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Introduction

Jets at the LHC

CMS Experiment at the LHC, CERN

,/ Data recorded: 2015-Sep-28 06:09:43.129280 GMT 35 . X X 3
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* Jets are produced copiously * At the LHC, 60 - 70 % of ATLAS & CMS
at the LHC papers use jets in their analysis!



Jets at the EIC
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* Different circumstances compared with the LHC and New opportunities




Jets at the EIC

e/ Stic < V/Svuc € /D1, E1C <K /DT, LHC
Lower PT,J for EIC

e Nyerc < NjLHC
Smaller jet multiplicity for EIC

e [.ess contamination from
underlying events and pileups

Electron Collider Ring
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B
Electron Source

- Role of higher power corrections?

---------

* Different circumstances compared with the LHC and New opportunities



Introduction

Application of jet studies at the LHC
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Inclusive jets - perturbative probe



Introduction

Application of jet studies at the LHC
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What is the role of jet as a perturbativef
[ probe at the EIC? :

ttbar, single top — gluon and a (M,) O‘OGE. el ] el -

3
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Inclusive jets - perturbative probe



Introduction

Application of jet studies at the LHC
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What is the role of jet as a perturbative
[ probe at the EIC?

ttbar, single top ~ gluon and a_(M,) | O'OGE. el el el -
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* Probe of quark gluon plasma




Introduction

Application of jet studies at the LHC
* Precision probe of QCD A T R

0.22f ‘ CMSR, =
[ = CMS tt cross section .

0.2 E . CMS inclusive jets —:
- v CMS 3-Jet mass 7]

What is the role of jet as a perturbative -
[ probe at the EIC? “

process sensitivity to PDFs

W asymmetry - quark flavour separation
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Classific\ation of different type of jets?
Cold Nuclear Modification in e+A L

* Probe of quark gluon plasma




Introduction

Application of jet studies at the LHC

CMS Experiment at the LHC, CERN dlb Q3 = 25030 GeV 2. y = 0.56; X=0.50
%,;/ Data recorded: 2015-Sep-28 06:09:43.129280 GMT -
G <

Run / Event / LS: 257645 / 1610868539 / 1073
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* Typical event at the LHC and HERA



Introduction

Application of jet studies at the LHC

94| CMS Experiment at the LHC, CERN dlb Q2 = 25030 GeV 2. y = 0.56; X=0.50
//:’, Data recorded: 2015-Sep-28 06:09:43.129280 GMT -

¥2= | Run/Event/LS: 257645 / 1610868539 / 1073

H proton

H1 Run 122145 FEvent 69506
Date 19/09/1995

LHC HERA

* Typical event at the LHC and HERA

What is the role of NP physics at the EIC?
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e
Plans of this talk

® Inclusive jets
® Jet substructure measurements at the LHC
® Subtracted moments

® (Conclusions

11



Inclusive Jets

e ep — Jet + X, final lepton unobserved, high pr

Boughezal, Petriello, Xing " 18,
Hinderer, Schlegel,Vogelsang " 18,
Uebler, Schfer,Vogelsang " 17,
Abelof, Boughezal, Liu, Petriello, " | 6

e ep — e+ Jet + X, DIS, high pp and ()?

e ep — €+ jet + X, photoproduction, high prand Q? < 1 GeV?>

12



Inclusive Jets

e ep — Jet + X, final lepton unobserved, high pr

Boughezal, Petriello, Xing " 18,
Hinderer, Schlegel,Vogelsang " 18,
Uebler, Schfer,Vogelsang " 17,
Abelof, Boughezal, Liu, Petriello, " | 6

e ep — e+ Jet + X, DIS, high pp and ()?

E ep — €+ jet + X, photoproduction, high pr and Q? < 1 Ge\/?]

N

We focus on the photoproduction

13



Relevant Subprocesses

A 4

L.O DIS

Resolved
EROVe Direct
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Relevant Subprocesses

Ny, 7

LO DIS does not contribute to high pT jet production
for the photoproduction.

AN

Direct

Resolved
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Photoproduction at the EIC

P f b\/j_ direct P f ;;_ resolved
For polarized case,
hadron dj;;;;X = C%:cfa/z ® fo)p @ HS, ® D ﬁA;T;;;;hX = azbjc Afajt @ Afpsp @ AHy, ® Da
\Weizséicker-Williams spectrum B
Jaji = Py ® fa/qy
* Por the direct process, fo/4 = 0(1 —x,).
* Observe outgoing lepton to tag ()°
* Require high prand @? < 1 GeV? (near on-shell photon) See Jdger, Stratmann, Vogelsang "03

16



)
Polarized Gluon and Photon PDF

Study in 2003,
1 1 I I 1 I 1 I I 1 1 I ) I
0.04 -
5 An Vs =100 GeV
LL 1
- /—'—_\
002 - LL=1/ / o
0 &  a—
- max. sat. 'y
-0.02 —
S min. sat. Y
-0.04 —
1 I 1 1 1 1 l
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Niab

* Study of polarized pdfs

dAO_ep—mﬂ'oX

dprdn

Jdger, Stratmann,Vogelsang "03

A o dAO' o d0'_|__|_ —d0'_|__
YT e T dosy +dos
Afmax — f Afmin =0

* Sensitivity to polarized gluon pdf at low 7/lab

| o Sensitivity to polarized photon pdf at high 7]1ab

0
@ssumptio@ DZ:T has been well-determined.

@se inclusive jets as a perturbative probeD

=" Afup © Afyyy ® AHG © DI

a,b,c
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. weees
HERA PDF fit with and without jets

Nuclear Physics B (Proc. Suppl.) 222224 (2012) January—March 2012

* Important for constraining gluon PDF HERA 2011

Proceedings of the Ringberg Workshop
New Trends in HERA Physics 2011

H1 and ZEUS HERA I+I1I PDF Fit H1 and ZEUS HERA I+II PDF Fit with Jets
s 4 2 _ 2
Q% =10 GeV? g Q*=10GeV 2
z =
—— HERAPDFL5f (prel.) = i —— HERAPDFL.6 (prel.) =
03 free a,{MZ) 08 i free (LJMZ)
B exp. uncert. B exp. uncert.

model uncert. xXu,
[ parametrization uncert. :

| model uncert. Xu,
[ parametrization uncert.

06 0.6

—

| xg (x 0.05)

04

HERAPDF Structure Function Working Group
HERAPDF Structure Function Working Group

-

10° 10° 10° 10" 1 10* 10° 102 10"

Without jets With jets

Role as a perturbative probe
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Photoproduction at the EIC

P direct p resolved

O— O—
fb/p fb/p

For polarized case,

doep—ehX m dAo.ep—>th
= HC Dh’ — C h
hadron  — %jcfa/l ® forp ® Hey ®| D [ g }bj Afajr @ Afysp © AHG, @ D]
Y a,b,c
Inclusive Jet do P79t — Z f /71 ® fb/ ® H & J. 1+ 0(R2) +@( AQCD) Power corrections relevant for EIC
a p a c
dedn a,b,c u pTR \/

* Replacement of the fragmentation function with the perturbative jet function.
* Sensitivity to the photon pdfs. Can be done for polarized and unpolarized case.

* Role of power corrections?

Jdger, Stratmann,Vogelsang "03

Role as a perturbative probe Chu,Aschenauer, Lee, Zheng "1 7

9 In collaboration with Elke Aschenauer and Brian Page



Unpolarized inclusive jets for photoproduction

1000

[ [
res GRS, NLO+NLL
dir, NLO+NLL

et res, Pythia
800+ pr >10 GeV dir, Pythia —— A

[pb], anti-kr, R = 0.8 e At pr > 10 GeV, we see a
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Angularity

Jet angularity

* A generalized class of IR safe observables, angularity (applied to jet): 7, Ta
”
Y
A G
)
€-|-
Taq — — g E 9 More relevant for the EIC / 3
zEJ
pp A R —a 2F J a-a pp
Tag — pT. z 1J ) = [ —— O 7'
pr c7 pT
— m
o 3 T T T | I i J
33 - 0-10% Pb-Pb |/s,,,=2.76 TeV ALICE Tg P = — T o —|— O
92 30 Anti-k; charged jets, R =0.2 — pT
T T 405p;“jet$60 GeVic ]
“'@AZ 25 | W ALICE data - CL _ O
= f AL M edium modifications
20 O PYTHIA8 Tune 4C -
e ] a—=1 2F ATLAS Prellmlnary -
N3 . :if$ E SrvememE———— - Pb+Pb 0-10%
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10 o E r 126 <p_< 158 GeV ]
. = 1 g(girth) = ZPT i (AR; ;) 2 T ]
S - ] p 14 1% ____________
v ~ N 1eJ " -
0— | | | | | - - ]
o 05 o ® o o o =
= 2k ¢ - [ ® ®
S e ] e :
& e ] S asasanase m/ ...........
osF e — Sterman et al. *03, "08, pr
0 002 004 006 008 01 01 Hornig, C. Lee, Ovanesyan 09, Ellis,Vermilion,Walsh, Hornig, C.Lee 10,

Chien, Hornig, C. Lee " 15, Hornig, Makris, Mehen " 16, Kang, KL, Ringer " 18



Angularity

Factorization for jet angularity

* Replace JC(ZapTRa :u) — gC(vaTRa Tas ,LL)

* When 7, <K RZ, Refactorize gc as

gc('z)pTRaTaalu) :;HC%Z'(Z,]?TR,,U)

2
> /dq-fideié(Ta — 75— 12O TS prTe ) Si(T L :“)60 (pZRQ D

a ? Rl_a’ Y]
* Hach pieces describe physics at different scales. 19 step 2 gtop
hard-collinear soft-collinear
R | |

° n 2 v \n
RCSumS (048 In R) and (as In 7‘;/(2_@ ) H:b(pT) — HH ~ PT

— Wy ~prR

_1
— pe ~ pr(Ta)™e

PTTa
S;(7) — HS ™ pica

22 Kang, KL, Ringer " 18



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

= =
< < * Multi-Parton Interactions (MPI)

Figs from P. Bartalini et al. | |

23

(Undetrlying Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

=

2

Figs from P. Bartalini et al.

* Multi-Parton Interactions (MPI)
(Undetrlying Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.

* Pileups
Secondary proton collisions in a
bunch may enter and contaminate jet.




Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

* Hadronization
Partons forming the jet eventually
hadronizes.

25



Non-perturbative Effects

Non-perturbative Model

prT

* As T gets smaller, s ~ N (smallest scale) can approach a non-perturbative scale.

We shift our perturbative results by convolving with non-perturbative shape function to

smear ; Jpert

N /dka(k) d Ly
dndprdr dndprdr pT
* Single parameter NP soft function :

4 /{j ) k; Stewart, lackmann, Waalewijn "1 5
- () ()

* Both hadronization and MPI effects in jet mass 1s well-represented by just shifting first-moments.

* 'The parameter (), is related to shift in the distribution:

RS R (Anadro. + Ampr
T — Tpert + NP = Tpert + ~ = Tpert ( - )
pr pT

Q). ~ Apaqa ~ 1 GeV corresponds to non-perturbative effects coming primarily from
the hadronization alone.

26



Angularity

Phenomenology
0.025 — ATIEXISJ — — single inclusive ungroomed jet
i _ i Vs =7TeV, anti-kT, R=1, |n| <2
0.02 - | 200 < pr < 300 GeV | 300 < pr < 400 GeV
ggo.owlxl{} h
—i b o \ i RN } §
0.01 o \ { - \ N {
L N N } L { N }
0.005 |1 ? SF - Nt
s S, & \ii‘L!é
ot . Tteea, e il
0.025 | -
0.02 _ 400 < pt < 500 GeV _ 500 < pT < 600 GeV
gg 0.015
—| b L N
0.01 | ,_}“h{ : \}HH
) < } . > E
0.005 [ 1 } ~ h o F S
[ <Lty 3 } - i } i
o = 2 @ [ =
0 I!.E. ol IEE—Ei;‘LI.; A S N B {~E-§
0 50 100 150 200 50 100 150 200
mj (GeV) mj (GeV)

27 Kang, KL, Liu, Ringer 18



Angularity

Phenomenology
0.025 | ATIEXISJ — B single inclusive ungroomed jet
Vs =7 TeV, anti-kp, R=1, |n| <2
0.02 - | 200 < pt < 300 GeV | 300 < pr < 400 GeV
350.015:—1*\“{} : h
—i| & o \ RN } E
001 T \ { ] N\ N {
L \\ } [ { N }
0.005 |1 ? o - Nt
4 > \ij 3 | ¢ S ¢,
O_‘§ |...i".‘.-‘l.,_._.._'_.li...|....|....|..§.§T§T§
0.025 [ Perturbative result
0.02 |
gg 0.015 |
—| b I
0.01 |
0.005 |
0 |

Kang, KL, Liu, Ringer 18



Angularity

Phenomenology
_ NLL 1 |
0.025 - ' NLL + NP(Q = 8) [ T single inclusive ungroomed jet
; s ATLAS —e— | +/s=7TeV, anti-kp, R=1, || < 2
0.02 o2 s
et B 200 < pr < 300 GeV | / 300 < p < 400 GeV
gg 0.015
—~l6
0.01
0.005
0t oo
0.025 | -
0.02 1 400 < pr < 500 GeV | 500 < pt < 600 GeV
gz 0.015

— b

0.01

0.005

200

Kang, KL, Liu, Ringer 18



Angularity

Phenomenology
0.025 — ' NLL + NP(Q iLSI; : ‘ — single inclusive ungroomed jet
; s ATLAS —e— | +/s=7TeV, anti-kp, R=1, |n| < 2
0.02 ¢ 2 200 < pt < 300 GeV | / 300 < p < 400 GeV
gg 0.015
—| b
0.01
0.005
0 | » L
0.025 [ Perturbative result
& NP shape function
0.02 1 400 < pt < 50028
gz 0.015
—| b
0.01
0.005
0

Kang, KL, Liu, Ringer 18



Angularity

Soft Drop Grooming

* Underlying Events (UE) are difficult to understand.
How do we get a better hold of these soft uncorrelated contaminations (SUEs) in the jet?

* Hint : contamination generally from soft radiations.

Groom jets to reduce sensitivity to wide-angle soft radiation.

31



Angularity

Phenomenology (groomed jet mass)

0.8 [ f ,
NS 0.7 * - Groomed inclusive di-jet -
T3 ; ; :
N»:Q 0.6 - Vs =13 TeV, anti-kT, R=0.8 | -
B o5t pr > 600 GeV, || < 1.5 | 3
S soft drop, zcut = 0.1, 8 =0 =1 - g =2

0 (.4 [ t g s
— B ® [ B

= 03| ‘ : : ; }
E 0.2 N 1 B e P B
201 F - g

0 L \ \ \ L 87 \ \ \
4 -3 -2 -1 -4 -3 -2 -1
1OglO (mg,gr/p%‘) 1OglO (mg,gr/p%‘) 1OglO (mg,gr/pQT)

* Developed the formalism for single inclusive groomed jet mass cross-section.

* Shows very good agreement with the data. See also
ATLAS, arXiv:1711.08341

_ . Larkoski, Marzani, Soyez, Thaler " | 4
. @k =1 Ge@:> Reduced contamination as expected. Frye, Larkoski, Schwartz,Yan * 16

NP effects mostly from hadronization.

32 Kang, KL, Liu, Ringer 18



EIC results

2.5
NLL (R =0.4) [ | Pythia(R=0.4)
I NLL (R =0.8) & i Pythia(R=0.8)
2 T Vs=141 GeV, —2 < mpap < 4 B B i i
’5 [ pr > 10 GeV, anti-kp i i i i
215 a=05 [l [ a=0 [ a=-05 [ a=-1 [ a=-2
% I I I I I
i) I
Z oL i , -
aS : ; ,
b I / /
0.5 - = / \ = / \
i / 7
L /7
/ \
0 L . - — \ AY o l N
—4 -3 —2 -1 -4 -3 -2 -1 —4 -3 -2 -1
loglo(Ta) logy (Ta) IOglo(Ta)

* Perturbative results show good agreement without a need for a large shift.

Small contamination from UE compared to the LHC.
Non-perturbative effects

In collaboration with Elke Aschenauer and Brian Page
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Angularity

Shift from hadronization effects

2.9

L NLL
NLL + NP(Q = 0.5 GeV)
2 Pythia
- /s = 141 GeV, anti-k

I R=038

e
5

X
02028
XX
SRR

Even without grooming, EIC
results only require a small shift
to agree with the Pythia result.

(Q =~ Agep)

S
XXX
SRS

RS
[ ]

3O
RS
288
ERKS
S
RS

v

3
%0
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A:E
O
O
0.’

[ X)

ExD
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&S
IRXS
KRR
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SRR

NP etffects mostly from
3R | hadronization.

dU/d loglo (T )

 —

| I
V‘v
]
RRRKKS
O da%a%s
QXS
GRRHXXK
03,

®

1
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Xl
SR
/
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%

4 i
I | | ] _l L ‘ | | | | — &
O = ; | Non-perturbative effects

In collaboration with Elke Aschenauer and Brian Page
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Angularity

Power corrections

Angularlly @ e Over Tau (Massive Partlcles): R=0.4 pT=5.0

10"
10°
10°
10
1
0 05 1 15 2 25 3 35 4 45 &
e'e/Tau
Angularity 8" e Over Tau (Massive Particles): Re0.4 pT>10.0
10”5—
10"'5—
10
1k ! ,
_\”1 e LT Hﬂ”. (111D .[.Lﬂﬂ.[lﬂ.ﬂ
0 . . 4 45

=
wm
wn
(8]
[
wn

3 35 5

e'e/Tau

Angularlly " e Over Tau (Masslve Particles): R=0.8 pT=5.0

* Smaller power corrections
for smaller R due to
soft scales.

o

1 1.5 2 25 3 35

|
L LGl
4

45 5 [ ]
e'eTau Power corrections

Angulanty e"e Over Tau (Massive Particles): R«0.8 pT>10.0

10"
n 15¢ step 274 gtep A
n hard-collinear soft-collinear
10° = | |
- H:b(pT) — UH ~ PT
ol — s ~prR
1 1
=1 - o~ pr(Ta) 72
0 0.5
PTTa
S,;(T) — Hs ™~ Rl—a
|

In collaboration with Elke Aschenauer and Brian Page
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Subtracted moments

Calorimeter

* Heavy ion collisions produce large number of uncorrelated soft particles in the
background contaminating the jet.

1. Develop a background subtraction techniques to identify true compositions of the jets.
or

2. Define an observable insensitive to the uncorrelated background.

a. Grooming (recursive algorithm)
b. Subtracted moments

Kang, Makris, Mehen " 17
36 Chien, Kang, KL, Makris, In Preparation



Subtracted moments

e An observable that studies the correlation between pr
and a linearly additive substructure V.

e Linear additivity : Soft Uncorrelated Emissions (SUEs)

o i J
v = Z Usignal T Z USUES

1€signal 71€SUEs

i.e. jet mass (~ 7() PJsignal T P7SUEs = PJsignal = Py = 2p7 (Only signal is correlated with the Prof the jet

9 — + /_/ 2
m7 PyPy; * 1 i 4 mJ81gnal 2

T0 — — T 2_ (p siona _I_ p S) — _|_ S
p% p% DT J,signal J,SUE J SUE
such separation gives the form of / /
A >d0$lgml< 2t um)
1% p 0o — — D
dedT() J,SUESs J,SUESs d d o DT J,SUESs

37 Chien, Kang, KL, Makris, In Preparation



Subtracted moments

do.signal 9

. o
dedT() (TO DT pJ,SUEs)

do
de dT 0

_ + +
— /dpJ,SUEsf(pJ,SUEs)

Moments of the distribution can be separated into contribution from signal and background:

1 do 2
— d — signa _Q
(T0) U/ T0T0 G (70,516 1>+pT f

* Experiments often done with several bins of pp range. Qf = / dk k f (k)

* The binned version would give:

(o)™ = (70,signal) ™ + 2925 (p7 )™

Subtracted moments (independent of contribution from SUESs) :

(pr ) 4] k] \Pr
<p;1>[k] — <7_O,sigmaul>‘7 — <7_0,signal> 1 k]

AZY = (o)) — (o)™

38 Chien, Kang, KL, Makris, In Preparation



Subtracted jet mass moments

<[ === NLL'+NLO

5~ [ —— PyTHIA w/o MPI

> Ar '

&5 | — w/ MPI :

ap) 3

-] i

AP

e 20 1° [

a | atas |9 ATLAS prelim.
1r Thdl ] i ]

s R=1,s=T7TTeV, |n| <2 | : R=04, V/s=502TeV, [ <21 ]
Ob e e S S S S S S R :
250 300 350 400 450 500 550 150 200 250 300 350 400 450
pr [GeV] pr |GeV]

* Independent of model, i.e. shape function.
* Useful to test modifications by medium with reduced sensitivity to uncorrelated radiations.

39 Chien, Kang, KL, Makris, In Preparation



Testing limit of SUE independence

o5 R=04, Vs =502TeV, [n| <21 ] 6f —— PyTHIA w/o MPI —— w/ MPI
- pr € (126, 158) GeV ’ [ —— w/MPI+PUT5
200 PyrHiA w/o MPT —— w/ MPI | ~ w/ MPI + PU 50
i 1 | 4r
s 150 —— w/MPI+PU75 —— w/MPI+PUS0 | T S . NLL/ + NLO
g [ #x 3
101 ] e |
[ 27
5_ i 1 ]
i R=04, /s=5.02TeV, |n <21 °
0 i O o .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 o200 =90 ?é)o 350 400 A0
eV
m,]/pT pr [ ]

* Even at 50 pile ups, the subtracted moments of 7y gives same subtracted moments!

40 Chien, Kang, KL, Makris, In Preparation



Testing limit of SUE independence

o5 R=04, Vs =502TeV, [n| <21 ] 6f —— PyTHIA w/o MPI —— w/ MPI
- pr € (126, 158) GeV ’ [ —— w/MPI+PUT5
200 PyrHiA w/o MPT —— w/ MPI | ~ w/ MPI + PU 50
i 1 | 4r
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* At higher PU events, additivity starts failing since Jisignal J,5UEs J;signal J

change in pr due to SUESs starts to become signficant.
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_ Moments
200 PU events
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Quark and gluon fraction changes

Medium modifications

* Subtracted moments have discriminating power on models that predict changes
in quark and gluon jet fractions due to the interaction with the medium.
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Conclusions

® Formalisms for studying semi-inclusive jet production with and without
a substructure measurement were introduced.

® Discussed phenomenology of angularities, which are useful substructure
observables to test medium modifications.

® Going from pp to ep, contamination from non-perturbative soft radiations was
shown to be reduced. (can expect similar reduction from pA to eA?)

® Going from pp to ep, size of power corrections for inclusive and substructure
observables for the EIC were discussed.
(can expect similar effects from pA to eA?)

® Subtracted moments are shown to be independent of soft
uncorrelated emissions and can be useful to study jets in HL-LHC and
heavy ion collisions.
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