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Jet charge calculation in SCET

P. Berge et al . (1981) C. Bauver et al. (2001)

Jet charge : The weighted sum of the charges of M. Beneke et al. (2004)
particle in the jet. Used extensively since the late 70s,

early 8os to determine the partonic flavor of the jet = _ e e e el e
quarks and gluons, soft gluons

Proposed by R. Field et al. (1978) - _
= Factorization formulas written
. B down as a convolution of Beam,
The definition Q. s = (pjﬁt ) Z;t Qn (0) Hard, Soft, and Jet functions

we use

eneern— Cross section for Jet production with a
% Jy ’ hadron inside jet

dath—jet .
— = /d(I)Ntr HnSN] HJK ME,R,z,p)

Fragmenting jet function

1
dz’ z
GME,R,z,u) = Z/ 77@' (E,R,7, ) D;L (;a#)

Note that there are developments with semi-inclusive jet functions




Perturbative and non-

perturbative contributions

D. Krohn et al. (2012) W. Waalewijn (2012)

= With this as a starting point

- 1 l VEq-je —
(Qr,q) = /(13 z" Z th ThEaer (Qn,q) = jqq(E’ /J) D(?(’fa .u)
h

ajet  dz Jo(E, R, 1)
n Expressed in (k.|.1) Mellin moment of The normalization is the iﬂClUSiVEjet
the jet matching coefficient and function

charge-weighted frag. function
The non—perturbative part sums over all the

hadrons in the jet

1
Jqq(E, R, K, 1) :/o dz 2" Jqq(E, R, z, 1) , DQ (K, 1) ZQhDh Ky 10)
1
D((IQ(H_ ©) = /O dz ¥ Z QhD(’;(;-_ 1) And obeys the evolutlon equation
d -~ Qg ~ ~
Note that gluons do not contribute to the jet charge ,ud—D(? (li, ,u) = ('u) qu (R)D(? (Ii, ,LL)
on average. We will need quark jet and H @

fragmentation functions and matching coefficients



Matching coefficient and scale

violation

- Calcu.la.tion ofthejet r_‘natching = The jet charge can be used to
coefficient & jet function study the scale violation in QCD

» The calculation has been done before to

NLO. The important observation hereis  p; d Q)= %5 (x) _8'83318'8% " 8'2
- . —_— k) = —LggK)=Cx =R —U. . K= U
that it can be expressed as an integral (Qx) dpr m 0049 £ 0.008 K — 0.7

over splitting kernels. In medium only
numerical grids possible

1 2
~ . 1+2
Pyq(k) :CF/ dz (2" —1) 1
Jo — 2
(1) 0.1~
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L CT10 + Pythia8 Flavor Fractions

Crag €E / diz [ p? 1422 —e(1—x)?
2r T(1—e¢) ) 13 \3 11—

o

Scale Violation Parameter

Phase space constraints 0 <[, < 2z(1—x)Etan(R/2)

tell us how much of the parton shower falls within the -0.05

jet of radius parameter R .

1 _0_1__ ——$— 2012 Data
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Effect of non-perturbative input

Initial condition at the lowest scale

“dpas(p
DF (5, ) = Dg’ (r, j10) exp U T%
uw

0 M

Pyg(r, u)}

Using ATLAS data to fit initial conditions — results in

good description but large error bars
[ATLAS measured in 2 rapidity intervals]
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Phenomenological results In

proton collisions

Use PYTHIA simulated initial
conditions

doy=doy +doj, +doy, +doj, +dog, + -

-

(st s1)

u-quark fraction

>+'( :;/C—fg“) Q2)

d-quark fraction

u
K

<

= Also depends on the simulation
of jets in hadronic collisions (jets

. s W .
flavor fractions)
- Comparision with ATLAS measurements _
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The jet charge in heavy ion

collisions

1.6 T T T T T T T L L L L T
" Vsny =276 TeV CNM only : = In medium modification depends on
l4r R= 0-3’10632'7\]“2 CNM+Ra ] the flavor of jets. Separation is
[ pr RN All effects ? essential to advance the
12+ centrality 0-10% . . .
—— understanding of medium effects
p(r) ,
Lo} e o % e
prpr ] ]
! ] Significance: different flavor jets in HIC
06; CMS ; —~ T T T T T T T T ‘ T T T T T LI
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1.2 :%q —
: _ 1.1 © O o=
= In-medium parton showers differ o N —— el E
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0.9- ATLAS 4*_5!—** =
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: : o : 0.8—pp25pb’ S £
= Manifested in the modification of jet I N N o e
substructure observables in heavy 102 10" i

ion vs proton collisions
M. Aaboud et al . (2019)



SCET; and in-medium parton

splittings

Ovanesyan et al. (2012)

= Direct sum dN _ 0 1 (1-2) / dAz / _(/nmedmm (AL\’ B. (B C.
drd?k a9 - 2n2 F 0 d%q, Al B B (B—l ('—i
i , c,[(.C, A Bj
x (1 = cos[(Q — Q3)A2] +—.-<2—.——.——> 1 — cos[(€; — Q3)A2]
dN(tot.) dN(vac.) N dN(med.) ( )4 ci\ci Al B ( 1~ 9s)8)
= 2 2 BL CLii odl(Q— QA ﬁ(é_&)m
dxd’k, — dxd*k,  dxd’k, vt (Lol -0 + G- (57 - 3 ) ol
: AL Dy oo 1Bl (AL Bi\ )
= Factorize form the o M e <A2 Bi) (1= cosl{ ~ )sz)
hard part .
= Gauge-invariant NB x—1-x A,.DJS .L— functions(x,k, ,q,)
u De end on the 16 274pb (502TeVpp)+404pb (502TeVPbe)
p ' ' E “CMS E SCET, (0- 10/) ]
propert|es Ofthe YT.Chien et al. (2014) 1'4? CUJET 3.0 (h*+1°, 0-10%) E
med|Um 12— Andres et al. (0-5%) =
- Taa @and lumi. uncertainty .
= Canbe expressed Z. Kang et al. (2016) 1;""'""1%{'2'1 """""""""""""""""""""""""""" ++ """ -
as proportional to = % ot |?
. . . 0.6— .® -
Altarelli-Parisi S . ]
0.45...0‘ S . L E
Additional scale violation due to the medium- ?Foto% e E
induced shower. Theory and predictions verified ot | 0 - 0
P e



Jet charge in the medium

dln p

= Jet matching coefficient in
matter

= Note that the virtual
correction does not give a
contribution. All contained in
the LO result

q,f$> o J (E R ,LL) _|_Jmed(E R ,LL) q

Jog(E, R, K, 1) + Tga® (B, R, K, 1) -

= Modifications to jet matching
coefficient, jet function and FF
evolution

d u s\ > pme r- u
DQ full (l-@, M) — L (qu(f@) +qu d (H,M))D?’ full (l-i, /L)

s

quged(E R,x,pn) =

1’k
= [—(51—1/(1 / ‘ J'P(;n_‘fgg ki)

2Ex(1—z)tan R/2 ko
d
+/0 K2 Pc;n—(:qg( kl)]

Qs(,“) 2Ex(1—z)tan R/2 ko_L ed
~ o2 /0 k2 Lamag (4 KL)

Note the upper limit of k; integration — jet quenching



Final result for jet charge in heavy

ion collisions

1
m Thein- T (B, R, p) —/0 du J'(j;q]ed(E.R. ) +j;ged(E.RJ-.,,)>
medium ac(u) [ 2Bz(1-x) tan R/2 g2} o N
Jet = 57(:2) ./o (IJ'/O k—2j<(qu_>2§ al (2. k) +J'Pq_>g’q l(ll'.kL))
c o (1 1 2Ez(l—x)tan R/2 A2k ed.rea
function _ o) | /O da /O o P (k).
Up to NLO inQCD pPp Fmed med g dﬁ Qs (:U) Hpmed 2 .2
and LO in opacity (@5 (1 TJa — Y )OXP IR Pa”| 0 (5:x°)
v Ho
combining all 1 2Ez(1—z)tan R/2 ;2
™ Jo 0 1

H. Li et al. (2019)

= This also implies medium-induced scaling violation of the average
jet charge

Qs » pme 1 K me
dh?pT ln< ?,}w = (I;TTR) [qu(f‘ﬁ) + Py 4 (k,prR) +f0 dz (z* - 1) Py d(k,ky = z(1 - z)prR)



0.5

Very recent results on R

dependence of jet quenching

Recall the upper limit of the kt integration

Theory

VSMV_SOZTeV
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[ 250 <p* <300 GeV_

T T
I '300< pJet <400 GeV

A+
400<p’j‘<500 GeV

t =
I anti-k
== Factorization
1 SCET wi/o coll. E-loss
[JLiand Vitev
Coherent antenna BDMPS
== HYBRID w/ wake
=== HYBRID w/o wake
HYBRID w/ pos wake
== MARTINI

== PYQUEN

JEWEL
== JEWEL w/0 recoil
[1LBT w/ showers only
LBT w/ med lesponse

PYQUEN w/ wide angle rad.
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M. Taylor et al . /| CMS (2019)
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s SCET describes very
well the data

= Observable strongly challenges models



Phenomenological predictions for

heavy ion collisions

he eff h : Note that there is some modification
7 e @fiees tie &l (et of different flavor jets. This is LO -

- Isospin, many more down quarks max difference
- Energy loss effects, quark jets lose

. 1
less energy than gluon jets (Cg vs C,) ] ety e e
- Medium induced splitting effects on ! Antik, R0 Guon [ Gluon -
the jet functions ands the "o Moreconrnig e MV
fragmentation function evolution i ]
0.6— |
Pb+Pb collision Anti-k, R=04 g=1.9 +0.1 . E : :
0.4 0-10% centrality | 0.41— N
T — i R — |
%‘J i k=03 s = .
S5 r B «=05 - - T .
E - Up Jet k=07 . 0* "" '''' L g=19 £0.1 | | | .
%ﬂ 07 Down Jet 60 70 80 90100 Jet b, [Ge‘g]OO 300 400 500
Z
02p ] First important result: different
flavor jet charges remain distinct
J

10° Jetp_ (GeV) 10’ in heavy ion collision



Phenomenological predictions for

heavy ion collisions

H. Li et al. (2019)

—

= Atvery large transverse S PhPb s =S02Tev . x-03 S
momenta isospin effects 10 T =20
dominate. : F ]

= At lower transverse momenta " F
pr<200 GeV we are beginning Z10° | ‘ ‘ =
to see the effects of in- - ooF '0-10% centrality  g=19+0.1 :
medium parton showers and i
different evolution E E

b soeits st 50
- : : : . Jet P, [GeV]
Proposed new measurement — the charge
I i of individual flavor jets
g ™ B = [solate the medium induced
= . contribution to jet functions
0.8 0% centrtity 5 K203 and fragmentation functions
Anti-k, R=04 3 x=07 7 evolution.
=19 £0.1 0 k=10 1 - - -
# 0 k=20 = Mellin moments of in-medium
o4 107 R splittings

Jet P, (GeV)



Effect of non-perturbative input

CMS has made a first attempt at measuring the jet charge D. Hangal et al. (2019)
anti-k, R=0.4 jets, p_>120 GeV, h]lnl<1,5 L. P 1
b 51 GeV, x = 0.5 POPb 404 ub”' (5.02 TeV) CMS Preliminary pp 27.4 pb™ (5.02 TeV) PbPb 404 ub™ (5.02 TeV)
U anti-k; R=0.4 jets, p >120 GeV, In_[<1.5 Kk=0.5
- CMS Preliminary Fitting results [ T | p— T T T T T T T ]
0.2-0-10% PbPb I 1
o Gluon S o4l PP 1 0-10% PbPb ]
- - =F Data Il Up quark S
~ 0.15 Down quark S T
c L —
g Other flavors ° T % %
=0 6= " R et =
T 0.1 i B £ g ® ¢ %
@ - - &
L — (o)} 1
< 0.05 B » 204 ~¢ Data 1 ]
- N _--—....;-— - PYTHIAG6
e e 1 1 | ! L1 ! ! ! ! 1
] o S ———— P—re—— 1 2 3 4 5 1 2 3 4 5
-1 -05 O 0.5 1 track p_cut (GeV) track p_cut (GeV)

Qr\:O.S [e]

» Use atemplate method assuming simulated charge distributions
= Don't see significant differences in p+p and heavy ion collisions



Conclusions

» The jet charge is a substructure observable extensively used for
jet flavor discrimination. This is extremely important to advance
jet studies in heavy ion collisions

s We developed a theoretical approach based on SCET to calculate
the jet charge in heavy ion collisions. This complements Monte
Carlo studies

= |nput based on an effective theory for jet propagation in matter
SCETand derived medium-induced parton splitting kernels.
Validated against hadron and jet suppression, substructure

» The modification of jet charge at high transverse momenta —
isospin effects. For moderate p - sensitive to the in-medium
shower evolution. Proposed ways to study this more precisely
with individual flavor jets

= First experimental measurements have appeared. Working to
understand the exp. technique and results



SCET in QCD matter

= QCD inthe medium remains a multi-scale problem

m Factorization, with modified J, B, S

Need to introduce a Glauber
mode

g= (A, 2%, NQ

Ovanesyan et al. (2011)

% 14| SCET
® J

time

p, Al | Medium

Medium

= Splitting functions are related to beam (B)
and jet (J) functions in SCET
Higher order calculations
Resummation
Paton showers in Monte Carlos

Ovanesyan et al. (2012) Kang et al. (2016)



