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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
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
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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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- Role of higher power corrections?

---------

* Different circumstances compared with the LHC and New opportunities



Introduction

Application of jet studies at the LHC

T T T T T T T LI | T

. ‘ X _ +0.0063
CMS incl. jets : us(Ml) - 0.118541 0042

* Precision probe of QCD % 0.24

. st S
. Cross section
process sensitivity to PDFs | 0.2 . CMS inclusive jets
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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
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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 -
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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
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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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Introduction

Processes of Interest

2 We want to study semi-inclusive jet production
p + p — Jet((with/without) substructure) + X

photoproduction at the EIC
e + p — e + Jet((with/without) substructure) + X

) More statistics. No veto on additional jets.
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e
Plans of this talk

® Inclusive jet production at the LHC
® Jet substructure measurements at the LHC
® Role of non-perturbative effects

¢ Study of the EIC case

® (Conclusions

12



Factorization of Inclusive Jet Production

R« h
s
h p :<>E
//
/DE — from
p :QE
D" =, pp — hX

* Simple replacement of the fragmentation function by “semi-inclusive jet function”.

Kang, Ringer,Vitev "1 6
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Comparison with the inclusive hadron production case

R<1

® J. +O(R*)+0O(

HWH ~ PT
A
b
O — — g ~ prR
Factorization
I 1 . J ) dapp—n'etX fr f j
nclusive |e — W ® ®H§
dprdn C;C ’ b
do.pp—)hX
Hadron T = 3 fa® fy @ Hyfw D!
PT A7 a,b,c
_ y
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Kang, Ringer,Vitev "1 6



Comparison with the inclusive hadron production case

VI

process sensitivity to PDFs l

R < 1 W asymmetry - quark flavour separation L
W and Z production (differential) - valence quarks /
W+c production — strange quark
Drell-Yan (DY): high invariant mass — sea quarks, high-x —
p Drell-Yan (DY): low invariant mass — low-x
W,Z +jets - gluon medium-x c
Inclusive jet and di-jet production - gluon and a_ (M
| jetp g (M) (g ~ P
Direct photon - gluon medium, high-x a
ttbar, single top - gluon and a_(M,)
4
p — ‘ ,UJJNpTR p :C)E MDNlGeV
More relevant for the EIC
Factorization ( Evolution
Inclusti doPP et A j 2 Agep d
nclusive Jet Trdn = Z fo® fr @ HS|® J. +O(R*)HO( T ) i = ZPji ® J;
a,b,c J
hX
Hadron daPP™ h d n_ h
d dprdn =2 _|fa® fo® Hyo D; M@Di_zpji@)%
7b7 J
a ck ) v

Kang, Ringer,Vitev "1 6
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Angularity

Jet Substructure Measurements

)K . 4
// * How do we measure a substructure 7) inside the jet?
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Angularity

Jet Substructure Measurements

WH ~ DT

DGILAP

pg ~ prR

DGILAP / Sudakov

Mo

dprdndv

* When we measure a substructure v from the jet, once we evolve
to (4 the remaining evolution to M H 1s given by DGLAP evolution!

* 'Two step factorization:
a) production of a jet
b) probing the internal structure of the jet produced.

17



Jet angularity

* A generalized class of IR safe observables, angularity (applied to jet):

_|_
T € = — E E 9 More relevant for the EIC

;
Ty = — ZPT'L AR’LJ) = (QEJ>2_G 7‘§+€_ _|_@((7_5p)2j

szJ
- 2 )

* More sensitive to collinear radiation as ‘@’ gets larger. (factorization breaks at a=2).
e a=0 related to thrust (jet mass)

* a=1 related to jet broadening (sensitive to rapidity divergence)

* Many studies done for exclusive case :

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 " 16

18



Angularity

Jet angularity

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

* When 7, <K RZ, Refactorize gc as

Ge(2,pr R, Tas 1) =Y Hoi(z,prR, 1)

d C@d 515 L C; . S, C OF 2ia S S, PTTa O m2
X Tq ATg (Ta Ta Tq ) ’L(Ta yPTTa ,,LL) Z(Ta ) ,LL) p%RQ

Rl—a ?
* Hach pieces describe physics at different scales. 19 step 2 gtop
hard-collinear soft-collinear
| |
e Uj — UH evolution follows Hgy(pr) Vit
DGLAP evolution equation again [ DGLAP
—8p; ~prR
\ A
n 2 R n
* Resums (o, InR)" and (a,In’ 5—)
Ta - /~LCNPT(Ta)ﬁ
PTTa
Si(T) — Hs ™ Rf—a

19 Kang, KL, Ringer " 18



Non-perturbative Effects

Non-perturbative Effects

* Non-perturbative effects:

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

Figs from P. Bartalini et al. | |

20

(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.

22



Non-perturbative Effects

Non-global logarithms

Dasgupta, Salam "0

Banfi, Marchesini, Smye "02
Larkoski, Moult, Neill * 15
Becher, Rahn, Shao “17 ...

* Non-global logarithms (NGLs):
arises from the correlation between
the in-jet and out-of-jet radiation.

rather small effect for jet mass
can be larger for the EIC

23



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.

24



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-§
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mj (GeV) mj (GeV)

25 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



Soft Drop Grooming

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

* Hint : contamination generally from soft radiations.

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

29



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.

30 Kang, KL, Liu, Ringer 18



Electron-lon Colliders

Jets at the EIC

Polarized
Electron
Source

eRHIC

».Detector |

Detector Il

S

Electrons
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lon Source

Electron Collider Ring Boo'er

lon Source

Electron Source
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hhbihsnanad s
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Electron-lon Colliders

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 pr and Q* < 0.1 GeV? (near on-shell photon) See Jdger, Stratmann, Vogelsang "03

32



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 -
L /—'——\
002 - LL=1/ / o
0 = -
- 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

For using dijet process, see Xiaoxuan’s talk

=" Afup © Afyyy ® AHG © DI

a,b,c
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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+II PDF Fit H1 and ZEUS HERA I+II PDF Fit with Jets
1 = e 1 =
> L p) 2 ” : 2 _ 2
Q* =10 GeV § Q*=10GeV 2
g g
—— HERAPDFLSf (prel.) = i —— HERAPDFL6 (prel.) =
03 free o MZ) 08 i free a( MZ)
B exp. uncert. B exp. uncert.
| model uncert. Xu, | model uncert. xXu,

[ parametrization uncert. [ parametrization uncert.

[-% (-9

F) 2

- -

- o'

05 Fi 0.6 £

z =

04 5 z

X

| xg (x 0.05) 5 d, E

@ , b

0.2 : % \ 2

[ XS (x0.05) , > \ >

B : | \\ 2

E‘: \‘ \ E

o m— ' n 3 LA ll - I 3 — “ 4 - 3 bk - " " 4 e l n - -— —
10* 10 10° 10" 1 10 10 102 100 1

X X

Without jets With jets

34



Electron-lon Colliders

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 pr and Q* < 0.1 GeV? (near on-shell photon) See Jdger, Stratmann, Vogelsang "03
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Electron-lon Colliders

Photoproduction at the EIC

p . p
direct , resolved
Jo/p Jo/p i
For polarized case,
doep—ehX . " dAO.ep—>th .
hadfon dedn — zb:fa/l(g)fb/p@Hab@Dc [ dedn — Z Afa/l ®Afb/p®AHgb®Dc
a,0,¢ a,b,c
) ep—ejet X 5
Inclustve Jet e ; fayi @ foyp ® Hoy @ J. + O(R?)
do.ep—>ejet(mJ)X
— HC . 2
Jet mass dprdndm, D fapt ® fopp @ Hey @ Ge(my) + O(R?)

a,b,c

* Sensitivity to the photon pdfs. Can be done for polarized and unpolarized case.

* Quark and gluon discrimination with jet mass observed.
Jdger, Stratmann,Vogelsang "03

e Role of NP thSiCS? Chu,Aschenauer, Lee, Zheng "1 7
26 In collaboration with Elke Aschenauer and Brian Page



Electron-lon Colliders

pr distribution for the jets in the EIC

30000 | |
res, NLO+NLL
Jet pT Vs Q?: Resolved dir, NLO+NLL
= *F 25000 F /5 =141 GeV, pr > 4 GeV -
T E " 02<y<08

E 20000 L Q2. > 1 GeV? |
20— e
a 100 =
- =

15| = 15000 - -
- ~
- S
L =

1o
C © 10000 |- -
sE-
N I RN IR R IR Er. P o000 |
10" 10° 10° 10” 10° 10’ 1 10
Q
0 | | | |
E. =20 GeV E,)(AQCD) —2 —1 0 1 2 3 4
E, = 250 GeV prht Mlab

®4GeV < pr <15 GeV for @ <1 GeV, contribution mostly from resolved.

; In collaboration with Elke Aschenauer and Brian Page
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Electron-lon Colliders

Power corrections

7, Vs Mass®/pT All

7, Vs Mass®/pT*: With Part Mass > 0.4

Mass®/pT?

7, Vs Mass®/pT* No Part Mass > 0.4

10’
09

08

0.7

10°
0.6

0.5

* Mass effects: important challenge and opportunity

04
10

llllllllllllllllllllll‘
1 1

0 01 0.2 03 04 05 06 0.7 08 08
Mass®/pT?

03

0.2

01

In collaboration with Elke Aschenauer and Brian Page
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Electron-lon Colliders

Preliminary Plots

0.2
q i q
g i g
0.15 L q+g B q+yg
| R =0.8, 10 < pr <20 GeV | R =0.8, 10 < pt < 20 GeV
resolved | direct
ol g -
o5 0.1 ¢
—| b
0.05 F
0.0 — -
0 10

mj (GeV) mj (GeV)

* Fraction of gluon contribution is reduced for the direct process
relative to the resolved process.

In collaboration with Elke Aschenauer and Brian Page
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Electron-lon Colliders

Preliminary Plots

Angularity
5) ——
i NLL O - —
: NLL + NP(Q = 0.5) E | 12000—
4| | - —a=-05
’ 10000 —
- E} ——a=0.0
3L R=0.8, pr >5 GeV ] 8000 - —
* > 2. /s = 140 GeV a=0.5
ol |
gello] I |
e 2N | 6000
2 F / ]
I / 7
! | 4000
L I | -
1 j / N o i B
- S | 2000
L/ S~ | L
’ D gt -
O e — OllllllMllllllllll llill_l_llllllllllllllllll
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Tau
70

e Monte Carlo

*Q,. = 0.5 GeV, assumption that NP effects only come from the hadronization gives the
right peak value ——> less contamination from UE than LHC

In collaboration with Elke Aschenauer and Brian Page
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Conclusions

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

® Discussed phenomenology of jet mass in the LHC.
® Discussed various non-perturbative effects.

® Jets have tremendous success at the LHC, interesting opportunities and
new challenges at the EIC:

power corrections, reduced contaminations, constraining unpolarized
and polarized pdfs.
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