig and PYTHIA show distinct featur
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Charge-energy correlation with k;

0.5 T T T T .
re ep@18 x 275 | PYTHIA Horwig '% / The correlation decreases as K \

Q°>50 GeV? * . 0 7}2 increases on the scale of 1-2 GeV.
ol 2RO s 1 B | | = The description require both
p_~ >5GeV _O_-o-=9='°' . .
r +++# o perturbative and nonperturbative
L e - °'_O_.o.° inputs.
- —e— -O-O-"Q'-¢- . .
_0.5F *i+# 4L H, |  Detailed comparison of data and
I = o= event generator output will help
. - clarify the degrees of freedom
1 1 : necessary to provide a satisfying

I R R 11 \ picture of hadronization
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Charge-energy correlation with hard scales

r 0.5 —— | I | |
¢ ep@18 x 275 Herwig PYTHIA
Q2 > 50 GeV2 ot o tt
ol antiktR=1.0 1L oK « K* _
jet o pD e pp . . .
p,~ >5GeV ) PP Extraordinary scaling with
© O, <
| +922RRTTT2ee T 44| [FRI02222229022922220208 hard scales of the process, Q?
0.5} oopis] i 1. | and the jet transverse
o2 [®.0-0-0-0-0¢ -0-0-22022-0-
LA | IR momentum p;
+ SO g K /
—¢ @ I &l
il ol L ] ] ] |
10 10° 10 20 30 40 50

Q% (GeV?) p*' (GeV)
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Charge-energy correlation with flavor tagging

In general, F shows strong flavor dependence and we explore
further the utility of strange flavor tagging :

Case-l (L:m- NL:K?)
Case-ll (L:m* NL:K?)

Strange Jet Tagging
Yuichiro Nakai, David Shih, Scott Thomas
arXiv:2003.09517
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Flavor correlations

R\ g— B _ = >/
m (c‘z’u) K *(us) n"(c‘fu) K-(us n*({,:d) K-(us) n"‘(‘u‘ ) K*(us)
s / S / 5 y}g/s
Struck Struck Struck Struck
d | valance d | valance u | valance u | valance
| quark | quark | quark | quark
" With struck valance quark, L(mr-) NL(K *) is preferable for the simplest )
string breaking between L and NL particles
» From this naive picture one expects rc form-K* to be stronger than
\_  thatofm*K* /
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Difference in flavor combinations

e 4 ep@igxars | 1 [ pyhia HERWIG
Q° > 50 GeV? {» « Hiin*, H,: Ko H,:nr, H,: K*
0.5 anti-kt R=1.0 + 4 0.5]° Hiim, H:Ke Hiim, H KD
+ 44 '
ok _o_-o—o-'°' .¢.+ ok _.__.__._—0—_,,_—+—+
_05_-0-0- | -0- .o_¢_¢.+ +— _O 5_ T ————— —— 1 % _+_
Herwig T + Tl PYTHIA
_1 (1% of 10°'tb) i 1 (1% of 107'fb)
10 20 30 40 0 10 20 30 G <1/(/)
p_ P (GeV) Pr ot (GEVIC)

* Correlations are much stronger for mK* than for m*K*in PYTHIA A

* As pyincreases m*K* correlations weakens whereas K* strengthens
 Significant difference between PYTHIA and Herwig

)
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Measurement of r_

KEIC (flavor) in future, Belle (flavor) \

e Charge correlations at LEP, H1, RHIC, LHC

* An early impactful measurement at EIC :
» Detector smearing does not affect this
observable in a significant way
* Unique Opportunity at EIC :
» RHIC and HERA has limitations to identify
rand K at high momentum

» Particle identification requirement
\ (~10 GeV/c for m/K in central region) /
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| | |
True

« Hint H K
« Hin,H K

EIC smear N
o Hi:n*,H K"

o Hyim, HI: K

2 4

=1

——3—
:9:=°= _+_

RS

PYTHIA- ep@18x275 (EIC)
(1% of 10 fb) —o—
Q2 > 50 GeV? anti-k; R=1.0

0

|
10 20 30
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Belle can measure flavor correlations

=~
- ) '
I1— 400 | H1,H2= - EIC ep@18x275 -
L o« « LEP e*e ¥s =91 GeV
]
o ,"‘ R ° Belle e'e” Is = 10.52 GeV —
D l, \ Lt Uy
>_ |g'r 4 ‘l\ \ . H1H2 or H1H2
IL \ S +, +,
o MG H;H, or H,H,
200 [ "y L
pa \\..\\ ... R . m EIC ep@18x275
< Q_N =~ T -
RSt « LEP e'e s =91 GeV
= ~o-__:‘:‘:—_‘—‘:‘:g
0 == 1T' ° Belle e'e” fs = 10.52 GeV
0 20 40 60 80 50 40 60 80
t, . (fm) { torm ()

* Bellet;,,, peak appear early
* Belle might be mostly lie in nonperturbative region
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Subjet structure

n=1
%.\ NL(or L)

Kand NL particle get resolved in first prong (n 1)

mﬁ@j_uor NL)
%1\ NL(or L)

L and NL particle get resolved in the second
prong (n=2)

3/9/22

= =)
L(or NL)

- following hardest branch
/ - dynamic radius

* Confronting the nonperturbative origin of L
NL particles with perturbative splittings

* L, NL particles are strongly correlated with
the hardest patron in Pythia and Herwig

* Prong structure represent the partonic proxy

Using Recursive soft drop
ARm)ﬂ
Ry )

min(pt,l ) Pt,z)
Dt,1 + P2

219 =

212 > Zcut (

- Anti-kt R=1.0 and C/A de-clustering tree

_/

CPHI-2022-Mriganka M Mondal 17




Resolved prong (ng) and r. — with 7;

r. 1 ¢ L2 NL oartic] ﬁThe correction can be measured withﬁ
. particle

+  prong n=1 (L & NL resolved) jet sub-structure framework.

« prong n=2 (L & NL resolved)
0.5 prong =2

* Possible prediction from perturbative

p=1,24=0.2 calculation in some kinematic region

e Medium included modifications in
hadronization :
o r.—eA (cold nuclear matter)

\ o r.—AA (hot nuclear matter) /
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Summary

* A charge-energy correlation observable, r_is introduced to study
hadronization using two leading particles in jet

* Significant differences in r. observed for various flavor combinations

* Flavor-tagged data would have significant impact on the knowledge on
string fragmentation inspired models

* r. for different flavors can be measured at EIC very precisely and
measurement is being made in some current experiment like H1

* [t requires the measurement r_in different collision systems and
environment for better understanding of hadronization dynamics.
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Formation time

—{700 ><1Q6
o &) @  —e— Pythia:n*
. 41— —600 O P —e— Pythia : K*
5 A § —— Pythia:pp
| o) 0.06} \ -e - Herwig:n*
500 S~ \ - e - Herwig: K*
3+ L] \' _ e - Herwig : pp
—1400 )
T 0.04
o2+ 300
: 200 0.02
1
100 o
1 IR ETIT IR ETIT EEEETIT MEEEETIT
T 0 10" 1 10 1Q2 15)3
-2 -1 2 -
10 10 1 10 10" (fm) Teorm (€rmi

Tiorm < 1fm : L and NL particles seem to separate after a very
short time, which might decorrelate their hadronization.

Ttorm = 10 fm (K,er,< 200 MeV) : nonperturbative transverse
momenta in the jet, and we don't think that going to longer
Tiorm OF sSmaller k..., leads to new dynamics

e 2= Py /(Py+Py)
P =(12)P

perp
Pn. = zP

Important region to study in data ;.= "a few P,
fermi" and "a few dozen fermi", Kyer, = “a few Formation time = [2z(1-2) P] / Kperp?

GeV t9/93?veral hundred MeV CPHI-2022-Mriganka M Mondal 21



Event

acceptance in x-Q?

Event Generation : Pythia 6.428 Jets : anti-kt R=1.0 particle pr > 0.2GeV/c
Herwig 7.1.5 Jet pr > 5GeV/c particle |eta| < 3.5
Q2 > 50 GeV Jet |eta] < 2.8

le) - Pythia-6.428:eP@18x275 I z 0 i
B 2 2, = -
- @ ;?qo ?ZV ;0. O<5yo<c; 0 = * £ o5 6 Angle between LNL |
antkt P, > _ 103
- = + 310
particle : P, >0 2 GeVe; —= 10* Z PN'—/(PN'— PL) .
103 L, NL partlcles char ]
- 10’ 102
2
10 — 10
- . - 10
B 1 11 1 ||| 1 1 1 11 1 ||| 1 1 1 11 1 11 1
-3 = - . . . 1
10 102 107 o 116
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Jets at Belle and LEP

Using PYTHIA-8

BELLE initialization at Upsilon mass. LEP initialization at Z0 mass.
pythia.readString("Beams:idA = 11"); pythia.readString("Beams:idA = 11");
pythia.settings.parm("Beams:eA", 7); pythia.settings.parm("Beams:eA", 45);
pythia.readString("Beams:idB =-11"); pythia.readString("Beams:idB =-11");
pythia.settings.parm("Beams:eB", 4); pythia.settings.parm("Beams:eB", 45);
double mZ = pythia.particleData.m0(553); double mZ = pythia.particleData.m0(23);
pythia.settings.parm("Beams:eCM", 10.52); pythia.settings.parm("Beams:eCM", 91.0);
R=0.8 1 — cosb;;

dij = min (Ei_27 E-_2)

U

fastjet::JetDefinition
jet_def(fastjet::ee_genkt_algorithm, 0.8, -1); dig = E;2,

1 — cos Ry




r. can be studied for fragmentations in other systems

pr (particles) > 1.2 GeV/c
{5 = 200GeV AUuAu pp

o 0.5 pt hard>15, pt_jet>10 | O ni ° Tci

anti-kt R=0.6 o K& o K&
et @) pﬁ [} pﬁ

10 20 30
plft (GeVlc)

* Modification in cold nuclear matter(eA, pA) and hot nuclear matter (AA) — sPHENIX & STAR
 Measurement at BELLE and LEP

3/9/22 CPHI-2022-Mriganka M Mondal 24



(PYTHIA-6.428) ep@ 18x275, Q% > 50 GeV/c, anti-kt R=1.0, py,e; > 5 GeV/c

Recursive subjet : f=1, z_,= 0.1

x107° ] x10° %107 x10° x107° 183

Inclusive N N F n=2 -
0.1 500 ;
—0.08
0.06
0.04
0.02

05115 2 25 3 35 4 b 05 1 1.5 2 25 3 35 4 05175 255 335 4

In(1./6) In(1./6) In(1./6)

n=1 : wide angle soft radiations
n=2 and higher are relatively harder splitting and narrower in angle
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Resolved prong (ng) and r

Q ) _ _
) i - S o.03- —o— re :B_lr Zou= 0.1
- 10 ie] o+
2 0
> > —0— —o—
0-02_ —O—_O_
5- = e -0.5F
0.01 —o— B
—0— S _1_
ok [ | 0 [ 1 [ | [ | o001 [ [ [ [ | T I A NN N NN N N B
1 23 4 56 7 8 9 1 23 4 56 7 8 9 1 23 4 56 7 8 9
prong number (resolved) n prong numner (resolved) n prong number (resolved) n

e For =1, z.,=0.1 ~20% of CC and 20% of CC pairs get resolved in the first prong
* The average r. changes changes sightly depending on prong numbers where it get
resolved
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