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* Azimuthal angle ¢

* Pseudorapidity n = —Intan6/2




Introduction

Jets at the LHC

* Pioneering work Sterman,Weinberg *77

. Jet algorithm, e.g. anti-kt Cacciari, Salam, Soyez "08

Define a distance between all particles

11 P02 (b — b:)?
d;j :min( — = ) (7 — ;) ;‘2@ ¢;)
Pr; Pty

and recursively merge the particles
with the smallest distance

Pythia 8, Fast]et
R=04 +/s=13TeV
p‘jﬁt > 20 GeV
Y.He I8




Introduction

Jets at the LHC

Pythia 8, Fast]et
R=04 +/s=13TeV
Pt > 20 GeV
Y.He I8

* Pioneering work Sterman,Weinberg *77

. Jet algorithm, e.g. anti-kt Cacciari, Salam, Soyez "08

Define a distance between all particles

1 1 i — 1)+ (¢ — $;)? —
d;; = min . — (77 779) +2(¢ ¢j) o
Pr; Pty R

and recursively merge the particles
with the smallest distance

[—» R is the radius of the jetj




Introduction

The inclusive jet cross section

do.pp—>jet—|—X
CMS Experiment at LHC, CERN
Data recorded: Tue May 25 06:24:04 2010fCEST dprdn
Run/Event: 136100 / 103078800
Lumi section: 348
— — ]
\

—
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E.Eren 18

Counting the number of jets



Introduction

Inclusive jet production at the LHC

* Proton-proton
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Introduction

Hard and soft probes in heavy-ion collisions

Z
". medium P 4
‘:“"'no 000 C g //
i
* Highly energetic particles and jets * Charged particle counting
* QCD Factorization? * Elliptic flow/collectivity

Extract properties of the medium

8



Introduction

Inclusive jet production

pp — jet + X AA = et + X

CMS CMS Experiment at LHC, CERN

—_ | Data recorded: Sun Nov 14 19:31:39 2010 CEST
“—\| Run/Event: 151076 / 1328520
Lumi section: 249

Jet 1, pt: 70.0 GeV

Run: 282712
Event: 474587238
2015-10-21 06:26:57 CEST

EXPERIMENT

Subtract background

Inclusive jet cross section Nuclear modification factor
dogPp—iet+X doFPpPb—jet+X
Raa = .
dedn <Ncoll> dopp—iet+X
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Inclusive jet production at the LHC

2.76 TeV [PRL 114 (2015) 072302]

anti-k; R=0.4 jets

2.76 TeV [PRL 114 (2015) 072302]
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Inclusive jet production at the LHC

1 - < 1.8
0 9;_ ATLAS 3 Ay ; 6:— ALICE Preliminary
" E anti-k, R=0.4 jets, |s=5.02 TeV - "I Pb-Pb 0-10% s\, =5.02 TeV
0.8 — i
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ALICE preliminary, J. Mulligan, HardProbes | 8

This talk ...

* Phenomenological approach
* Minimal theory input/approximations
 QCD factorization
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Jet vs hadron Raa - Factorization and universality!?

anti_kt jets, m| < 2 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
kX R=0.2 [ /s =2.76 TeV
- 1.2 0- 5% ]
¢ R=03
* R=04 Ll ittt
< 0.8F .
Y i L T et
SR R L I
0.4 -'f-.-t-i—m — - _
0.2 ~
O 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
- 100 150 200 250 300
Jet P [GeV/c]
CMS, PRC 96 (2017) 015202
doPbPb—jet+X

Raa = .
AA <Ncoll> do-pp—>3et—|—X

* See also jet substructure measurements
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CMS, JHEP 1704 (2017) 039
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Inclusive Jet Production

QCD factorization

* Inclusive jet production pp — jet + X

do.pp—)jet+X

_ Z Fasp ® fop @ HiCt Perturbatively

dprdn — calculable p = =

Ellis, Kunszt, Soper “90



Inclusive Jet Production

QCD factorization

* Inclusive jet production pp — jet + X

dapp—)jet+X

je Perturbatively
— fa X fb X Hjat
dprdn ; fp =0/ ’ calculable
=Y fu® fr® HS, ® J. + O(R?)
a,b,c
d
J
A p=Pprr * Separation of scales

¢ Resummation of o In" R

Ellis, Kunszt, Soper “90

Dasgupta, Dreyer, Salam, Soyez " |5

gy =prR Kaufmann, Mukherjee,Vogelsang " 1 5
Kang, FR,Vitev " [ 6

IS Dai, Kim, Leibovich "1 6




Inclusive Jet Production

QCD factorization

* Inclusive jet production pp — jet + X

do.pp—)jet+X

je Perturbatively
— fa X fb X Hjat
dprdn ; fp =0/ ’ calculable

= fa® fo® HS ® Jo + O(R?)

a,b,c

e Similarto pp > h+ X

do.pp—)h—i—X

=Y fu® fr® HY ® D!

a,b,c \

Non-perturbative FFs

dprdn

Ellis, Kunszt, Soper “90

Dasgupta, Dreyer, Salam, Soyez " |5

Kaufmann, Mukherjee,Vogelsang " 15

Kang, FR,Vitev " [ 6

16 Dai, Kim, Leibovich "1 6
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Inclusive Jet Production

Jet functions in the vacuum

Kang, FR,Vitev "1 6

Jg(zapTR) ]
pr =250 GeV |- .
; (== pr/os |
initial condition
| | | | 1 .
0.01 0.1 - 1 for the evolution
2

pr Jo(zprRp) =6(1—2)+ ;‘— (1 +1n ( s )) [P,y (2) + Pyo(2)]

e T e
— ;—;{CF [2 (1+ 22 <ln§1__zz)>+ +(1- z)] —5(1 — 2)d%™

+ Pye(2)2In (1 — 2) + C’Fz}

R
pT 17



Inclusive Jet Production

Jet functions in the vacuum

Kang, FR,Vitev "1 6

20 | | | | | 1 | | | | | | | |

I i

i Jg(z7pTR) _

I pr=250 GeV |1 >
15 NLL I

I 1 [z = pT/ch]
10 —

I R=0.\ \ R=0.05
5 L |

I Fe \hi initial condition
00.01 01 - '1 for the evolution

pro leprB) =00 -2+ 2 (L (S0)) (Pule) + Pl

- g‘—s{cp [2 (1+2%) <ln(1 - Z)>+ +(1- z)] — 5(1 — 2)d%™e

T 1—2

+ Pye(2)2In (1 — 2) + C’Fz}

R
pT 8



Inclusive Jet Production

In-medium jet functions

* Starting from factorization in the vacuum Kang, FR,Vitev *17

doPP—ietX e ol s ‘ med Allows for identifying jet quenching
—— = fa® fo ® HY ®|J. > Jmd(z prR, 1) e i) AP
pTan — with the final state jet function
 SCETg Ovanesyan,Vitev " | 2
g see also He, Pang,Wang " 18
Joo(z. 07 R = dqg, P, (z ’ ’
a(%, PR, 1) c(1—2)prR q1Pgq(2,q1) Sirimanna, Cao, Majumder " 19
_|_
* Inclusive jets * b-jets Li,Vitev * 18
1.4 F |n <20 g=21+01 ] N w/ radiative only _
VENN = 2.76 TeV i w/o CNM |
1.2 | centrality 0 — 10% - D full calculation N
R=0.4 1
N | i i
Q:::5:0.8 - s mj — -
0.6 | ’ I ’ W?Mxx I I 0.5 ]
{ ] —— | i Pb+Pb |s=5.02 TeV |
0.4 . B Centrality 0-10% _
0.2 ] - Anti-k, n[<2 R=0.3 i
SCETq, NLO+NLL g B g=2.0 7
O 1 " " " " 1 " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 " " " " 1 0 L l L L L L l L L L L I L L L L l L L L L I L L L L
50 100 150 200 250 300 350 400 50 100 150 200 250 300

oy 19 b-jet P, (GeV)



Inclusive Jet Production

QCD factorization

A
)

Separation of scales

dgpp—>jetX

=Y fa®fr@HG® J.

a,b,c

dprdn

20
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Inclusive Jet Production

QCD factorization

Separation of scales

dgpp—>jetX

dprdn

=Y fa®fr@HG® J.

a,b,c

do dz

QCD emissions Y

* Cancellation of Glauber gluon exchange!?
* Corrections at subleading power?
* Coherent/incoherent corrections!?

Qiu, Sterman 91, Botts, Qiu, Sterman "9

21




Inclusive Jet Production

pp — jet + X
Final state radiation

22 adapted from M. Schwartz " 17



Inclusive Jet Production

@® Hadronization

i

)
.

(N Y

QY
|

Additional jets, non-global structure

Final state radiation

pp — jet + X

Initial state radiation

/

Underlying event

Pileup

adapted from M. Schwartz " 17



Inclusive Jet Production

AA = jet + X
Final state radiation

@® Hadronization

i

Y

. 757
(N

Y
|

Additional jets, non-global structure

Initial state radiation

/

Underlying event

Pileup

24 adapted from M. Schwartz " 17



Inclusive Jet Production

QCD factorization

* Proton-proton

Proofs: Drell-Yan process Collins, Soper, Sterman "85, Bodwin 85

Partial proofs: pp — h + X Nayak, Qiu, Sterman "05

Factorization breaking effects Mulders, Rogers *10

Phenomenologically established:

Global analyses of PDFs gives a consistent picture!
ABMP, CJ, CT, JAM, MMHT, NNPDF ...

* Heavy-ion

do.pp—)jetX

:Zfa@)fb@Hgb@Jc

a,b,c

* Possibly broken. If so, how large is the effect? dprdn

Gyulassy, Wang “94, Baier, Dokshitzer, Mueller, Peigne, Schiff *96, Zakharov "96, Gyulassy, Levai,Vitev "01,
Wang, Guo "01,Arnold, Moore, Yaffe "02, Qiu,Vitev "06,Armesto et al. "1 2

25



Inclusive Jet Production

A first global analysis

Qiu, FR, Sato, Zurita " 19
* RG evolution as in the vacuum

d

@Ji(zapTRa ,U/) = Z ‘PJ'L(Z) ® Jj(‘zvaRa ,U,)
J

* Introduce medium modified jet function at the jet scale

Jimed(zapTRa :U’J) — Wzm(z) X Jzyac(zapTRa .uJ)

szaz(l — Z)B'L
Blo; + 2, 8; + 1]

— 6 independent parameters

nPDFs Eskola, Paakkinen, Paukkunen, Salgado " 17, Kovarik et al. " 16
de Florian, Sassot, Zurita, Stratmann " 2

nFFs Sassot, Stratmann, Zurita ~ 10

26



Inclusive Jet Production

A first global analysis

Qiu, FR, Sato, Zurita " 19
* RG evolution as in the vacuum

d

@Ji(zapTRa ,U/) = Z ‘PJ'L(Z) ® Jj(‘zvaRa ,U,)
J

* Introduce medium modified jet function at the jet scale

Jimed(zapTRa :U’J) — Wzm(z) X Jzyac(zapTRa .uJ)

) Nz (1 — 2P -
Wi(z) = 625(1_Z>+B[%’+275i+1] % Cl%(@
* Momentum sum rule

1
/ dzz J™Y 2, prR, uy) = 1 which is conserved by the evolution
0

27



Inclusive Jet Production

Relation to a parton shower picture

For example:

* LBT « MATTER * Medium jet functions
Li, Liu, Ma,Wang, Zhu "I | Majumder " | 3, Kordell, Majumder " 17 Qiu, FR, Sato, Zurita * 19
vacuum shower vacuum shower vacuum shower
' ~ O(10 GeV)
shower cutoff \ . . ! prR
medium modified shower

Linearized Boltzmann Transport Fit to data
— PO (N)/Bo \
s (pr)
J(N = J(N,prR
( 7pT) <Oés(pTR)) ( y PT )

see also JEWEL, Martini, Q-Pythia, JETSCAPE

28



Inclusive Jet Production

Relation to a parton shower picture

For example:

* LBT « MATTER * Medium jet functions
Li, Liu, Ma,Wang, Zhu "I | Majumder " | 3, Kordell, Majumder " 17 Qiu, FR, Sato, Zurita * 19
vacuum shower vacuum shower vacuum shower

shower cutoff

\ ~ O(10 GeV) @

v ““ R
medium modified shower « PT

Linearized Boltzmann Transport Fit to data
— PO (N)/Bo \
s (pr)
J(N = J(N,prR
( 7pT) <Oés(pTR)) ( y PT )

see also JEWEL, Martini, Q-Pythia, JETSCAPE
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Phenomenological results in AA

Implementation

* Earlier implementations not practical to perform fits Bodwin, Chao, Chung, Kim, Lee, Ma "1 5,
Kang, FR,Vitev " | 6

* Purely Mellin space implementation

Zfa®fb® b®‘]_ZH,®J

abc \
\ Actual convolution

Fit of numerical result ~ z%(1 — 2)?

Singular distributions
Evolution

Medium modification
Fast numerical evaluation

([ )

dedn Z/Zm NH/ (N) Je(N) “ @

y,

2o = 2pr/+/scoshn RV,
Cn

v

* Error analysis based on the technique from NNPDF, JAM

Ball et al. " | 7, Accardi, Brady, Melnitchouk, Owens, Sato " 6
31



Phenomenological results in AA

A first global analysis

2
* Non-trivial X profile

* Require physical solutions

* It is not possible to fit the data with W, (2) = W,(%2)
while requiring a “physical solution”

anti-k, jets, | <2 LI L L LR IR B
£R=0'2 12F o 55 ]

¢ R=0.3 : :
#R=04 1"“

K S

A I

0.4 -'f-ii—_—______ O

02f=" ]

CMS, PRC 96 (2017) 015202 o b | | | '

150 200 250 300
Jet P [GeVi/c]

I1 OOI 1 1
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Phenomenological results in AA

Inclusive jet production PbPb at the LHC

Vs =2.76 TeV  Fitwith x*/d.o.f. =1.1

1.0
0.8}
< 0.67
0 0.4} pd
0.2}
0.0

A/ SNN — 2.76 TeV

100 200 pr [GeV]

No initial state effects or nPDFs

ALICE, PLB 746 (2015) |
ATLAS, PRL | 14 (2015) 072302
CMS, PRC 96 (2017) 015202 CMSalso R = 0.3

33



Inclusive jet production PbPb at the LHC

Vs =5.02 TeV  Fitwith x*/d.o.f. =1.7

1.0
0.8}

< 0.6 UL

0.4}
0.2}
0.0

No initial state effects or nPDFs * High pr easy to fit
* Low pt more difficult

ALICE preliminary, J. Mulligan, HardProbes | 8 » Modification of DGLAP at low PT7
ATLAS, PLB 790 (2019) 108
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Phenomenological results in AA

The medium modified jet functions

g

)

g ..........................................................
~ V/SNN = 2.76 TeV

~ O T

7, Py

L pr = 100 GeV

Small-z region generally
less constrained O

| | P \/s}TN:E).OQ Tel\/ .
0.01 0.1 1001 01 » 1

Potentially requires threshold resummation for z — 1

35



Phenomenological results in AA

Quark/gluon jets

Keeping track of the flavor d of the jet

pp—jet+X
do g

— a H; c
T = 2 e ® Fr® fr H© Jeg

abc

where ) Jua(z) = Jo(2)
d

* Raa is sensitive to q/g jets
* Dependence on the perturbative accuracy

see also Banfi, Salam, Zanderighi "06
Cal, FR,Waalewijn " 19

Vs =5.02TeV, R=04,|ng <1

1.0
—— LO
NLO(FO)
0.8 —— NLO(RES)
)
69 0.6 -
\
(@)
S
0.4 -
0.2 -
0.0 1 1 1 1 1 1
100 200 300 400 500 600

pT

36




Phenomenological results in AA

Quark/gluon jets

1 .O ’ ATLAS \/m — 5-02 TeV R = 0,4 - vacuum O'q/o-tot,vac

0.8
< 0.6
2 (0.4}

i —

200 | 400 600  pr[GeV]

- vacuum Ug/gtot,vac

medium O-;ned/o-tot’vac

medium U;ned/(ftot,vac
* Sensitivity to g/g

* Need additional handle from ~ + jet

37



Phenomenological results in AA

Results from jet substructure

g FATLAS : _ I pPoprysn=s02tev |1 The jet fragmentation
ok o ly**| <0.3 L 0.49 nb™’ i f .
e x 0-10% : n anti-k, R=0.4 jets 1f . : unction
15 = T -‘ ;
. | | T r
1IE: * -a-—'\- P - 23 o®
0.5F 126 <p* <158 GeV . }\isa <p’' <200 GeV 1k 200 <p’' <251 GeV
1072 10" 1 107 107" 1 102 107" 1
Z Z Z
ATLAS, PRC 98 (2018) 024908
290 aas e Quark-like fragmentation at large-z
I < 2.1 anti, R=0.4 jets
N o jet
Q 2—_ ® 126 < pi" < 158Gev pT
e : e byt hodel, R =3
B —— EQ model
1.5
T |
| Pb+Pb, |5, = 5.02 TeV, 0.49 nb", 0-10% 1
0.5~ rp. \|E = 5.02 TeV, 25 pb"! -

107 107
Spousta, Cole " 15

—
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Phenomenological results in AA

The Raa as a function of the jet radius

* Large-R - Parton energy loss recovered in larger jet Raa 1

 Small-R

* Jet sample with harder fragmentation spectrum for fixed pr Ra4 1

* Formally for R — 0 the hadron Raa should be obtained Ra4 1

27.4 pb™ (5.02 TeV pp) + 404 ub™' (5.02 TeV PbPb)

Factorization 1.6 _I ||CMS| I | L I I L L I i
: 1.4- ]
doPPiett He. @ ] [e]CMS5.02TeV ¢ ALICE 2.76 TeV .
dprdn B Z fa ® fo ® Hop @ Je 1.2 O CMS276TeV vV ATLAS2.76 TeV _
a,b,c i

Taa @nd lumi. uncertainty

.

——:

.7!
L1

R—0 .

v

Non-perturbative

Dh
fragmentation functions

C

III|III|III|IIIT

0 lll 1 l 1 | 1 III| 1 1 1 1 1 llll 1 1
1 10 10?
p, (GeV)

CMS, JHEP 1704 (2017) 039

see also: Sirimanna, Cao, Majumder " 19
39



Phenomenological results in AA

The Raa as a function of the jet radius

T N
EWI i 1.0 = . |
L R, increase vs. R R | | ()
< -
S ME | ‘ < 0.8+ g Coun TOCEVE =Y. —
14 - = ' P> 1.0 GeVie
2 b ?
: || 0.6 1 !
1 — 6 la &
il | 2 ' ====tTo
C H : - : 0.4 - S . Al
06 EF 1~ e — R = (.05 = R = 0.60 i
i +—1 . < m——= R = 0.10 == R = 0.80
0.4 <ﬂ 0.2 m— R = 0.20 === R = 1.00 4r 7
: m : — ) i ® R=0.3 (CMS, 0-5%)
r - = R=0.3 (Shower+Hydro) 1
Oloxll12(1)011112101111(1)01111101111(1)0111110111100 | RAAdecrease VS' R 3 - R=0.3(Shower)
’ e o 250 500 50 | et ]
. I R=0.6 (Shower)
R=0.9 (Shower+Hydro) ]
| R=0.9 (Shower) ]
0 " " n L L " " n
200 25|
pit (GeV/e)
R=0.2 mumm Leo=0
R=0.3 mmm I
R=0.4 woum
R=0.5 ps HYBRID

CMS Data R=0.3 +—4—

arXiv:1509.07257

L IR 2l R, decrease vs. R
100 200 300 400 500 600 700 800

w/ me response

0-10% Centrality

0 1 1 1 1 ! 1 1 1 1
p T 100 120 140 160 180 200 220 240 260 280 300
Jet Pr (GeV)

Yen-Jie Lee, UCLA Santa Fe workshop "9
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Phenomenological results in AA

The jet radius dependence
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Phenomenological results in AA

The jet radius dependence

—R=01 —R=038
1.0 —R=02 —R=1.0
0.8} =N —R =04 ¢ ATLAS
fﬂ 0.6 jiligmesaets=e" —R =06 4 ALICE
e 0.4rF /5NN = 5.02 TeV R0
0.2r R=04 approaching the hadron Raa
007500 400 600 800 priGeV]
1.0
2 08 ‘TP q
b 0.6 i
s 04+
o 0.2t g
0.0

200 400 pr[GeV

42



Phenomenological results in AA

The jet radius dependence
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Phenomenological results in AA

Factorization and universality

27.4 pb™ (5.02 TeV pp) + 404 pb™' (5.02 TeV PbPb)
T I T LI II T T T LI I| 1 T

0.4

[ [ [ L3 1.6 LI
* Test framework by analyzing inclusive hadron cross sections T CMS :
1.4 —
o o o B CMS 5.02 TeV ¢ ALICE 2.76 TeV 4
* Sensitivity to much smaller scales oF ?CMSZ_,W\, o ATLAS 276 ToV -
. . N Taa and lumi. uncertainty i
* Modification of DGLAP necessary!? M H—
&£ o08f H

0.6

0.2}

44



Phenomenological results in AA

Factorization and universality

27.4 pb™ (5.02 TeV pp) + 404 pb™' (5.02 TeV PbPb)
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* Test universality using jet substructure observables 0.2 =
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Similar collinear factorization theorems
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Conclusions

* First global analysis of in-medium jet functions
* Support for the notion of QCD factorization in heavy-ion collisions

* Quark/gluon jets modified differently

* Include more data and other processes such as ~ + jet

* Test of universality by using jet substructure data

* Understand the modification of the parton shower

* Provide guidance for constructing microscopic models of the QGP

* Interplay with background subtraction techniques
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