Jet angularities at the EIC

Kyle Lee
Stony Brook University

POETIC
09/16/19 - 09/21/19

|

Stony Brook
University



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
Run / Event / LS: 257645 / 1610868539 / 1073 B all ATLAS and CMS papers 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

e\/Sgic € V/SLuc & P1; EICc K PT; LHC
Lower PT,J for EIC

e Nyerc < NjLHC
Smaller jet multiplicity for EIC

e [.ess contamination from
underlying events and pileups
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* Different environment compared with the LHC and thus new
opportunities and new challenges



Jets at the EIC

e\/Sgic € V/SLuc & P1; EICc K PT; 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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- Role of higher power corrections?

---------

* Different environment compared with the LHC and thus new
opportunities and new challenges



Introduction

Application of jet studies at the LHC
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* Precision probe of QCD % 0.24

. st S
. Cross section
process sensitivity to PDFs | 0.2 . CMS inclusive jets
v CMS 3-Jet mass

W asymmetry - quark flavour separation 0.18 =
W and Z production (differential) - valence quarks 016 = =
W-+c production - strange quark E ]
Drell-Yan (DY): high invariant mass - sea quarks, high-x 0.14 | -]
Drell-Yan (DY): low invariant mass - low-x 0121 E
W,Z +jets - gluon medium-x B = .
Inclusive jet and di-jet production ~ — gluon and a (M,) 0.1 4 DOinclusivejets =

= I 0.08F- DO angular correlation .
Direct photon ~ gluon medium, high-x e N i
ttbar, single top ~ gluon and a_(M,) 0.06 | N | I
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Inclusive jets - perturbative probe



Introduction

Application of jet studies at the LHC
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process sensitivity to PDFs , 0.2F e CMSinclusive jets 3

= v CMS 3-Jet mass .

W asymmetry - quark flavour separation 0.18— I ]

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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- CMS i cross section ]
process sensitivity to PDFs 02 E . CMS inclusive jets {
= CMS 3-Jet mass
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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 -
10 10° 10°
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Fat jet from BSM signal
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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

ttbar, single top ~ gluon and a (M,) | O‘OGE.“J el ol L]
10 10 102
Q (GeV)
< ROC 100% Signal Jet,
o COIlStl‘aln BSM MOdGlS : ' _§1 curve (L1 = 100%
,Tg’ Signal Efficiency I Background Rejection :
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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

* Tuning of MCs (LEP and LHC)
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Application of jet studies at the LHC

* Tuning of MCs (LEP and LHC) Hard —— pPT

Jet algorithm —— pTR

ete” — gg, Hadron Level
1' A J Energy profile —— PT'T"
= Herwig 271 ——=— m2 /p
. e T
Can we use jet substructure !
observables to develop MCs for EIC? : | ZcutPT R
3 ) Q=200 GeV |
R=0.6
| Temperature —— [’

Hadronization —— A
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Introduction

Application of jet studies at the LHC

Run / Event / LS: 257645 / 1610868539 / 1073

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 <

|
> = - l H proton
| Yo S = =

H1 Run 122145 FEvent 69506
Date 19/09/1995

LHC HERA

* Typical event at the LHC and HERA
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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 angularities measurements

® (Conclusions
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Inclusive Jets

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

Boughezal, Petriello, Xing " 18,
Hinderer, Schlegel,Vogelsang " 1 8,
Abelof, Boughezal, Liu, Petriello, " | 6

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

Gehrmann, Huss, Niehues, Vogt, Walker "~ 9

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

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

Boughezal, Petriello, Xing " 18,
Hinderer, Schlegel,Vogelsang " 1 8,
Abelof, Boughezal, Liu, Petriello, " | 6

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

Gehrmann, Huss, Niehues, Vogt, Walker "~ 9

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

\ We focus on the photoproduction
measuring pr with respect to lab frame beam axis.
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Relevant Subprocesses

A 4

L.O DIS

Resolved
EROVe Direct

16



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
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)
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
-1 0 1 2
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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Photoproduction at the EIC

P : direct P , resolved
fb/p fb/p )
For polarized case,
doep—ehX q dAo.ep—>th
_ c h
hadron dordn Zfa/z®fb/p®Hab®Dc Iprdn = ZAfa/l RAfpp @ AHG, @ D]
a,b,c T a,b,c
Inclusive JC‘[ cpreletX _ Z f R R fb/ R ch T+ O(R ( { AQC Dj Power corrections may be relevant for EIC
— a P a &
. . . . . . HH ~ PT HH ~ PT
* Replacement of the fragmentation function with the perturbative jet function. —3 T
pup ~ 1GeV py ~ prR

* 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
Aschenauer, KL, Page, Ringer, In Preparation

20



. 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
- 1 = e 1 =
” " - 2 _ 2
Q* =10 GeV? g Q*=10 GeV 2
Z ! E
—— HERAPDF1.5f (prel.) = i —— HERAPDF1.6 (prel.) =
03 free o, (M) 03 _ free o, (M)
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° L 102 l 16" ' 1 10 10° 102 10" | 1
Without jets With jets

Role as a perturbative probe
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Unpolarized inclusive jets for photoproduction

1000 | | |
res GRS, NLO+NLL I
res, Pythia ——— e At pT > 10 GeV, we see a
dir, NLO+NLL E ]
jet ’ ood agreement.
300 - pJ?? > 10 GeV dir, Pythia —— - S S
[pb], anti-k7, R = 0.8 Aocp |
V5 =141 GeV, 0.2 <y < 0.8, Q2. <1 GeV? « O( )power corrections not

pr R

E. =20 GeV, E, = 250 GeV
600 ¥ Ey =230 Ge L

3
<
= + ¢RHIC Pythia 6.4, tuned to HERA.
S 400 - * GRS photon pdf
200 - HS (pr) — WUH ~ DT
0
92

Aschenauer, KL, Page, Ringer, In Preparation
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_ Indusivejets
eRHIC Pythia 6.4

; 1_— " | = 9-‘ 1:_ n ! “
L ] ' L . 4
- g B i
0.8 — 1 0.8 — . s
- - . .
08— 1 0.6 —
- = Simu-1<n<0 - ‘ = Simu15<n<?2
04— 04— i
- + HERA-1<n<0 - + HERA15<n<?2
02— 02—
= o
01__ 1 1 | 1 1 B | ,
A = o g2F v
(0] - [} TE v
/E\ 0.05__ v v v z 01:_ v v
s F A s E v
:(II:> 0 o v v % 0;— v
5 — i =
£ 005 2 -O1E
2 - S _02F
IS - ¥ S ¥ F . 02 04 06 08 1 '
r

e Shows a good agreement with HERA data for jet shape
* Some disagreement in the forward region for jet shape

https://wiki.bnl.gov/eic/index.php/PYTHIA

23 Aschenauer, KL, Page, Ringer, In Preparation


https://wiki.bnl.gov/eic/index.php/PYTHIA

Jet angularity

* A generalized class of IR safe observables, angularity:

revent 1 Z p’ e~ Imil(1—a)
a Q ‘

* Applied to jet, thrust axis swapped with jet axis

etTe™ 1 7 —|n; —a
T :Z§§:Huﬂ6'””“ |

:—QDEH

’I,EJ / 4
_ 2B, \* 7% .+ -
Ta = 7_5 ZpTz AR%J) — (—J> 7‘5_6 —I—@((Tgp)ﬁ Power corrections
; pPT e pT
a —

2
pp M 2 Mhad 1 mhad
o0 = =5 + O((7§” +O( a): pi + ]
= v o) = (X

Sterman et al. ‘03, “08, Hornig, C. Lee, Ovanesyan "09,
Ellis,Vermilion,Walsh, Hornig, C.Lee " 10, Chien, Hornig, C. Lee " 15,
Hornig, Makris, Mehen "1 6, Bell, Hornig, C. Lee, Talbert " |8, Kang, KL, Ringer " 18




Angularity

Jet angularity

2.9
- Pythia massless m?/p3, ————
I Pythia massive m?/p3, ———
9 - Pythia 7, —
i Pythia massless 7, ———— |
— Pythia massive 7, ————
S
=
b% 1.5 F =141 GeV, —2 < gy, < 4
o) pt > 10 GeV, anti-kt
o
~— L
S 1t a=0,R=08
~ 2 :
S I
0.5
O I
—4 —3 —2 —1
26\
7_/ — J Te+e_
a — a
pr

_ / 2
Ta = 7-a,pp — Ta - O(Ta)
* Large hadron mass effects for jet mass

Aschenauer, KL, Page, Ringer, In Preparation
25



Angularity

Jet angularity

2.5
i g 2 /.2
L i Pythia massless m~/p7.
/E 2 i Pythia massive m2/p%, — g g
= [ V/s=141 GeV, —2 <, <4 : ' Pythia 7-(,1  —
& 1.5 [ pr > 10 GeV, anti-ky - Pythia massless " 02 <y <08 g ]
=2 [ a=0.5 Pythia massive 7, —— 4= 05 R=08 : R : o
'_d 7 i L
b i o —
o [
| £ [
3 05 r B
oo e o8
2 g
N— L
= i
& 1.5 [ g
o : 5
— L
Z [
) Lr n
o [
-z [
S 05 r B
0L I

, 2F 5 e -
_ [ #=J —
=) T n=Throm oM

To = TP =7/ + O(17)

ﬂ
|
ﬂ
3
<

e Small power corrections of type O(ﬂf)

* Large hadron mass effects for jet mass bigger for smaller ‘@’

Aschenauer, KL, Page, Ringer, In Preparation
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Angularity

Jet angularity

Pythia massless m? /p2,

Pythia massive m2/p%
Pythia

< Map < 4 L
Pythia massless 7/, 02 <y<08 I L
Pythia massive 7/, a=—-05 R=08 - a=_92 i
w0 o pr > 5 GeV
. a=—2 R =028

2F 5 + -
! - m2J Mhad
! pT ! To = +O(To)+o< )

/ 2 pT b
To = TP =71, + O(77)

ﬂ
il
ﬂ

e Small power corrections of type O(ﬂf)

* Large hadron mass effects for jet mass bigger for smaller ‘a” and “pp”

Aschenauer, KL, Page, Ringer, In Preparation
27



Angularity

Factorization for jet angularity

2.5
I : 2.2 i
I Pythia massless m2 / pg
L Pythia massive m?/pg, ————
9 r Pythia 7, ——
i Pythia massless 7, ————
- Pythia massive 7, ————
K&
N— L
b%1.5 - /5=141 GeV, —2 <, < 4
e | pr > 10 GeV, anti-kt
=)
~

%T) 1:— a=0, R=0.8

e * Replace J.(z,pr R, 1) = Ge(2,p7 R, Tas 1)
0 - e When 7, <K RQ, refactorize gc as
4 -3 2 1

gc(zapTRa Ta, ,U,)

— Z HC—)i (Z, pTR7 :u)

Power corrections

X /deid’rfW(Ta — 75 = 1) Oy prTa 1) STy AL )EFO(TgB

a a ) Rl_
15¢ step 274 step /
hard-collinear soft-collinear
* Hach pieces describe physics at different scales. | HE, (o) | i~
ab — HH ~PT

* Resums (CMS In R)n and (Oés 1I12 1/(2—a) )n
Ta

R

— pg ~prR

_1

— UC NpT<7_a> 2-a

PrTa
Sz(’l’) — HS ™ Rl-a

|
28 Kang, KL, Ringer " 18




Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

PTTa

* * ps ~ Rl—a
< < * Multi-Parton Interactions (MPI)

Figs from P. Bartalini et al. | | (Underlymg Events (UE))
Multiple secondary scatterings of
partons within the protons may enter
and contaminate jet.

29



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

T
3 > ILg ~ pT_a
Rl—a

= * Multi-Parton Interactions (MPI)

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

Figs from P. Bartalini et al. | |

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




Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

PTTqa
Rl—a

Hs ~

* Hadronization
Partons forming the jet eventually
hadronizes.

31



Non-perturbative Effects

Non-perturbative Effects

do doPert

dprdndr,  dprdndr,

1 PTTa
S Y
Large non-perturbative effects: Rl—a
LHC kinematics

! pr € (126 GeV, 158 GeV) ﬁ 0.025 r

' — Pyrmia w/o MPI —— w/ MPI ’; 0.02 100 < b < 500 GeV
5 15f —— w/ MPI+PU 7.5 —— w/ Hadronization %g 0.015
o I :
S . =B -

It 0.01 |

I ~ ? 0.005 |

o} s

0.00 0.05 0.10 0.15 0.20 0 =0 100 150 o0

™/ Pr m; (GeV)

Chien, Kang, KL, Makris " 18
30 Kang, KL, Liu, Ringer 18



Non-perturbative Effects

Non-perturbative Model

d d pert
A /dka(k) ° Ly
dndprdT dndprdr PT

* Single parameter NP shape function:

Stewart, Tackmann, Waalewijn " 15 Fm(k) — <é—]§> eXp <—g22—k> Q,{, — /dkkF(k)

* Both hadronization and MPI effects in jet angularity is well-represented by
shifting first-moments.

i _ had MPI
25: pPr € (126 GeV, 158 GeV) : QF{, T Q/{ _|_ Q/ﬁ;

20}
 —— PyTHIA w/o MPI —— w/ MPI

15:_ w/ MPI+PU 75 —— w/ Hadronization

and _ and,(O) 4+ and»@)Rz 4.,

1 1

is universal up to calculable coefficient.

Lee, Sterman "07,
Stewart, Tackmann,Waalewijn " 15




Angularity

Shift from hadronization effects

2.5
I NLL 1 | NLL 1
NLL + NP(Q0 = 0.35 GeV) NLL + NP(Q20 = 0.2 GeV)
9 I Pythia massless m? /p2,
i Pythia massive m?/p2, ——— i
= Pythia 7, —
£ Pythia massleg&%
2 15 ~ - B 8
20 L 1S
o) /s =141 GeV, —2 <, <4 K
% - pr > 10 GeV, anti-kp '§E§§:
1 F - R=0.4 o
_ : a=0, R=0.8 Ft§:§§
—| = 5%
© XX
B
RS
0.5 - - 0::’
L Q’Q’
S
L n{\o
—4 -3 —1 —4 -3 —2 —1

* NP effects mostly from hadronization. 2 ~ Agcp

* Some R dependence in NP parameter can be seen

Qbad _ ohad,(0) | ohad.(2)p2 | ..

e Hadron mass effects for jet mass can be distinguished within the theoretical uncertainties

2
T0=—4+0(1)+ 0| ——=

Non-perturbative effects Aschenauer, KL, Page, Ringer, In Preparation
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Angularity

Shift from hadronization effects

2.9
: NLL Pythia massless m? /p2,
~— 9 [ NLL+ NP(Q, = % Pythia massive m? /p2, i
& I .
— [ /5=141 GeV, —2 < map < 4 e
80 1.5 [ pr>10 GeV, anti-kp L Pythl.a massl.ess 7'? i 02<y<0.38 B L
2 i a=0.5 Pythia massive 7, a=—05 R=0.8 i a=—1 i a=—2
!-O L L L
E 1 F B a=0 B B L
'_8 7 N s ~
€05 | B - ’ N - s S - . N
Ve s - ~
L - _ 7 _ -
O : > e — =
F NLL
_ 0.2 GeV
~— 9 [ NLL+ NP(Qq = 25=) i - N 5
£ :
o L
0 1.5 | g
S T a=0.5 ; a=0
Tz r /
e 1 N I N 7 BN
. [ \ , .
3 i \
€05 | / - , 4 N
/ , X
0 P | — | —
—4 -3 —2 -1 —4 -3 —2 —1 —1
log10(7a) log(7a)

e —— scaling seems to give a good agreement

1 1
(0]0]0) ~ ——Aqcp

Qhad,(O) _
: 1 —a

1l —a

Non-perturbative effects Aschenauer, KL, Page, Ringer, In Preparation
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Angularity

Scale Uncertainties

15t step 274 step A
hard-collinear soft- collmear

— HH ~ DT

Hg,(pr)
— ug ~prR
1
o~ pr(Ta) 20
PTTqa
S; (T) — Hs Rl-a

* Angularity

Hgb(pT) — HKH ~ PT

* Inclusive jet

* Scales are varied independently in order to estimate uncertainties from higher order calculations.

* Both inclusive jet and angularity measured case have P71 and pr R scale.

One expects two scales to be trivially related by R, and also to be similar when i — 1
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Angularity

Scale Uncertainties

1000 I I I I I
res GRS, NLO4+NLL [ 95
res, Pythia o NLL
; NLL + NP(©20 = 0.35 GeV) E ‘
jet 1
800 |- pp > 10 GeV ] i Pythia massless m? /p?2 i
b], anti-kr, R = 0.8 2 2 -
[pb], anti-k7, R = 0. I Pythia massive m? /p3, I
Vs =141 GeV, 0.2 < y < 0.8, Q2 .« <1 GeV? —
(O P : o0
— I ythia masslegg&
3 600 ] b%) 1.5 + Pythia massiecek -
§ ke [ /s =141 GeV, —2 < nap < 4 e
E % [ PT > 10 GeV, anti-kp & I
s - 1 - — -
400 < f a=0, R=038 ] *
—| =
o
0.5 r i
200 - j i
oL— =
0 4 -3 -
—2

Mab

* Both inclusive jet and angularity measured case have P71 and pr R scale.
One expects two scales to be trivially related by R, and also to be similar when i — 1
* Gives reasonable estimate when the two scales are varied together for angularity case,

but not for inclusive jet.
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Angularity

Quark and gluon jets

Angularity a = 0.5 Classification of jets

—— Light Quarks
Heavy Quarks A

—— Gluons

—— Total

8000

Y

7000

6000 Photon-Gluon Fusion

Y

5000
4000
Direct
3000
2000

1000

LA VLA 1] II|IIII|IIII|IIII QCDcompton

i | )
00 0.1 0.2 0.3 . . . 0.7 0.8 0.9 1
fixed 7,
accepted gluon

rejected quark

2]

* Angularity can be used to discriminate quark and gluon jets

* May be possible to tag initial state process
- Study differences in cold nuclear modifications for q/g?
- Constrain gluon pdf?

Aschenauer, KL, Page, Ringer, In Preparation
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Angularity

Quark and gluon jets

Angularity a = 0.0 . . )
Angularity a = 0.5 10000 Classification of jets
—— Light Quarks

Heavy Quarks

8000

8000

—— Light Quarks —— Gluons
7000 Heavy Quarks | *” —Tod
6000 o GlUOI‘IS 4000

—— Total

5000

4000

3000 Angularity a = -0.5

2000 o —— Light Quarks
1000 10000 Heavy Quarks
; —— Gluons
0=y Nt M4 A ‘ c o b b 8000 — Total
0 0.1 0.2 0.3 . . . 0.7 0.8 0.9 1
fixed 7, T 6000}
accepted gluon
rejected quark 40001~
2000
* Angularity can be used to discriminate quark and gluon jets % A R R

* May be possible to tag initial state process
- Study differences in cold nuclear modifications for q/g?
- Constrain gluon pdf?

. . .« e . . P
Better dlscnmlnatlon for hlgher a Aschenauer, KL, Page, Ringer, In Preparation
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Conclusions

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

® Discussed power corrections of different types
® Explored role of non-perturbative effects at the EIC
® Discussed some issues with theoretical scale uncertainties

® Discussed quark and gluon jet discrimination using jet substructures at the EIC
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