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Outline

* Observable : charge-momentum correlation (r.) amongst leading
hadrons in jets

 Kinematic variables : relative transverse momentum between
leading particles/prongs (k;) and formation time (t ¢,,,,)

* Predictions for EIC: flavor correlations (Phys. Rev. D 105, L051502)

* H1 Measurements (H1lprelim-22-032) :
* Subjets as partonic proxies in probing r.at different splits (prongs)
* r. for leading particles & prong kinematics

 Summary and Outlook
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Charge-energy correlations

Observable : charge-momentum correlation, I %/\“
"

» Correlations in momentum, charge and flavor \,?:b

» Leading(L) and next-to-leading (NL) AN

momentum particles in a jet
» h1and h2 are charged hadrons only

Noc : # Jets where L and NL particles
have same sign charges

c=
Ncc + ch' Ny :#Jets where Land NL particles
have opposite sign charges

— NCC _N(f

r

Phys. Rev. D 105, L051502
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Significance of r_

/”alternating” picture
Nee =0

Partonic final state
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~d Charge-neutral pair
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“random” picture :

~

no charge correlation

\Combine charge-neutral pair : d and d /

.

Nee = Neg

r.=0

/

I - is a measure of the fraction of “string-like hadronization”
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Kinematic varlables

-- ’ z = PnU/(PactPy)
P.=(1-z)P
Pn = 2zP

Formation time, = [22(1-z) P] / Kperp?

v’ Perturbative (t ., < ~1fm)
L and NL particles seem to separate after a very short time, which might decorrelate
their hadronization

v Nonperturbative (t;,,, > ~10 fm)
nonperturbative transverse momenta in the jet, k;, < 200 MeV. Going to longer t ¢,,,, Or
smaller k, leads to no new dynamics

* Formation time is time dilated.
* Itis sensitive to the perturbative-nonperturbative transition.
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107°
107"

1

[ ep@18 x 275
— Q%> 50 GeV?
10~/ |- anti-kt R=1.0
= ijet >5 GeV

10

102

10°
t form (fm)

Formation time

107"

Formation time (t, ) :
[2z(1-z)p] / k ;2
Small formation time :

Small z : perturbative region —
soft emission

' Large formation time :

K z=1/2 :nonperturbative
opp dominated
K, <200 MeV : intrinsically
10 10° 10° nonperturbative process
t, (fm)

Formation tome is sensitive to the perturbative-nonperturbative transition
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Charge-charge correlations with formation time

r. perturbative ?Cl’(” pezrg%rtlz/?tizlle * At early time de-correlations for wide-angle,
SN lFf(THIA szig) perturbative emissions.
0 region :ﬁ o K*
B P * There is strong flavor dependence in r,
* highly unlikely to produce same sign pp
or pp compared to pp
05 * more likely to observe two leading kaons

with opposite signs due to strangeness
conservation

o . °9086?é£

o
®esc0883d} $ §  Herwig and PYTHIA show distinct features

for pions and kaons at t;,,, < 10 fm
107" 1 10 10° 10°

t form (

fm)
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Charge-energy correlation with flavor tagging

In general, ¥ 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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(sea quarks make pair) Flavor correlations

9

m(du) K*(us) m(du) K (us) ﬂVith struck valance quark, L(m")

| . | _ NL(K *) is preferable for the
- simplest string breaking

between L and NL particles

Struck Struck o _
d | valance d | valance » From this naive picture one
| quark | quark expects I form-K* to be

stronger than thatof w*K?

mt(ud) K-(is) m*(ud) K*(us) /
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Difference in flavor combinations

Fe 4 ep@isx275
Q%> 50 GeV?
0.5F anti-kt R=1.0

Herwig
| (1% of 107'b)

10 20

30 40
p " (GeV)

Pythia HERWIG  _
H:nt H :Ke H izt H K
H:m,H:K'e H:rm, H K

———

i
i

PYTHIA
(1% of 107'fb)

0

10 20 30 _ 40
P (GeV/c)

T,Jet

o

* Correlations are much stronger for mK* than for m*K*in PYTHIA
* As princreases *K* correlations weakens whereas mK* strengthens
 Significant difference between PYTHIA and Herwig

~

J
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Measurements with available data and
future experiments
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Measurement of r_

/EIC (flavor) in future, Belle (flavor)
* 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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Belle can measure flavor correlations

1 03 arXiv:2204.02280
- k() T
IF 400 — H1,H2= . m EIC ep@18x275
L Sp o - LEP e'¢ Vs =91 GeV
NS }
S 'y e ° Belle e*e” Is = 10.52 GeV 0 -
@ AN N s
o~ ﬁ'g,-’b\ LN H,H; or HiH,
S +p o+ +y g+
200 _l#’.;.\\\ \l\\\ ;H1 H, or H,H,
|‘ ® \s:\ \\\:f - 05 -
pas Soe R ' = EIC ep@18x275
& < \ﬁ =~ T~ ~ = ~% + -
ol T~~~ « LEP e'e Vs =91 GeV
R |
0 - T 1T' ° Belle e*e” s = 10.52 GeV
0 20 40 60 80 20 40 60 80
tform (fm) t iorm (FM)
4 ™

* Belle t;,,,, peak appear early
* Belle might be mostly lie in nonperturbative region
L ° There is ongoing Belle effort to measure r.
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Measurement at H1

r. is measured for

v L and NL charged particles

v ng=1. (15t prong)

v ng=2, Ng=3, Ng=4, ....... (2"%* prong)
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r.for subjets

\

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

9/19/22

ﬂNL particles are strongly correlated witm
the hardest patron

* Prong structure represent the partonic proxy
* Charge of a subjet is the charge of its leading
particle

Using Recursive soft drop  -JHEP06(2018)093

AR5 ) P z min(p¢ 1, Pe,2)
Ry ’ Pt,1 + Dt,2

212 > Zcut (

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

- following hardest branch
/ Qynamic radius /
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Event selection and Jet reconstruction

ﬂchnical cuts : \

-30 cm < zVertex < 30 cm

45 GeV< E-pz < 65 GeV

DIS kinematics :

Q2> 150 GeV?

0.2<y<0.7

Jet Reconstructions :  (Lab frame)
Tracks and clusters : pr > 0.2 GeV/c
anti-kt R=1.0

Pret > 5.0 GeV/c
QS <Npjec< 1.5 /

9/19/22

-

v' The leading and next-to-leading constituents of
the jet are selected by their momentum along
the jet axis.

v' Both the leading and the next-to-leading

constituents are required to be charged (CTD
track)
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Jet

Constituents in Jet

anti-kt R = 1.0, prjet > 5.0 GeV/c, -1.5 < nqje¢ < 1.5 and L,NL charge tracks

— T T T N7
3 H1 Preliminary antikt R=1.0 = L] ' —_
S, 0.15F hh,-charge (DU 0.2 —|:|'1| Pre"mlnary antikt R=1.0 B g H1 PreliminaryI antikt R=1.0
:;& 1152 y : & o Data h,h,-charge — 01+ h.h,-charge _
-1.0< <I. AN N
= et E“ — Rgpgap A5<n <15 < 15<n, <15
- 01F Pre =5 CGeVie = - -.Djangoh Jet 5 P, > 5 GeVic
2 Q%> 150 GeV? % Prjet = 5 GeVic ;—_) Q* > 150 GeV?
> = 0.1 - 0.05[ .
= 02<y<0.7 Q%> 150 GeV? OData 02<y<07
- - —Rapgap
0.05 3 g:’%ap 0.2<y<0.7 - -Djangoh
- - - Djangoh o 0 0.5 1
- SNSYS pz
I I : lead
0 10 20 0 05 | - .
N o 3 H1 Preliminary o Data
const. in jet dR a, 0ol _ Rapgap
= ' - - Djangoh
é NS antikt R=1.0
. . . . . E > h;h,-charge
v Required two leading particles in jets to be charged > o1 A5<n, <15 -
. . . . * P, >5 GeV/c
v’ Djangoh and Rapgap reproduce the DATA distributions well e o
02<y<0.7
K / 0 0.5 1
pZn-Iead
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Measurement of r_ at different prongs

\

kLand NL particle get resolved in first prong (ng =w

L and NL particle get resolved in the second

Kprong (ng=2)

/

4 We will measure N\
v'r_for L and NL particles
v'r for ng=1. (1 prong)
v r. for ng=2, ng=3, ng=4, ....... (2"%* prong)
~ Y
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Prong R, and Z, distributions

H1 Preliminéry

c:é 0.1 antktR=1.0 -
— OO z2,4=02,p=1
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o jet
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1
3 antikt R=1.0 H1 Preliminary
8.0.15 2, =0.2,p =1
E\:— h;h,-charge
o -1.5<n <15
~ jet
k®) 0-1_ijet>5GeV/c ) 7
f—_’ Q@ > 150 GeVs
02<y<07 prong(ng)=1
0.05 © Data .
— Rapgap
- - Djangoh
| |
— | 1
g antikt R=1.0 H1 Preliminary
— 02_zcm=o.2,[3=1 _
_’CN‘_ ““| hh,-charge
< -1.5<njet<1.5
k®) Priot >0 GeV/c
2 Q%> 150 GeV?
>_
0.1Fo2<y<07 m
prong(ng)=2 © Data
— Rapgap
- - Djangoh
O | |
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9
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min(ps 1, pr2)
DPt,1 + D2

NL
..%(L) prong(ng)=1
1

NR=

212 > Zcut (

ﬁ ? — (L) ~
prong(ng)=2
Ng=2

R™ (NL)

(v R, of the 1% split is wider and A
relatively carrying small Z,
compared to the 2" splits

\_ J
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Correlating L&NL particles with prongs

n=1 n=2 < 6 _ min(pe 1, pr2) \

N=1, Zeu=0 Leadin 12 =
23_1 H1 Preliminary 107 and neit- Pt,1 ™ Pt,2
to leading AR19 P
-2 102 particles #12 = Zout ( Ry >
are not
-3 10 correlated First split with small z,,; = 0
4 are large angle soft radiations

n= 2, Z cut = 0
H1 PreI'iminaI:y
n=2
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Correlating L&NL particles with prongs

f(NL) (L)
n=1 n=2 ;: _nR=1

n= 1; Z =0
H1 Preliminary

n= 2, Zcut,=0
H1 PreI'iminaI:y
n=2

ng=1, Z.,=0.05 (10% jets)
| H1 PreI'iminaI:y

ng=1

H1 PreI'iminar'y
nR=2

2 3
1/R,

10

10

10

10

Leading and
next-to-leading
particles are correlated
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/212E

212 > Zcut (

min(p 1, Pe.2) \

DPt,1 T Dt,2

AR12\"”
Ry

First split with small z.,; =0
are large angle soft radiations

Small fraction of n=1 is in the
ng=1 class

. /
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Correlating L&NL particles with prongs

i(NL) : (L)
n=1 n=2 §§;EZ:: rh n=2 Ng=2 (NL __iﬂﬂﬂ(ptl Ptz)

n=1,

Z =0
H1 Prelliminally

n:=2; Zcm=0
H1 PreI'iminaI:y
n=2

ng=1, Z,=0.2 (36% jets)

H1 Prellmlnary

ng=1, Z,= 0.05, (10% jets)
N H1 Preliminar N
o 1 y a?_1
nR=1 10
) 5
_3 1 -3
-4 10 -4
0 1 2 31/R
g
ng=2, Z..~ 0.05(17% jets)
N, 4k H1 Preliminary N
= nR—2 an
10
_2—I )
-3r 1 -3
-4r -1 -4
5 3 10
1/Flg

|
ng=2, Z.,~0.2 (40% jets)

H1 PreI'iminaI:y
nR=2

102

10

~

212 =
Dt1 + Dt 2
ARm)ﬁ
212 > Zcu
12 £ ( Re

First split with small z.,; =0
are large angle soft radiations

Small fraction of n=1 is in the
ng=1 class

z.+ = 0.2 redistribute between
ng=1 class and ng=2+ classes so
that ng=1 would have sufficient
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et (iN/dt form
S

1/N.

[ ] [ ] [ ] NCC — NCE
r. with formation time r, =
C Ncc + N7
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. . ' . perturba‘nve non-perturbative
-_ H1 Preliminary _- -_ H1 Prellmlnary _- \o llﬂq T T, --- ---uq ™ ---uq ™ --,ﬂm
— \ - — v ok H1 Preliminary -
(hh opposite S|gn) }
- = - . Anti-ktR=1.0, z,, =0.20, B =1
- Data E i RAPGAP E %
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K/ Density of leading pairs in small formation time is mucm 1m| Pr:"g 2 E’m”g Ai Split 4 )
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. . . . . Q v o
v’ Large decorrelations is seen in r.at small formation time 5> ok - a- ﬁ* el | L
E
< . —#— %
(<1 tm) o . . £-0.51 '
v’ At large formation time r.is stronger for 2nd+ splits a = — l
st . 10~ 1 10 10 10 1
compared to that of 1% split t._(im)

v Rapgap and Djangoh values are comparable to data

—

I

—
<
(61
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/
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g 1 H1 Preliminary
Z (h h, same sign)
ZQ
1072 AR
Data DJANGOH RAPGAP .
Ohh, —hh, --hh, G
‘klﬁt Split — 1" Prong - - ¥ Prong —A—
1074 A2"" Split —2" prong - - 2" Prong
0 2 3 ' 5 —3 Data DJANGOH  RAPGAP
k| (GeV/c) k| (GeV/c) U Ohh, —hh, --hh,
/ \ —-0.6 } Y™ Split  — 1™ Prong - -1 Prong =
. . . nd+ . — nnd+ ron . . ond+
v 1%t split mean value is large k, compared to 2"%* splits A2 Split =27 Prong -+ 27 Prong
: : : o - -

v Small k, belong mostly in nonperturbative domain and T 05 8% A Ducon i
r.is large. Large k, are related mostly to early gluon o O%ﬁe L
splits and r is approaching to zero CE-G_O sl |

v Small k, corresponds to large formation time and 3 5 ; 5 3

. . St .
k stronger correlation observed in the 1 split / k (GeV/c)
(Error band : bin-by-bin corrections from two different MCs)
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T, jet

1N, dN/dp

r. with P et

Ncc—Nce

Ncc + NCZ'

| IH1 Prelimi.nary |

(Error band : bin-by-bin corrections from two different MCs)

. — . —_— 0.1
L H1 Preliminary - - H1 Preliminary - go 0
i (h1h2 same sign) i h1h2 opposite sign) l
10—3 . —_ - DJANGOH RAPGAP -
- ohh, i L —hh, - - hjh, -
Y™ Split — " Prong - - 1 Prong
| A2™ Split —— ] | — 2" Prong - - 2™ Prong —A— _
10 50 10 >0
Pr et (GeV/c) Pr et (GeV/c)
-0.5
S
©
a 0.5
v We see a slow decorrelations in r. with jet transverse Q 0
momentum. $0.5
©
Q
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Summary and Outlook

* The observable r, can probe dynamics of hadronization and the observables like
formation time and k, it sensitive to the perturbative-nonperturbative transition.

* Flavor correlations can be studied at EIC in details and tagging strange flavor is
sensitive to string picture of hadronization.

* r.is measured with formation time and k, using leading charged tracks at H1 for the
first time. Partonic correlations is made by measuring r_for subjets obtained from
recursive soft drop technique.

* r.for prongs are sensitive to the level of splits. We see r.is small in the perturbative
region and large in nonperturbative region.

e Rapgap and Djangoh follow the trend to the data and correlations are comparable.

* The correlations might be sensitive to fragmentation in medium (nuclear or hot
QCD). The observable might be sensitive to medium formed in heavy ion collisions.
Measurements are possible for LEP, BELLE, HERA, RHIC and LHC and EIC
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Yield (hh,) [a.u.]

Reconstructed Jets

anti-kt R = 1.0, prjet > 5.0 GeV/c, -1.5 < nqje; < 1.5 and L,NL charge tracks (Only the Ieadlng pTJet is used for the anaIy5|s)

1+ Hi Prellmlnary o Data - 'O 15HH1 Prellmlnary o Data C=Ui " H1 Prellmlnary
S Rapgap .ﬂ ) antikt R=1.0 o0 - Rapgap — | O Data
- == Djangoh rc?\l h,h,-charge - - -Djangoh E_'I 0 C e — Rapgap i
S antikt R=1.0 < 01k -1.5 <N, < 1.5 i < - antikt R=1.0 - -Djangoh §
h;h,-charge % Py o >5 GeVi/ 02 % - hj,-charge —0—
0.51 15<n <15 | > @ > 150 GeV - > | s<n <15
* 02<y<07 10°°F Jet =
P > 5 GeVic 0.05 . = P, >5GeVic
o Q%> 150 GeV? g socev: | e :
02<y<0.7 T 02<y<07
L | = J 1 . 10—3 N
0 2 4 6 ) 0 2 10 50
Niets L P 1 jet (GeV/c)

4 N

v Djangoh : Color Dipole Model + Lund string fragmentation and QED radiative corrections

v Ra Pgap : QCD matrix elements DGLAP based; with strongly ordered transverse momentum of
subsequently emitted partons, + Hadronization : Lund string fragmentation like Pythia and QED radiations

v’ Djangoh and Rapgap reproduce the DATA distributions well (reconstruction level)
- /
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Leading and next to leading particle kinemé\\tics

(o]
*® o Q%°>50GeV?
Lo anti-kt R=1.0

10~ 5 ijet >5 GeV

I R . K, = relative traverse
10 1

0 0.2 0.4
. momentum between H; and H,

z=1/2 :nonperturbative Kk, <200 MeV : intrinsically

dominated nonperturbative process
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space—time picture of hadronization

arXiv:1808.04619v2
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Figure 20: Hadron number per event as a function of time for 13 TeV pp collisions.
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