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Jets and EIC

= Goal: discuss possible applications of jet physics to both e+p and
e+A collisions

= Consistent with the theme of the workshop, one should discuss the novel tools

and observables that are being developed to probe the cold quark-gluon matter
with jets in electron-ion collisions

= Electron lon Collider
= Highest priority for new construction in NSAC 2015 long range plan
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Jets and EIC

Goal: discuss possible applications of jet physics to both e+p and
e+A collisions

= Consistent with the theme of the workshop, one should discuss the novel tools
and observables that are being developed to probe the cold quark-gluon matter
with jets in electron-ion collisions

Electron lon Collider
=  Highest priority for new construction in NSAC 2015 long range plan
= National Academy: report on EIC to be released on July 24
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Jets in DIS

= Deep Inelastic Scattering (DIS) and photon-production

direct: Q2 large resolved: Q2 ~ 0

= Well established QCD factorization formalism
= Usual DIS process with virtual photon Q2 large
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Jets at an EIC

= |t was realized only recently that jet measurements are possible at
EIC

= EIC white paper does not contain study on jet physics: arXiv:1212.1701
(recently updated on Nov. 30, 2014)

Photon-Gluon Fusion: Q? = 10-100 GeV?

g " {s=141 GeV

T Is=63GeV
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Brian Page, Santa Fe Jets and Heavy Flavor Workshop 2016

= Qur outstanding experimental colleagues and EIC team made the initial
feasibility studies in e+p collisions

hed) jet studies in et+A collisions yet: £/C woul



Purposes of jet/QCD studies in DIS

= | Studying QCD/jets to probe

»  Fundamental parameters of QCD: strong coupling constant

= Parton structure of proton
= Signature for BSM physics

NNLO + resummation

LHC THEORY — TOWARDS 1% PRECISION?

Gavin P. Salam, CERN

Joint CTEQ Meeting and 7th International Conference
on Physics Opportunities at an EIC (POETIC 7)

= |I: Studying QCD/jets to probe QCD medium

= Cold nuclear matter in e+A collisions
= Hot quark-gluon plasma in A+A collisions

NLO + resummation is probably sufficient at the moment
First e+A jet measurements are still yet to come at EIC
Too many effects need to be taken into account in A+A




Jets in e+p collisions at HERA

= Jet measurements in e+p collisions are only from HERA

= Theoretical computations could be obtained through NLOJet++ (Zoltan Nagy,
based on Catani-Seymour dipole subtraction method)
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Jets in e+p collisions at HERA

= Jet measurements in e+p collisions are only from HERA

= Theoretical computations could be obtained through NLOJet++ (Zoltan Nagy,
based on Catani-Seymour dipole subtraction method)
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Jets in e+p collisions

= Jets at HERA are extremely important

xf

Constraining the gluon PDF

H1 and ZEUS HERA I+II PDF Fit
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Jets in e+p collisions

- J ets at H E RA a re eXt re m e |y I m po rta nt Nudear Physics B (Proc. Suppl.) 222—224 (2012) January—March 2012

= Constraining the gluon PDFs HERA 2011
= Determine the strong coupling constant o M
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New developments since then

= NNLO have become available

= arXiv:1607.04921, Abelof, Boughezal, Liu, Petriello
= arXiv:1703.05977, Currie, Gehrmann, Huss, Niehues
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arXiv: 1709.07251, see more at R. Zlebcik’s talk




Other development: QCD factorization

= Single inclusive jet production: p+p — jet + X

do.pp—)jetX

- Zfa,®fb®Hab

a,b,c

dprdn

b
I o
partonic hard-scattering cross section

a s "ab

Hgap = a2 (H Ot a,HY +o2H? 1 | )

= The idea is simple: dynamics which happen in very different
scales do not interfere with each other: Agep Vs Py

NLO 1990 NNLO 2016 ...

Ellis, Kunszt, Soper ‘90 Currie, Glover, Pires 16




Refactorization: semi-inclusive jet function

= When R << 1, the relevant scales for single jet production
= Two momenta: (1) hard collision: pT (2) jet radius can build one: pT*R
= A further factorization

dO.pp—>jetX

= fa® f5 ® Hapose ® Je(2, it ~ prR)

a,b,c

dprdn

= Good thing: semi-inclusive jet function J,,(z, R) are purely perturbative

Kang, Ringer, Vitev, arXiv:1606.06732, Dai, Kim, Leibovich, 160
Kaufmann, Mukherjee, Vogels ;




Semi-inclusive jet functions

= Describe how a parton (g or g) is transformed into a jet (with a jet
radius R) and energy fraction z

jet Wy =w wJ#w wJ#w
> ; ‘\/ﬁ - %
o A ) i
initiating parton w | w | w

LO NLO
Jéo)(z,wj)zd(l—z) z2=wy/w

= Semi-inclusive quark/gluon jet functions follow DGLAP evolution
equation, just like hadron fragmentation function

v

d as (1 tdY , (2
- ,LL@JZ'(Z,WJ,N) — & Z/ 7Pji (?”UJ) Ji(#wr, 1)
F Z




Features: unified formalism

= Unified factorization formalism for hadron and jet production

do.pp—>hX

=) fa®f® ® D} (z, )
dedZ]( a,b,c
do.pp—)jet
i~ 2 fo® fo @ HASE © J.(z, 1~ prR)

a,b,c




Small R is a good approximation

= Even though derived for small R, R = 0.7, the difference between
small R approximation and full result is less than 5%
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Ln(R) resummation

= Natural scale for jet functions: pt*R . [~ pr

= Jet radius resummation:  (a,InR)"
= Note: In(R) <0 when R < 1 pg ~pr X R
Kang, Ringer, Vitey, arXiv:1606.06732

= Solve experimental puzzle at LHC
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Effect of In(R) resummation

= The In(R) is a big source for the discrepancy
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Open questions in e+A DIS

What is the fundamental quark-gluon structure of light and heavy
nuclei?

= Distribution of quarks and gluons in a nucleus: shadowing, gluon saturation, ...

Can the nucleus, serving as a color filter, provide novel insights
into the propagation, attenuation and hadronization of colored
quarks and gluons?

= Parton propagation, parton energy loss, shower development, ... in the nucleus

Initial-state effect
e (from modification of PDFs)
+

Final-state effect

>Mw % 2 .0 (propagation through the nucleus)




Lesson learned: initial-state effect

* Modification of PDFs in nuclei Eskola, etal., arXiv: 1612.05471
= Very important in describing inclusive DIS data
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= Of course, small-x effects (color glass condensate) can be studie
imilarly




| esson learned: final-state interaction

= Normalized through inclusive DIS measurements
= Effects of PDFs in nuclei cancel out in the ratio
=  Modification if there are, must come from final-state interaction in the nucleus
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What happens in a large nucleus?

= One method follows from pioneer work of Mueller and Qiu

Nuclear Physics B268 (1986) 427-452
© North-Holland Publishing Company

GLUON RECOMBINATION AND SHADOWING
AT SMALL VALUES OF x*

A H. MUELLER and Jianwei QIU

4 anxG(x 0) =22 [ S S )
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High-twist approach to jet quenching

= SIDIS as an example: multiple scattering in the medium leads to
induced gluon radiation

Olnpu?2  2n
1] y
; )Ap

= Evolution of fragmentation function is modified

a . ' q Framework: Qiu, Sterman, 90s
| ly: @4{ Applications: Wang, Guo, Qin, Majumder, et.al.
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Parton multiple scattering in the medium

" Transverse momentum broadening (TMB) is sensitive to multiple

scattering

SIDIS

il

e+ A—e+h+ X
Final-state

= First non-trivial: double scattering

p+A—=putu +X
Initial-state

A<£l21T> = <€%LT>€A — <€2
fd2£hT£hT dQ2d2£hT
do

p+A—=J/Y+X
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v e e
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" @ HERMES: Phys.Lett. B684 (2010) 114
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Works pretty well

= Description of the data using single set of correlation functions

ALICE, 1506 08808
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Generalized to hot QCD medium

= Vacuum splitting

I,kL

6 dNV2© Qg 1+(1—-2)* 1

O g ded?k,  2n2 Cr T k2

= Medium splitting (SCET) \;@ gﬁ

* transverse momentum kick through Glauber gluons ¢ ~ (A%, A%, \)

O & ® P ® 5,
z ; 5

dNmed  q. 14+ (1-2)2 [ dAz . Ldaglled{BJ_'(BL Cy

= — = —-=)(1- Q1 — Q)A
dxd?k, 272 F 0 Ag(2) QJ‘O-el d2q, Bi Bi CJ2_>( cos[(fh 2)Az]) +

GLV formalism

Gyulassy, Levai, Vitey, 02, Idilbi, Majumder 08,
D’Eramo, Liu, Rajagopal, 10, Ovanesyan, Vitey, 11, ...




Light and heavy meson modification

= The fragmentation function modified this way does lead to good
description of light and heavy meson in A+A collisions
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Works also for jets

= [Inclusive jet cross section also gets modified
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Kang, Ringer, Vitev, 1701.05839

= Expect this framework to be working for
Nuclear modification of jet cross section in e+A collisions




Other thinking of jet evolution in medium

m Vacu um E. lancu, hard probe 2015

quasi-collinear splittings

pQCD: DGLAP equation

energy carried by a few partons

\ with large z

energy remains within a narrow jet

= Medium

o LPM effect = BDMPSZ emission rate
~1/4 e multiple, quasi-democratic, branchings
x ~1/2 e wave turbulence : highly efficient energy
transmission from large x to small x

Blaizot, Dominguez, E.I., Mehtar-Tani (2012...)
Apolinario, Armesto, Milhano, Salgado (2014)
Kurkela, Wiedemann (2014)




Jet physics is promising at EIC

= Plots from EIC team

Photo-production of dijet
Photon-Gluon Fusion: Q% = 10-100 GeV?
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Jet substructure

= Look inside the jet




Jet energy profile

= Jet shape: internal energy profile of the jet

= Make sense of the data
=  Quark jet is narrower than gluon jet due to the smaller color charge (Cr vs C,)
= DIS is dominated by quark jets
=  ppbar is dominated by gluon jets
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Progress since HERA time

= At the time of HERA (pre-LHC), jet substructure is mostly
compared with event generators

= Jet shape: either fixed-order computations or Seymour’s MLL results
= R >>r: need resummation In(R/r)

Compare with jet shape at CDF

H.n. Li, Z. Li, C.P. Yuan, 2011, 2012 Improved results from Y.T. Chien, I. Vitev, 2014
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Further Progress since HERA time

= So far all the theoretical formalism is concentrated only on
= jet function: only collinear degrees of freedom

dPT da'f -
Y(r) = ; fP_T EJ}E(L P, ”121’ R, 1)

dPTdO-f- -1
X _— El,P,VZ,R,R] .
[;_[PT dPTJf( 7> Vg )|

= Recently, we find the soft radiation is also important, in order to
write down the consistent factorization formalism

gget (z’ ZpyWR, T, R1 ll') = H‘ij (Z, wRRa ”‘) /dzkl Cj (z‘ra Wy, kJ.) 122 V) Sj (kJ.a Ra ey V)

Kang, Ringer, Waalewijn, 1705.05375

It would be nice to see the
phenomenological conse




Further Progress in A+A collisions

= Used the same medium-induced splitting functions
Improved results from Y.T. Chien, I. Vitevy, 2015
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= |t would be interesting to make computations for jet shape for
both e+p and e+A collisions using new formalism




Fragmentation inside a jet

= Semi-inclusive fragmenting jet function

h Kang, Ringer, Vitev, 1606.07063, JHEP 16
Zh = p%/pT
doPr— (et h)+X
SRS dndprdz, 2 Jo® o Hiy o{Ge

abe

d s 1 dz )
¢ Two DGLAPs: Gl = 2 ST [ b (2) Ghe o)

1 /
dz 7
G (2,21, 1) = ) / z_’hj” (2, 2}, 1) D} (-7#) $ pg ~pr X B
j Zh h




Light hadrons: work well

= Light charged hadrons

~10% 10"
= B ~ -
o - pp (s5=7TeV & 108 h* p+p Vs=2.76 TeV anti-k,
= 1072 anti-k; R=0.6 | < 1.2 N B o ATLAS R=04 i< 1.6
ol »F [400,500] x 1¢'8 ol 1013 i 4+ CMS R=0303<ml<2
107 =
E [310,400] X 1016 —
10" 101 =
1016 s [260,310] x 104 L
WF [210,260] x 1o 12 10°
10" =
i [160,210] x 101 10" |
102 B
= [110,160 8 I
10 ety 10°
.F [80,110] x 10¢ =
10°F 103
106 = [60,80] x 104 -
\ = [40,60] x 102 10
10" -
= [25,407 x 10° 1071
20 -
10 :_ N
1E 1073 N
10‘2_—|||||| Lol [ B BB B 10—5_ ! Lol L S
107 107! 1 107 107! 1

Kang, Ringer, Vitev, 1606.07




Further improvement

= So far standard FFs are only constrained for z > 0.05

Theory / data

Theory / data

These data can constrain small-z

One might need threshold resummation for large z region

1l arLas

| ATLAS | ATLAS ]
15 45<p™<60GeV {F o 60<p<Bocev | o Jlo 80<p®<110Gev i
L. O L 5
[ ]
[ ° o ) * 2 e * 4 o © k] o ]
e} [e] ° .
® o ' e o, O o ° e ¢ o 8 0° )
1 e O O L
i - 1 e Kangetal ]
[ pp (s=5.02TeV,25pb™" 1l wrul<16 o Kaufmann etal.
05 " a2 1 222l 2 N aal o3 33l 1ol saal ial
10" 1 107" 1 10~ 1
z z z
| ATLAS ' 11 atLas ' 1 'aTLas ' i
L O
15 110 < p™ < 160 GeV JL© 160 < p'® <210 GeV 4L 210 < p™ < 260 GeV i
“[e o T L[] o T (.) T
i e
e 9 . . o o ] ° ° ° . s . .
e o 0 © 0 ® ¢ 0 8 0, S e o 8 o ;
1 o
i Nl o )
© 11 o e Kangetal
[ pp s =5.02TeV, 25pb 1l yrul<16 ] o  Kaufmann etal. 1
0.51 1 1 1 " N 2al M | 1 ol 2l
102 107! 1107 10™ 1102 107"




Jet fragmentation function in A+A collisions

= Medium modification can be computed similarly once the
medium induced splitting functions are given (actual
phenomenology is more subtle)

2.5 UL ll T T T T TT II
I ly ™1 <2.1 anti-k, R=0.4 jets
—~
N
E R SCET g=2.1 data
m 2 [ ® 126 < p‘T" < 158 GeV
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+ 316 < p < 398 GeV
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Pb+Pb, |5, = 5.02 TeV, 0.49 nb™!, 0-10% |
0.5 pp, is=5.02TeV, 25pb" -
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11

1072 107" 1

ATLAS, arXiv:1805.05424 Ringer, CIPANP 2018
Similarly CMS, Phys. Rev. C 90 (2014) 024908

= With additional R in control, should have more power than the
| SIDIS fragmentation functions in e+A collisions




Jet angularity

= Trust was defined as an event shape parameter to understand
radiation pattern

1
T = —math\t-pi\ =1-1
@ i€X

= 79 — 0 is equivalent to dijet limit
= A generalized class of IR safe observables, angularity (applied to jet)

ete™ L 1 2—a
1 = E—J Z EZ HZ.J

1e€J
1 29— g Sterman, et.al. 03, 08, C. Lee, et.al. 10
Tol = — ZpTi (AR; ) Hornig, Makris, Mehen, 16
PT 25

= a=0 related to thrust (jet mass)

= a=1 related to jet broadening




Jet angularity

= Similar replacement: J,(z,prR, 1) = Ge(2, pr R, Ta, 1)

= Refactorization

gc(z,pTR, Ta, :u) - Z Hc—>7}(z7pTRa :u)

a a a

Rl—a’

1
: / drCtdrsio(ro — 1 = 78 Ci (e prrE T 1) Si(r, B )




Jetmass:a=0

Comparison with jet mass measurements at the LHC

Need a large non-perturbative parameter

Strong non-perturbative sensitivity: multi-parton interactions (MPI), pileups,
and hadronization (generally need to apply “grooming”, e.g. soft drop grooming
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Jet mass at an EIC

= Computation and comparison with event generator

= e+A collision is much cleaner environment, likely the main non-perturbative
contribution is hadronization effects

5 Angularity
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* Monte Carlo

Help from B. Page, E. Aschenau



= Even though jet capability at the future EIC is realized only
recently, we found that jet physics could be very powerful

= To understand parton propagation and energy loss in cold QCD matter

= Especially with the advancement in jet and jet substructure from LHC, the clean
environment of e+A collisions should be ideal to constrain the properties of
cold QCD matter, probe the underlying mechanism

= |n turn it should lead to better understanding of hot QCD matter

= Exciting jet physics program at EIC
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Thank you!




