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They are most common at the LHC

CMS CMS Experiment at the LHC, CERN
Data recorded: 2015-Sep-28 06:09:43.129280 GMT
Run/Event / LS: 257645 / 1610868539 / 1073




Jets are everywhere

= At the LHC, 60 - 70% of ATLAS & CMS papers using jets in their
analysis!
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Jets as a precision probe of QCD

Extraction of strong coupling constant
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Probing the structure of matter

= Rutherfold’s experiment

Gold Foil

Detecting Screen

= Heavy ion physics vs. high energy QCD ®

electron /

v Structure of proton
» Quark and gluon distributions:
global analysis, ...
» Dynamical correlations
v" QCD dynamics in vacuum



Precision frontier: we are still far away
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B. Muller, RHIC/AG




Heavy ion physics vs high energy QCD

Jet transport parameter Global analysis of PDFs
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pQCD advances in heavy ion physics
need to understand all other processes (jet, jet substructure, heavy

flavor jets/meson, dijet/dihadron correlation, gamma/Z-jet/hadron, ...)



We come a long way
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Soft-Collinear Effective Theory (SCET)

= SCET: an effective field theory of QCD Bauer et al. 01, Pirjol et al. 04

= Suitable for processes where there are energetic, nearly light-like (collinear)
degrees of freedom interacting with one another via soft radiation

= Modes in SCET

Collinear quarks, antiquarks z B
Collinear gluons, soft gluons A, A
modes  pt = (+,—, 1) p? fields np N
G eF o o-mess[lsells
= Especially suited for jet physics » Glauber mode to describe the

interaction between energetic

Qo jet/parton with the medium
z.,
TP og= (N, A0

Coh
| B
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time




Quark and gluon jet still LO

= Quark and gluon lose different energy, and thus we need the
separate contribution from quark and gluon jets

= At LO, there is no ambiguity: one parton goes into the jet

e e

= At NLO, one needs a consistent way to define what one calls quark/gluon jets
ﬁje‘c




QCD factorization makes things simple

= 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® fo ® Haprye ® Jo(pt ~ prR)

ded’I] a,b,c
= Good thing: semi-inclusive jet function J,4(z, R) are purely perturbative

Kang, Ringer, Vitev, arXiv:1606.06732, Dai, Kim, Leibovich, 1
Kaufmann, Mukherjee, Vogels




Semi-inclusive jet functions

= At LO: only one parton becomes the jet Kang Ringer, Vitev, arXiv:1606.06732, JHEP
T (z,wy) =8(1 - 2),
T (z,w5) =0(1 - 2),

= At NLO: e.g., for quark-initiated jets

+ Pyy(2)2In(1 — 2) + C’Fz},

ent: needs renormalization




Gluon-initiated jets

= For gluon jets

g

1 _
IV (z,ws) =5

. + L [ng(z) + anqu(Z)
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. 0 2
= Natural scale for quark/gluon jet functions: L=IH%—>u=than§=pT-R
2

%
w7 ta

After renormalization, one will find: semi-inclusive quark/gluon jets follow
DGLAP evolution equation, just like hadron fragmentation functions

d as(p) L dz 2 .

s

s N

= Jet radius resummation: (aslnR)" [ ~ P




Is it relevant?
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Effect of In(R) resummation
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Now ready to do jet modification at NLO

medlum e-----x ?-----x f----*
(A) (B) (®)

Jo(z,wy) = I3z, wy) + J2 (2, wy)

m
) = [/ dq. Pg®(2,q.)
z(1—2)w tan(R/2)

w
o / dq1 Pre%(z,q.)

I (1—2z)wtan(R/2)




What happens in medium?

= Vacuum splitting

O—«=

x? k_L deac as

- ded?k, 272 r k2

= Medium splitting (SCETg)

= transverse momentum kick through Glauber gluons g ~ (A%, A2, \)

v 3

dNmed o, 14+ (1-2)% [ dAz s ldomd B, (B CJ
GLV formalism

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

ads to additional contribution to the fragmenting jet functi
ifies the jet function
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Jet substructure: hadron distribution inside the jet

= Jet fragmentation function

=  Modification pattern reveals detailed information on inner-jet interaction
= 5o far jet fragmentation function modification is not explained
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Jet fragmentation function

= First produce a jet, and then further look for a hadron inside the

jet
do™ do
FlonPr) = Gdprden ! dydpr
Zh = pi%/ Pt
z = pr/pT
_C,.___ Kang, Ringer, Vitev, arXiv:1606.07063, JHEP

= Just like the single inclusive jet production, we have
= Semi-inclusive fragmenting jet function

d d alaad d
x> [ St [t [ Ehya@




Two DGLAPs

= Again DGLAP evolution: evolution is for variable z

dz z

gh(z Zh nu , 37, gh(z Zha:u)

= Relation to standard FFs: relevant to variable z,

d
gh(z Zh'u Z/ Zh‘jk?(z Zh? )Dh< ,,,LL)
“h

Kang, Ringer, Vitey, arXiv:1606.07063

K~ pr
Resum In(R)

pg ~pr X R

Evolve standard FFs from 1 GeV

,U,DNl GeV




Some interesting phenomenology

= Works pretty well in comparison with experimental data
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Jet fragmentation function in A+A collisions

= Comparison with CMS data

=  Small z region: jet quenching leads to enhancementfor the softer hadrons
within the jet

= Large z region: change of the relative weight of quark and gluons jets leads to
modification Chien, Kang, Ringer, Vitev, Xing, in preparation
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Distribution of subjet inside a fat jet

= Combing jet shape and jet fragmentation function
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Very preliminary plot

= Subjet distribution inside jets
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Earlier study on heavy flavor

= Still traditional energy loss formalism

Single inclusive b-jet
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Fractions

B meson tagged b-jet
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Inclusive dijet and bottom dijet

= Similar or different
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Vector boson tagged |ets

= Photon/Z-boson tagged light jets Kang, Vitev, Xing, 1702.07276
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Photon tagged heavy jet and meson

25 <pl <50 GeV Iyy, yl<2
102
e <0 B
———D

Vs = 2760 GeV

Kang, Vitev, PRD 11

IAN_) do/dz (pb)

80

(o))
(=}

N
S

20

Y+b-jet — ptp

me =18
gmed=2'0

- ngd=2-2

med
rad.+col., M=mb-2mb

0-10% Pb+Pb, Ns=5.1 TeV

pjT>4O GeV
40<p:<80 GeV

Huang, Kang, Vitev, Xing, PLB 15




Time to do serious QCD computations

F(z,p))

Jet FFs for D meson: use FFs fitted from e+e- data
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Using ZM-VFNS scheme:
Chien, Kang, Ringer, Vitey, Xing,
1512.06851,JHEP 16

- == = DP(z,) = 2D (2,

New fit of D-meson FFs:
Anderle, Ringer, Stratmann, Vitey, in progress




A new global analysis of FFs

' _ New fit of D-meson FFs:

* New fit of D-meson FFs Anderle, Ringer, Stratmann, Vitey, in progress
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Light hadron from SCETg

= Compute the medium-induced splitting functions
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Heavy meson production

= Heavy meson cross section using ZM-VNFS at NLO
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Heavy meson in heavy ion collisions
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From hadron to jet

= We believe we are on the right track: develop more
accurate/consistent QCD framework for jet production in heavy
ijon collisions

= Still in a exploratory stage, not fully ready for comprehensively
extraction of medium properties yet

= Think about the exercise of just single hadron Ra,
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RHIC and LHC

(TS CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT
Run / Event / LS: 273158 / 238962455 / 150

Thank you!



