.
‘\\\‘ Stony Brook G\ |
Witiversity 2oz Gnter o Frontr

BB’ (H)*'+ (- /&, +-,['S+O&H [ $+
1#")208+2*""&OH)*"

Mriganka Mouli Mondal
CFNS, Stony Brook University

arXiv:2109.15318 : Probing hadronization with flavor correlations of leading particles in jets:

Y.-T.Chien, A. Deshpande, M. M. Mondal, G. Sterman



https://arxiv.org/abs/2109.15318
https://arxiv.org/search/hep-ph?searchtype=author&query=Chien%2C+Y
https://arxiv.org/search/hep-ph?searchtype=author&query=Deshpande%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Mondal%2C+M+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Sterman%2C+G

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

particles

"HSUR(Vb) H *+%,-.%&
&U&OHS-#1" +8,-%&0,34&2

| ¥ Dynamics of hadronization can

be studied through correlations
among particles in a jet

Leading and next-to-leading
particles — nonperturbative in

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

Observable : charge-energy correlation, ' |

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

Nee 56768*$'6)(*#4696"&:6;960"#.<,*'666
| )3$(6"'=*6'32&6<("#2*"

Ly #1,p Noz 56768%$'6)(*#+696"&:6;960"#.<,*
" )3$(6%00%'3$*6'32&6<("#2*"
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Significance of 1, =

Partonic final state

/0% %&' $

KCombinecharge-neutral pair : ¥ (1)00) /

-

“random” picture :

\_

~

no charge correlation

/

|, ¥20(03"(245"0&60$7"065(8%*& 08 BOUDEHBE!*: ($*&!<
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Correlations using PYTHIA and Herwig

-z I
Event Generation : PYTHIA 6.428

EIC: ep@18x275 Herwig 7.1.5
Q"> 50 GeV*
\ /

7 lets: )
anti-kgR=1.0 pg.«>0.2GeV/c

pg>5GeV/c -3.5<#, .<3.5
-2.8 <# (1 <2.8

.
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Leading and Next to leading particle kinematics

= H'erwigi P .
o TT* o TT Al
S 10 o K* . K )
= o pp - p
S oo**
RS R s
ZI 10_1 880 0’::‘. : 88
) R oz &
Z.‘ﬂl 1072 .eaooc ep@18 x 275 & ++
4 = Lo . ;° o Q?>50GeV? zx_._
* o -O-
] 6 anti-kt R=1.0 m e
10 P > 5 GeV
&dd T
5|11 1 1 1 1 1 .
107, 02 04 0 05 1 15 2 % = relative traverse
) ‘ K1(GeV)  momentum between H and Hy,
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Formation time

ﬂ:ormation time ( !"pug0 \

e 1 + o\
€10 (H H; or H H;
S 1 ] 0! 1\ % 1"
= ) 1"#$ %6&'()*)+
\§:10! 3 7
_CZ3 | "#P & H#(&)*("+*,
. l W Small z : perturbative region — soft emission
=10 °F ep@18 " 275 - | PYTHIA Herwig {3\,
-~ - 02 > 50 GeV? Lo o H# A& H(&)* (" +,
107 - anti-kt R=1.0 | o K oK* z=1/2 : nonperturbative dominated
b Bs s Gey . ||, <200 MeV :
— P - ® pp PP Qtrinsically nonperturbative process /
19
10 10! 1 10 10?2 10° 11 2 100
¢ (fm) 10 1 10 10 10
form t form (fm)

&.1+is Lorentz dilated and observed in lab frame
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Charge-energy correlation with formation time

perturbative non perturbative
( ky<200 MeV )

o PYTHIA  Herwig
transition o o &

region ok* o K*

] ..0.29

9, .G|85?$i
..0666988§6$¥

F$6'#,?6.:*6:* @Y%t " Y% & BAYHER S *

O*#$-#1".+*6*=3"3%&'C6

Yo #EIBS/0=0"#*.6$% 6110

<%&"*#+".%&6
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| H*#)326"8:6/IDHI>6'(%)6:3". &<$6A*"$-#*

i

:60(
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Charge-energy correlation with k;

Fe O co@iaxbrs  PYTria H'erw.g' | / D(*6<b##*," Y&E:*<H*"+'6 "'.GN\
Q°>50GeV* + % 3&<H"BY&EH(*6'<" *GEDIBRBEQCE
o HR=LO Do | o 0@ | D(*6:*<#30.%&66#*R-3#*61%3$(6
ProZSGeV 4 # O*#$-#1".+*6" & 6&Y0 &0 HS-#1".+*6
e - o 3&0-$'C6
o8k sl w% H, | S*$"3,%:6<%=0"#3'%&6%A6:"$"6"8,
s * 4+ 862+ &AH"$Y#6%-$0-$6)3,,6(%,
- - <, "HIAPBS(*6: ¥ 24+ Y ABAH*: /o=
T | oo - &H < HI6SY60HY0+3:46"6" 'A?382

| | | ! I | | | \ O3<$-#*6%A6("#%&3T"%&
o 05 1 15 2 0 05 1 15 2

k1 (GeV) k) (GeV)
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Charge-energy correlation with hard scales

r 0.5 — | I I I
¢ ep@18 x 275 Herwig  PYTHIA
Q2 > 50 GeV2 ot o it
ol antiktR=1.0 1L oK « K* _
jet o pp e pp . . .
p ' >5GeV ) PP Extraordinary scaling with
o .o..o. .¢. mnmn
| +922RRTTT2ee T 44| [FRI02222229022922220208 hard scales of the process, Q”
0.5} e i A0 | and the jet transverse
0000009 NOOEbespoe-sgpes:
L2 | IR momentum pg,
+ A g K /
—¢ ¢ &
ul ul L ] ] ] ]
0P (08 10 20 30 40 50

Q% (GeV?) p*' (GeV)

3/9/22 CPHI-2022-Mriganka M Mondal 11




Charge-energy correlation with flavor tagging

>10+"1"5('Bk) 27&C202$5&!+06'(D&50)"E"1)"18"0(1)0C"0"#E'&5"C
645%7"50$7"04%$**grddge(lavor tagging :

=(2"%0007.0/a . OKOtA
=(2"%>007.0/09.0K0*A

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

"#$%&'
# | 09%)

#

"#$%&'
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"

|
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|
&
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0%)+%,’

" With struck valance quark, L(/ ") NL(#")is preferable for the simplest
string breaking between L and NL particles

I From this naive picture one expects I ¢ for $ &K 3 to be stronger than
\____thatof$ K3

/
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Difference in flavor combinations

Fe {- ep@18x275 | - 1| Pythia HERWIG  _
Q%> 50 GeV? {» e H :7", H2 - K% H, : n", H2 - K*
0.5 anti-kt R=1.0 + 1 0.5)]° Hi:m H,: Ko H,:m, H,: K]
. .
g__o_-o-g-o.:e:i-_:'o' -+- # _.—o:—_o—._ _ _ _ i 1
—0.5} . s ~0.5¢ T
Herwig ++ + O3 oyrhia +
4 (1% of 10'fb) i 1 (1% of 107fb)
10 20 30 40 0 10 20 _ 30 - 40
p_ P (GeV) Pr ot (GEVIC)
/ 1] ° 1] . \
Correlations are much stronger for $'K3 than for $ K3in PYTHIA
" As pgincreases $ K3 correlations weakens whereas $' K3strengthens
. " Significant difference between PYTHIA and Herwig )
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Measurement of r,

| | |
_ True -
ﬁEIC(ﬂavor) in future, Belle (flavor) \ - npnf,:z::éj
. DT, - K™
" Charge correlations at LEP, H1, RHIC, LHC i EIC smear ) 1
o H,:=n" H2 : K+—
o Hyim, H: K n
L 1"# "HISUER0& )+ %0,'-*.,%, " [#' [#O12#3## i == |
*Q* 0) T—%n «0/a%! 0 np % 1 == _+_
| S*$*<$%#6'=*"#3&26:%*'6&%F$6"U*<$6$(B'6 :9:
061" #+"1,*6386"6'328&3V<"8$6)"? ¢
| 4"$5* #6&&7.[*"$/8# #0156 - B
PYTHIA ep@18x275 (EIC)
| WHJIX6"& 6HYW>6("6,3=3$".%&'6$%63:*&. APG1% of 10 fb") e
I "&: 9#$6(32(6=%=*&$-= | Q%> 50 GeVignti-kg R=1.0 $
I I"#.<,*63:*&.V<". % &6#*R-3#*=*&$6 | | |

\ Z[LM6P*Q\<6A%#RLG<*&$#"ﬁ#*ZB%W 0 10 20 .e?o 40
p."~ (GeV)
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Belle can measure flavor correlations

-~
- Q
I1— 400 |— H1,H2= - EIC ep@18x275 k
I . LEP e'e Vs = 91 GeV
o 1"y Ve ° Belle e'e” Is = 10.52 GeV —
b ,' = - :
- .?r’b\ - H,H; or HiH,
|L \ +1 o+ +,
o O - H;H, or H,H,
200 [ "y L
NN < e~ < -0.5 -
p= \\&\ N L - = ~-\~-~ ) u EIC ep@18X275
< Q_N =~ T -
TN TN eIs - - LEP e'e Vs = 91 GeV
o= ~o-__:‘:‘:—_‘—-:—:a
0 T 1T' ° Belle e'e” fs = 10.52 GeV
0 20 40 60 80 50 0 50 55
t.  (fm) { orm (M)

| Ax RER  O*F'FG 00 HE*"#,?
| Ax *6=32($61*6=0%'$,26,3*63868%6&0*HS-#1"$3+*6#*23%&6
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Subjet structure

7 @ N\ A X%8A#YE. &265(*68 %80 HS-#1" +*6YHI2
<o, > 1960"#.<,*'6)3$(60*#$-#1".+6,34&2"

| 9B6;960"#.<,*'6"#*6'$#%&2, ?6<Vo#*,"$*.6)
= <Ot $(*6("#:*'$60"$#%&6386!?$(3"6"&:6H*#)32
- | 1#%&26'$H-<$-#*6#* 0#**&$6S(*60"#$ Y& 3+

I\

~

96RO+ ", IO+, %283, (08-"4$"56)

@

Using Rgcursiye soft drop

.| | .
N 22> 2o 2ot TP P2

Ro ’ Pr,1t+ P2

"?2A

=;<%#5

@ >&. BF6W LCM6E"&: 6 XB6I*#3&26$#H**
RS &I H() ", (J0+1,%"2$".8,"/, *0$%" y \g%, %)3&26("#:*$61H#"&<( /

'(0$-"4$597 :2&"=3<6#":3-'
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Resolved prong (n-) and ry — with 7¢

T | ﬁ D(*6<%##*<.%&6<"&61*6:*"'-#*:6)}$&36
| '(0$-"$56"41""&1"(,/0+1,%7" a*$-1 @#-<$-#6A#'=")%HFC

05l | '(0$-"$59"41":"&1"(,/0+1,%7"
ol . 1 104"31,* O#*:3<.%8A#%O*#P-#1".+*6
$56;%.,5"=>9 <" <-,".%&3&%=* F3&*=".<6#*23%&

| b*:3-=  3&<,-*:66=06:3V<".%&'63&6
("H%&3T" %&656
0 #C*> 7<%, 6&-<*H6="d*#]
\ 0 # C >>666Z(%$6&-<,"#6="d"4]

109 1 10
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o #3968 ()+*(),$%-((*.'/-+$-01%(2'0.*3%r, 41$4+5(-6 7%+ 576,
&6(-+48'-+$714+)$59-$.7'64+)$:' (/% * A+*5

o <A)+4=0'+5$64>*(*+0k LBA(2*6$7-($2'(4-71$@'2-($%-A04+-+1

. B.”2-("5"))*6$6'5'$9-7.6$3&'2*$14)+4=%'+5$4A ' %5$-+$58*$SC+-9.*6)*$-
15(4+)$7()A*+5'/-+$4+1:4(*6$A-6*.1

o (L ?-($64>*(*+53@'2-(1$% ABT7 (*6$'5 DEF$2*(,$:(*%41*. . $'+6$
A* 17 (*A*+5$4150*4+)SA'6*$4+$1-A*$%7 ((+5$*G:*(4A*+5$.4C*$HIS

o E5$(*J74(*1$5&*$AX' 17 (*ABBH64>*(*+5$%-..414-+$1,15*A1$'+6$
* 4 DA(-+A*+58-( 0*K*( 7+6*(15'+64+)$-7$&'6(-+48'/-+$6,+A4%1L
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Formation time

—{700 ><1Q6
o &) @  —e— Pythia:n*
5 B 600 O P v —— Pythia:K"
v 4 %/ ! \Q — Pythia:pﬁ
| o) 0.06} \ -e - Herwig:n*
500 S~ \ - e - Herwig: K*
3 . '\ - e - Herwig : pp
—1400 '
Lo 0.04
o2+ 300
' 20 0.02
1+
100 of
l EEEEETIT EEEEETIT EEEETIT MEEEETIT
T 0 10" 1 10 1Q2 15)3
-2 -1 2 .
10 10 1 10 10" (fm) Teorm (€rmi

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

"o+ >10 fm (K, )< 200 MeV) : nonperturbative transverse

momenta in the jet, and we don't think that going to longer 7 z= P/ (PactPL)

"\gro60r smaller k.., leads to new dynamics P.=(1-z)P
Pn = 2P
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
N = . — — 0 |
@y - Pythia-6.428:eP@18" 275 105 R ]
B 2 2, = -
- Q t;tSRO f:v 0.0 <5y0<Gl.0 = £ .05 | Angle between LNL | 1
an =1.U; > 0. i _ _1an3
| particle : p >p(5'.](§t GeVie; — 10 z = Pa/(PatPy) §1O
103 L, NL parti(T:Ies . char = .
- 10° ,
. 10
B 102
10° M 10
- ”
C Co Ll L 1 ‘s .
10'3 10'2 10'1 1 o 05 1 15 2 25 3 3|.r?(1./!;1
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Jets at Belle and LEP

k'3&26!IDHJ®
2@ @"2$2)#+2<#)0$"#."A'[2+0$"BH#//> l@M™2$2.2#+2<#.20$"#."N="B#//>
'C.82#>(,#%D.(2R,#B/F2%G"'66E7H 'C.82#>(,#%D.(2R,#B/F2%G"'66E7H
'C.82#>/,1$->'#(B 4R, #B/F,GE;"J7H 'C.82#>/,..2%-/1>'#(BAR #B/F,GE;"LO7H
'C.82#>(,#%D.(2R,#B/F2%B't66E7H 'C.82#>(,#%D.(2R,#B/F2%B't66E7H
'C.82#>/,1$-/>'#(B 4R,#B/F,? E;"L7H 'C.82#>/,..2%-/I>'#(BAR,#B/F,? E;"LO7TH
[&01$+%2 3*45678#94#'(:$+;#6#9"<=>>?@A [&01$+*2 3*45678#94#'68:$+;#6#9"<=J? @A
45678#9B+C).B94# B +#"B,+FGDH*I<9>J@A 45678#9B+668).B9aE+#"B,+FGDH*KI9<@A

I"#.<,*65@6K6K6e6ff®; gpMCOP*Q\< S3'$"&<*6*$6)3%(6"&2,*656
W6 6MCh 1 cosh,
d;; = min (Ez 15 ) o

A"$a*PB*$S*VE&3.%&
a*Si*AA" S TF 12* & FSI", 2% #3$(BOM@IB6  diz = E;2,




r, can be studied tfor fragmentations in other systems

pr (particles) > 1.2 GeV/c

{5, = 200GeV AUuAu pp
Lo 05 pt hard>15, pt_jet>10 | O Tti [ ) Tci
anti-kt R=0.6 O Ki_ & Ki
et O pﬁ [} pﬁ
O ;
<
G/ / }_
EadP! Lot
<D< 4# o { T
| | I
10 20 30
plft (GeVlc)

| PO%2Q2*#.20$"2$"*0+%6"SR*+ #(BHG, (1 #$%"80."$R*+ #("B#..,("4SBIT @ &UDWG X
| P #/R(,B,S$."#."2@"@"#$%" @M
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AMYWRZE.9[7™ \"6[]9JO;" 2_"O="" ab*;"#$K."X56>=;! . "O" ab*
W*<-#'3+*3.a*$ 56 LB, 6MCL

x10° I x10° A0° x10°
T(F-3E,
0.1

0 056115 2 25 3 35 4 0005115225335

in(170) In(1./6) n(176)

05115225335

& L656)3:*6"&2,*6'%I6#":3".%&'
& O6"&:6(32(*#6"#*6#*,".+*,?6("#:*#6'0,34&26" &6 & "##%)*#63&6" &2 ,*
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Resolved prong (n.) and r

6 6 )] mn_
e s e 0.03- —o— #C $56’§Ut5 =>6
- 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.

| mY#8.B,, 6MCLE66[OMN66%AEXX6" &EUIRHEZB641* %, +*:63&6S(*6VH $604#%&
| D(*6"+#"2*G <("&2*'6<("&2*'6'32($,?6:*0*&:3826%6&60#%&26&-=1*#'6) (*#*63$62
H¥'0h, +*:66
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