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Introduction

A few of recent examples:

Jet charge

Hadron-in-jet distributions

Soft drop or subjets

Quark Jet Efficiency Gluon Jet Rejection
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Cross Section
Gluon Jet Rejection
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Possible extraction of « Les Houches *17

Quark/ gluon tagging using for example jet angularities

Measurement of the QCD splitting function using

ROC curve 100%
(1,1) = Quark Jet,

100%
Gluon
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Observable

Kang, Lee, FR " 18
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Introduction

Jets at an EIC

* Jets are inherently interesting

Polarized

Electron

2, - Surce
g

* Constrain non-perturbative quantities
e.g. collinear and TMD (un)polarized PDFs
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For recent work see for example: Schlegel, Hinderer,Vogelsang " | 5, Abelov, Boughezal, Liu, Petriello " 1 6,
Klasen, Kovarik " I8, Currie, Gehrmann, Glover, Huss, Niehus,Vogt " 18,
Chu,Aschenauer, Lee, Zhang "1 7 ...
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Introduction

Jets at an EIC

Jets are inherently interesting

Constrain non-perturbative quantities ———
e.g. collinear and TMD (un)polarized PDFs | |

\ /\\Det?’;{orl ) /

/Elec

* No fragmentation functions required oo _— \
I/ashSurce/ \
* Complimentary to observables with identified hadrons /
\
* Probe of nuclear matter effects in eA \ X

Can make use of new methods developed for the LHC

and RHIC like jet substructure and tagging

Electron Source
12 GeV CEBAF
100 meters
’ ‘ N,

Challenge: We have to understand the NP physics of jets

| .Validate with RHIC, HERA measurements or

2. Compare to MC simulations
- _J
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Single inclusive jets at the EIC

e pp —jet+ X

Lepton unobserved, high pr

do
dprdn
I I 1 I l I I 1
400 —
= 300 _— NLO |
3 i upper: R = 0.7 e
> lower: R = 0.2 e
& - .
A i
%—. 200 —
= i
C
z i
b
o i
'-d —
100 —
B 1 1 1 1 I 1 1 1

—_— -

.

Schlegel, Hinderer,Vogelsang " 15, " 17,
Abelov, Boughezal, Liu, Petriello "I 6,
Boughezal, Petriello, Xing " 18

jet




pp — jet + X

do

dprdn

do/dnje [pb]
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Single inclusive jets at the EIC

Lepton unobserved, high pr
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Single inclusive jets at the EIC

e pp—jet+ X Lepton unobserved, high pr , ; / jet

do
dprdn
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Single inclusive jets at the EIC

e pp—jet+ X Lepton unobserved, high pr , ; / jet

do
dprdn

e pp — {+jet+ X DIS, high o, Q2

do
dprdnd@)?

e pp— {+jet + X Photoproduction, high pr, @* < 0.1 GeV”

do
dprdndQ?




QCD factorization

* Inclusive jet production pp — jet + X

do.pp—>jetX

N fu@foHG®J. +O(R?)
dedn c%,:c ’ b\/ P :C)E

perturbatively calculable

RG evolution of jet functions

d
M@Jz‘ :zj:Pji(X)Jj

hard — UH ~ DT

Dasgupta, Dreyer, Salam, Soyez " |5

Kaufmann, Mukherjee,Vogelsang " 15

Kang, FR,Vitev " [ 6

¥ Dai, Kim, Leibovich "1 6



QCD factorization

* Inclusive jet production pp — jet + X

d pp—jet X
d =Zfa®fb®Hgb® + O(R?)

dedn a,b,c

* Jet substructure 7

do.pp—)(jet )X

e = 2 1o @ 1y Hiy €{0u(r) | + O(R)
abc

Dasgupta, Dreyer, Salam, Soyez " |5
Kaufmann, Mukherjee,Vogelsang " 15
Kang, FR,Vitev " [ 6

Dai, Kim, Leibovich "1 6




QCD factorization

* Inclusive jet production pp — jet + X

d pp—jet X
d =Zfa®fb®Hgb® + O(R?)

dedn a,b,c

* Jet substructure 7

do.pp—)(jet )X
= ; He¢ . + O(R?
d O.Ep—%’ jet+X . < 3 >
* Hard functions for lepton-proton scattering, e.g. "
dprdnd@Q?dT >
!
* Photoproduction * DIS |
Jager, Stratmann,Vogelsang 03 Daleo, de Florian, Sassot 04,

Gonzalez-Hernandez, Rogers, Sato,Wang " 18
(unpolarized and polarized)

13



Photoproduction at the EIC

direct

* Require high p; and Q? < 0.1 GeV?

resolved

* Access the parton content of (polarized) photons

Jdger, Stratmann,Vogelsang "03
de Florian, Pfeuffer, Schdfer,Vogelsang™ | 3
Chu,Aschenauer, Lee, Zhang " 17




Photoproduction at the EIC

resolved

. do
. = H; ¢
Inclusive jets IprdndQ? C;3]3@/1 R foyp @ Hypy @ J
Weizsacker-Williams spectrum
resolved: ® f,/,
Jet mass do Zf QR fr/p Q@ HS) @ Ge(my) hard I D
) — a a c m _ ~J
dprdndQdm,; — “~ [E el ’ ! = S

Jdger, Stratmann,Vogelsang "03
Chu,Aschenauer, Lee, Zhang " 17



Phenomenology

pp — £+ jet + X

NLO+NLL

NLO+NLL
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in collaboration with Aschenauer, Page
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Vs = 141 GeV

R =0.8
pr > 10 GeV

Q? < 0.1 GeV?
E. =20 GeV
E, = 250 GeV

do / dnlab
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Phenomenology
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Cold nuclear matter effects in eA

FR, Sato, Vitev - in preparation

 Hadron multiplicity ratios do/dzy,

* SIDIS Q* > 1 GeV” v < 23 GeV
W2 > 10 GeV?
h HERMES, 2003
RA - e He Kr 1.6 ﬁ:
1.0 ~ 4o Ne m Xe | T 14l o —
° | . < 1 e (]
~ 9 + e ¢ % & T 7 I 12}
- A A 4 44z ®
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i L . 0.6
| I L
0 6 | 0 Jl’ 0.4+
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| | 0.01 0.1 1
Zh
0'5 1 Constrain medium input and extrapolate
7 to jets at the EIC
med,h
D (zn) — D" (2n)
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Jet Substructure

The jet mass at the LHC

Kang, Lee, FR " 18,
Kang, Lee, Liu, FR " 18

2
Jet mass m?% = (Zpi) for inclusive jet production pp — (jet m%)X
icJ

Quark-gluon discrimination

* NP contribution: 0035 ..].Op,i)‘].ert,Jr..X.
V-I% F ATILASI | | | | 2o1loot jL 2Ipb‘ -
» Multi parton interactions (MPI) ‘o—(;' 0.03|anti-k, R=1.0 = Systematic; unc.— =
- Hadronization U|U00253 200 < p, <300 GeV, Total une. .
. D o 0.025 Ny, =1, Jy| <2 —— Pythia ]
P||eup - Herwig++ ]
. . . 002_— \/g =7 TeV ]
* Including soft drop: «, extraction possible - -
Les Houches 17 0.015 E
0.01F —
0.0051 =
0: ;PR BRI BN B BRI . . :
-0 20 40 60 80 100 120 140 160 180 200

Jet mass [GeV]
ATLAS, JHEP 1205 (2012) 128

see also: Li, Li,Yuan * 1 I,
Dasgupta, Khelifa-Kerfa, Marzani, Sbannowsky " 12, ...
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Jet Substructure

Factorization
Kang, Lee, FR " 18,
 Hard-collinear factorization R < 1 Kang, Lee, Liu, FR °18
m3
dndp - Zfa(sva, ) ® fol@s, 18) ® HE(a, 0,1, PT/2 1) @ Gel2, 7, By 7, 1) r="4

) .. s (jet m2)X
e Hard-collinear-soft factorization 7™ < R? pp — () 7)

QC(ZapTaRa T, ,u) — ZHc—m'(ZapTRa :u) C’i(TapTalu) %Y Si(TapT7R7 :u)

hard-matching

15 step 2nd step A
hard-collinear soft-collinear
Hg,y(pr) — KH ~PT
— Wy~ prR
collinear

1

— We ~ PprT?

lig ~ prT

21



Jet Substructure

NLL ]
ATLAS +—e—

. 2 i
pp — (jet mJ)X 0.025 | single inclusive ungroomed jet

i - - /s=7TeV, anti-kp, R=1, |n| <2
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Kang, Lee, FR " 18,
22 ATLAS, JHEP 05 (2012) 128 Kang, Lee, Liu, FR " 18



Jet Substructure

, 9 : NLL 1 |
pp — (Jet mJ)X 0.025 - NLL + NP(Q = 8I)J - single inclusive ungroomed jet
E ATLAS +—e— | +8=7TeV, antiky, R=1, |n| <2
0.02 ] 200 < pr < 300 GeV | | 300 < pr < 400 GeV
3| 0.015
| b
.01
Perturbative result
0.0
0t _
| 0.025 | ;
Including doP*"* @ F ; :
NP shape function g -
P 0.02 ¢ 400 < pr < 500 GeV | 500 < pr < 600 GeV
5 é’ 0.015
—~lb
0.01
0.005
0
4k
Fi(k) = oz exp(=2k/Q) Kang, Lee, FR *18
ang, Lee, )

Stewart, Tackmann, Waalewijn " 15 23 ATLAS, JHEP 05 (2012) 128 Kang, Lee, Liu, FR 18



Jet Substructure

Jet angularities

Berger, Kucs, Sterman "03,
Ellis,Vermilion,Walsh, Hornig, Lee " 10,
Hornig, Makris, Mehen "1 6,

Kang, Lee, FR " 18

Family of observables with a continuous parameter a

Jet mass (a = 0), jet broadening (a = 1)

Dependence on jet axis: standard, recoil free

Event shape type of observables

hard — UH ~ DT

— pg ~ prR

D1rTa
laY]
Rl—a

* Factorization 7';/(2_&) < R

gc(zapTa Ra Tas ,LL) — Z Hc—)i(zapTRa ,u') Cz (TaapTa ,U,) X Sz (Ta,apTa Ra ,Ll,)
7

24
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Jet angularities
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Jet Substructure

Quark-gluon discrimination

Kang, Lee, FR " 18

ROC curve 100%
- (1,1) = Quark Jet,
§ R Ol ¢  100%
- Quark Jet Efficiency Gluon Jet Rejection o Bett Qluop
3 < S > eter Rejection
: g
°
o

S

1
Observable Quark Jet Efficiency
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Jet Substructure

Quark-gluon discrimination

Kang, Lee, FR " 18

ROC curve
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Jet Substructure

Photoproduction at the EIC

1
I NLL (R=04) /73 [ I
i NLL (R =0.8) =222y i i
E 0.8 T /s = 141 GeV, anti-kp i
&
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— i — 05 ,:’o’o’o, -
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CT14, GRS 99 PDFs

in collaboration with Aschenauer, Page
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N R =0.8
10°
10:—
1
:III”” A I A T B
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Jet Substructure

Photoproduction at the EIC

Log Angularity: R =0.8: pT >10.0:a=0.0

2 -1 0
Logm(AnguIarity)
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NLL (R = 0.8)

Vs = 141 GeV, anti-k
pt > 10 GeV, |n| < 2.5

0.8

da/d logqg (Ta>
o
>
Q
I

1
o)

in collaboration with Aschenauer, Page



Jet Substructure

Power corrections

hard — UH ~ DT

— pg ~ prR

ceg my= (qu;)Q vs. To = piT > priAR};

1
— MUC ~ PT (Ta) 2-a

= ~ PrTq
Hs ~ piq
Angularity e"e” Over Tau (Massive Particles): R=0.4 pT>10.0 Angularity e"e” Over Tau (Massive Particles): R=0.8 pT>10.0
103 E_ - R — 0.4 103 - R — 0.8
i —a=-2.0 I
oE —a=0.0 10 -
I | —a=1.0 i
FE - 10E JL[FJLJ
- i | i
1E i - | 1E
:ﬂ-h{ 1 ‘ L I 1 I‘IH [ 1 ] ”H” 1 "H -I L I[H‘HIHHI |-| = Ll Ll IHI 1 I L L Ll 1 Ll l|-|
0 0.5 1 1.5 2 2.5 3 3.5 L 4.5 5 0 2.5 3 3.5 4 4.5 5
e*e/Tau e‘e/Tau

30 in collaboration with Aschenauer, Page



Jet Substructure

The jet energy profile

o~ 10F | L B IR =
p(r) = dy(r) o [ ATLAS anti-k, jets R= 0.6 .
dr - 30 eVl <p, <40 GeV ]
i @ |
1= —
-+ Data [Ldt=07nb'-3pb" T -
. —— PYTHIA-Perugia2010 1
F s HERWIG++ .
o'l ALPGEN i
- PYTHIA-MC09 .
Q e -
2
<
S _

~ 06
r

ATLAS, PRD 83 (2011) 052003

CMS, PLB 730 (2014) 243

* Most frequently studied jet substructure observable
* LEP HERA, Tevatron, LHC, ...

* Inclusive jets, Z+jet, Higgstjet, ...
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Jet Substructure

The jet energy profile

VoS
% 10 | -1<7"<0 I 0<n"<1
- ®ZEUSNCDIS [ — ARIADNE

) E¥ > 14 GeV --- MEPS
- P Q*>1006GeV* | N
Pl ~ 1 L - S
’ N - - S
/ T S
R \ - -
r'a =
NG RSt ey 10 - T
I L1 11 1 L1 | | I L1 | | -
N
<
0L :
1 & -
-1
10 E s

llll L1 Ill lllll Ill llll l|1 Ill

0O 02 04 06 0.8 1T 0 02 04 06 0.8 1

-
-

ZEUS, Eur. Phys. | C8 (1999) 367
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Jet Substructure

The jet energy profile

Kang, FR,Waalewijn " 16
Cal, FR,Waalewijn - in preparation

_ ZARU<’P DT L dw(r>
= ' p(r) =
ZAR“<R PTi d'r
ATLAS, PRD 83 (201 1) 052003
m © 500< pr <600 GeV e |
' 110< pr <160 GeV ——e—
* Factorization beyond leading-log 1.2 | .
— 1 o o ° ¢
~ [ ® : :
gi (ZapTRa T/Ra :u) — Z Hi—)j (ZapTRa :u) \5 0.8 i
j [ L4 ‘
2 G NG 0.6 F !
x [ d°ky Cj(prr ki, p,v) S5 (ki p,vR) S; (r/R)
0.4 l
0.2 | Vs =TTeV, |n| < 2.8 |
pp — jet+X, R = 0.6
* NLL resummation of In(r/R) 0 w w w w w
.- : . . . 4 . .
* Rapidity RG evolution, SCET) ! oL e 08l 00 . 00

Soft recoll
Earlier work see:  Ellis, Kunszt, Soper “92

Seymour "98
Li, Li,Yuan "I |
33 Chien,Vitev " 14

Non-global logarithms



Jet Substructure

ldentified hadrons inside jets

~.10%F
* Constrain fragmentation functions & 10151 bt ptp (s=2.76 TeV anti-k,
. i N | e ATLASR=0.4mI< 1.6
Tagging ot 1013 B CMS R=0303<ml<2
dapp—>(jet h)X 1011
:Zfa,@fb@Hgb@gc(zh) —
dedUth abc 109 -
10"
10° |-
10° |-
10
107
Arleo, Fontannaz, Guillet, Nguyen " 14 3 -
Kaufmann, Mukherjee,Vogelsang " |5 107
Kang, FR,Vitev " 16 = |
10—5 | | 1 1 1 111 | | 1 1 1 111
10~ 107" 1
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Jet Substructure
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Jet Substructure

Lepton-jet correlations

Liu, FR,Vogelsang,Yuan
. . - in preparation
* Measure imbalance between lepton and jet

* Spin asymmetries and eA collisions

* Analogous to e.g. pp — di-jets + X  Sun,Yuan,Yuan *15
* cms or laboratory frame; close analogy to pp collisions

Transverse plane

Pyl
4
>
ko | qL = ke + P
Jet (ps)
e Consider do Requires TMD resummation for ¢1 < kp1

dyp d?k 1 d?q1 for the back-to-back configuration,

and jet radius resummation for R <1
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Jet Substructure

Factorization

Liu, FR,Vogelsang,Yuan

* Joint g1 and jet radius resummation - in preparation

Hard (virtual) Jet function

do
— Hy(ker 1, 1) Jy(ker i R, 1)

dye d?k 1 d?qL

/ APl d* M1 d?Xgy (2 ko, ) Sqr( M, i, ) Sse(Dot Ry ) 6P (g — kL — At — Aat)

\\ ./
h -~
\VV,

ny ny —

W Nv Sgr(AL)

37

Global soft Soft-collinear (in the jet direction)




Jet Substructure

Azimuthal lepton-jet correlation

Liu, FR,Vogelsang,Yuan
- in preparation

* Sample EIC kinematics

-
Vs = 80GeV = . |
kg/J_ = 5 GeV E
-~ I ]
5<p, <10 GeV 3l i
oL ]
* currently In R not yet i
resummed T ]
!
2.0 2.5 3.0 3.5 4.0
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Correlations
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Correlations

Conclusions

* Jets can be a unique tool at the future EIC

* Requires further theoretical efforts

* Extract collinear and TMD PDFs

* Jet substructure /
* NP effects important .

* Probe of nuclear matter
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