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Introduction 4
* The phenomenon of “jet quenching”
IS now well-established

—energy loss of hard-scattered
quarks and gluons in the quark-
gluon plasma

=but still much to understand

*|In this talk:

— probing quark vs gluon dE/dx

=1s weakly-coupled description OK?
— differential energy loss

= dependence on initial-state geometry & for pairs of jets
— dependence on jet sub-structure

= (how) does the medium resolve multiple color charges?




Jet suppression and Raa 5

* One way to probe the energy loss of jets in the plasma
— measure reduction in jet yield vs pr
ATLAS 2015 Pb+Pb data, 0.49 nb™

—calibrated by pp jet cross-section 2015 pp data, 25 pb”
— jet “RAA” : :

1 dNA24

I Nevt de

Rap = T dovE
AA G-

—o— 0-10%
—— 10-20% (x
—m— 20-30% (x
—— 30-40% (x
—— 40-50% (x

50-60% (x

4 60-70% (x lyl < 2.8
70-80% (x10'*

—— pp data \/ SNN=5.02 TeV

200 400 1000
p_[GeV]




Jet suppression and Raa 6

* One way to probe the energy loss of jets in the plasma
— measure reduction in jet yield vs pr

—calibrated by pp jet cross-section
— jet “RAA”

1 dNA24
. Nevt de

RAA - T do.pp
AA dpT

=result for inclusive jets

2015 data: Pb+Pb 0.49 nb™, pp 25 pb™ Eig ] gg:f’
HEERE (T ) and luminosity uncer. %60 ) 700/2

300 500 900
p_[GeV]




(mostly) quark probes of the
quark-gluon plasma:

Y-tagged jet production



-taqqged jets 8

e Measure jet spectra opposite pr > 60 GeV photons

— larger quark fraction than for inclusive jets
—test weak-coupling expectation: quarks lose less energy than gluons

-1 -1
ATLAS Simulation Preliminary Vs = 5.02 TeV 2018 P+ b 1.7 nb , 017 pp 20 B

anti-k, R =0.4 jets 'l <2.8 ATLAS Preliminary

Quark Jet Fraction

Inc. jets y-jets
. [PLB 790 (2019) 108]
=~ —@— Pythia Inc. jet y-jet
-k, R=0.4] -10° -10%
Y Y —=— —— Sherpa _ anti-k . R =0.4 jets —©— 0-10% -—m- 0
pT > 50 GeV, h’] | < 2.37 p pzl(_ > 50 GeV, mYl <2137 “4— 10 - 30%
A¢(y,jet) > m/2 - & Herwig M < 2.8, Ad(y jet) > /2 ~4 30-80%

For y-tagged jets

100 120 140 160 180 200 100 120 140
Jet ptTrUIth [GeV] y-tagged jet p_ [GeV]

ATLAS-CONF-2022-019




-taqqged jets

1 I 1 1 1 1 I- R 1 I 1 1 1 I 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1
TeV O 201

R AL UL B B '
0.8-ATLAS Preliminary Vs = 5.02
vy-tagged jets ] " Inclusive jets

1 1 1 | B 1 1 1 1 1 1 1 1 1 1 I 1 1
8 Pb+Pb 1.7 nb™', 2017 pp 260 pb™" — ! Data

Takacs et al. _
! LIDO (u=1.3-1.8xT) -
SCET, (9,=1.8-2.2) =

0.7

0.6

inclusive jet

AA

CL5:T‘~'4- R
- \\\\\\
i \\\\“

W

0.4

- Centrality 0-10%
0-3Fanti-k. R = 0.4 jets

: pYF > 50 GeV, In'l <2.37

0.2F*1 < 2.8, Ad(y,jet) > n/2 % Data -
i | I | | | I | | | I | | | I | | | I | | | I | | m | | | | | | | | | | | | | | | | | | m | | | | | | | | | | | | | | | | |
60 80 100 120 140 160 80 100 120 140 160 | 80 100 120 140 160

y-tagged jet p_ [GeV] Jet P_ [GeV] Jet p_ [GeV]

Tl

F%

/

v-jet

AA

F%

e Y-tagged jet Raa is unambiguously larger than inclusive jet Raa

* Most energy loss calculations under-predict difference

—difference is larger than it appears in Raa ratio
=1 - Raa Is more directly related to energy loss




b-tagqged jets (c.f. W Zou talk this AM

ATLAS @3 LIDO model b-jets . itv 0-20°
-1 i [ LIDO model Centrality 0-20%
Pb+Pb 2018, 1.4(11 .7) nb [ LIDO model light-jets Dai et al SNN — 502 TeV

pp 2017, 260 pb — Bai e: a:. _b-jlets_ -
anti-kt R=02 jets, IyI <D 1 ai et al. inclusive jets

SNN = 5.02 TeV, Centrality 0-20%

Inclusive jet
AA

/R

2 <
4 <

R

anti-k, R=0.2Jets, lyl <2.1
Pb+Pb 2018, 1.4(1.7) nb™

-1
EI b-jets @ inclusive jets _ PP 2017, 260 pb

80 100 120 140 160 180 200 220 240 260 280 80 100 120 140 160 180 200 220 240 260 280
V
pT[Ge ] pT[GeV]

*Observe that b-tagged jet Raa > inclusive jet
— but no significant pr-dependence ... role of b quark mass?

* but b-tagged jets a mixture of leading b and g — b-bbar
—gluon fraction varies by 23-45% over pr range [80, 250] GeV
= can disguise role of b quark mass @ lower pt (?)

10




differential quark and gluon probes
of the quark-gluon plasma:
jet v2 and vs



Jet vield vs Apn and vi 12

 Measure jet yield as a function of angle
wrt nth-order event plane: A, = n|p - V4|

Phys. Rev. C 105 (2022) 064903



Jet vield vs A, and vn

 Measure jet yield as a function of angle
wrt nth-order event plane: A, = n|p - V4|

1
L 10-20%

I
. 10-20%

[rrrrrrrrrrrrrrrrrrrrrrrrrrrrrT g
. 10-20% 1

S
Syy =92:02TeV,2.2nb ]
anti-k, R =02, lyl<1.2 -

71 <p. <79 GeV

syy=5.02TeV,2.2nb™" -
anti-k, R =02, lyl<1.2 -
71 < p.< 79 GeV

Syy=5.02TeV,2.2nb™"
o anti-k, R =02, lyl<1.2 -
71 < p.< 79 GeV
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Jet yield vs A,y and vy
 Measure jet yield as a function of angle
wrt nth-order event plane: A, = n|p - V4|

—observe clear variation with A2 and A®s3
—no significant dependence on A4

Sy =5.02TeV,22nb"
anti-k, R =02, lyl<1.2 -
71 < p.< 79 GeV 7

syy=5.02TeV,2.2nb™" -
anti-k, R =02, lyl<1.2 -
71 < p.< 79 GeV ]

syy=5.02TeV,2.2nb" -
anti-k, R =02, lyl<1.2 -
71 < p.< 79 GeV 7
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Jet vield vs Apn and vn 15

 Measure jet yield as a function of angle wrt nth-order event plane
—observe clear variation with A2 and A®s3

 Characterize w/ Fourier coefficients: dN/dAwpn = A [1 + 2v, cos(Apn)]

ATLAS 71 < p_<398 GeV
Pb+Pb 2.2 nb™

sy = 5.02 TeV =V,
anti-k, R=0.2, lyl <1.2 o Vg,

40-60% 20-40% 10-20% 0-5%

Centrality



Jet vield vs Apn and vn 16

* Measure jet yield as a function of angle wrt nth-order event plane:

 Characterize w/ Fourier coefficients: dN/dAwn = A [1 + 2v, cos(Awn)]
—compare to theoretical energy loss calculations
=good description of data

| | | | | | | | |

ATLAS

Pb+Pb \'s,, =5.02 TeV, 2.2 nb™
anti-k, R=0.2,lyl <1.2 _

10-20% -

| | |
TLAS 71 < p_<398 GeV
b+Pb 2.2 nb”’
Syy = 5.02 TeV =y,
anti-k, R=0.2, lyl <1.2 o Vg,

A
P

v, Jet, this result v, Jet, this result
V, LIDO u=1.5 V, LIDO u=1.5
V, LIDO u=2.0 V5 LIDO u=2.0

_I ] ] ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ]
20-40% 10-20% -5% 50 100 150 200 250 300

p, [GeV]

Centrality




differential jet guenching:
dijet balance



40-100% |

Measure pT balance in dijet pairs
e First direct observation of jet quenchmg @ LHC

e Fast-forward 12 years (Phys.Lett.B 774 (2017) 379 and arXiv:2205.00682)

ATLAS |
Pb+Pb]

¢

\ s\ =276 TeV O- 10% ]

++ L, =17 ub '-

—much higher statistics, higher pr, unfolded forjet response

Q — o
o1 O1 [\ o1
|||||_|L||||||||||||||||||

o

S5EPb+Pb 2.2 nb™

" pp 260 pb
= 100<p <11ZGeV
0-10%

¢
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& 40 - 60%

- N
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|IIII|IIII|IIII|IIII|III

©
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_O T 11

o

S5EPb+Pb 2.2 nb™

- pp 260 pb
— 141 <p.. < 158 GeV
- pp | =+ 0-10%

&40 - 60%

_CD T 11

o = N
O o1 N O
|||||T||||||||||||||||||

o

S5EPb+Pb 2.2 nb™!

- pp 260 pb
- 224 < p. < 251 GeV
- pp | =+ 0-10%

&40 - 60%

_CD 111




Measure pTt balance in dijet pairs

e Compare xJ distributions to theory (LIDO)

—qualitative agreeement

=but theoretical calculations unable to
explain peaking @ xJ ~ 0.6 in the data

ATLAS
—e— 100<p. <112 GeV LIDO: u_ =1.3

T,1 mi

158 <p_ <178 GeV LIDO n=1 .8

T,1 mi

—o— 398 < p_ <562 GeV

T,1

anti-k, R=0.4

'Sy = 5.02 TeV

-10% Pb+Pb 2.2 nb™

0.7 0.8




Measure pTt balance in dijet pairs

* New: absolute pair yields vs x4

—complicated because it combines suppression of leading jet +
effects of leading-sub-leading imbalance

—greatest suppression for balanced pairs: energy loss fluctuations?

x107° j | |
I | | | | I | | | | | | | | | | ]
ATLAS anti-k, R = 0.4
=0 0-10% S(TAA>=O.9%+ 10-20% 5(TAA>=1%
—o— 20-40% 6<TAA>=2°/0 —o— 40-60% 8<TAA>=5°/0
—eo— 60-80% 6<TAA>=8°/0 —o— pp oLumi=1.6%

T T T T [ T 11 T T T . I I N N N B O B
X

ahti-kt R =0.4
"TC 8= 0-10% &(T,,)=0.9% == 10-20% &(T,,)=1%

- == 20-40% &(T,,)=2% =®= 40-60% &(T,,)=5%

- —&— pp dLumi=1.6%

91398 < p_ . < 562 GeV

-~ sy = 5.02 TeV

C Pb+Pb 2.2 nb™

pp 260 pb”
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color-coherence of in-medium
jet quenching: jet sub-structure



Jet sub-structure via C/A + soft-drop 22

R = 0.4 anti-kt jets reconstructed from
matched tracks and calorimeter clusters

— re-clustered using C/A + soft-drop
=B =0, Zcut =0.2

—rqg from the last splitting

= hardest angular splitting in the jet




Jet sub-structure via C/A + soft-drop 23

800

ATLAS Preliminary

R = 0.4 anti-kr jets reconstructed from

600 anti-k;, R =0.4 jets, lyl <2.1

matched tracks and calorimeter clusters ook

400

— re-clustered using C/A + soft-drop
=B =0, Zcut = 0.2

100 ==

—rqg from the last splitting :
= hardest angular splitting in the jet .

MC / Data

0.01 0.02

ATLAS Preliminary

Pb+Pb 5.02 TeV, 1.72 nb™
anti-k; R =0.4 jets, lyl <2.1

>
(D)
Q)
S~
0O
-

—— pjTet > 158 GeV

—=— 158 < pj:t < 200 GeV(x0.05)
—4— 200 < pjj‘ <315 GeV(x0.5)
—%— 315< pft <501 GeV(x5)

d°N
jet

New dry dp

1




Jet sub-structure via C/A + soft-dro

R = 0.4 jets re-clustered using C/A + soft-drop
=B =0, zcut =0.2, ry from the last splitting

2~ ATLAS Preliminary
~ pp 5.02 TeV, 260 pb™

" Pb+Pb 5.02 TeV, 1.72 nb™

L L
+

T 1
= o

|
=

—e— Inclusive
—4— 0.00 < rq< 0.02

—&— 0.11<r,<0.26

I I I

0-10 % —

anti-k, R = 0.4 jets, lyl <2.1 -
2,,=02,8=0 -

—m—ry=0

—#— 0.02<r <0.11
0.26 < ry<0.40

I I
200 300

I I I
400 500 600

py [GeV]

ATLAS Preliminary

pp 5.02 TeV, 260 pb™
Pb+Pb 5.02 TeV, 1.72 nb’

—0—pr > 158 GeV
—=— 158 <pITeI <200 GeV
—4- 200 <pI:I <315 GeV

3 315 < pJ'Tet <501 GeV

I T I| I I

0-10% _

anti-k; R =0.4 jets, lyl<2.1 _
Z.;=02,=0 -

09003

I
0.01 0.02

0.1




Jet sub-structure via C/A + soft-dro

—0bserve a clear increase in jet suppression / energy loss with
iIncreasing rq. Consistent with expectations from color-coherence

2~ ATLAS Preliminary
~ pp 5.02 TeV, 260 pb™

" Pb+Pb 5.02 TeV, 1.72 nb™

L L
+

T 1
= o

|
=

—e— Inclusive
—4— 0.00 < rq< 0.02

—&— 0.11<r,<0.26

0-10 %—

anti-k, R = 0.4 jets, lyl <2.1 -

—m—ry=0

—#— 0.02<ry<0.11

0.26 < ry<0.40

I I
200 300

I I I
400 500 600

py [GeV]

I I 1 I| I I I I I
ATLAS Preliminary

pp 5.02 TeV, 260 pb™
Pb+Pb 5.02 TeV, 1.72 nb’

—0—pr > 158 GeV
—=— 158 <pITeI <200 GeV
—4- 200 <pI:I <315 GeV

3¢ 315 <pI:t <501 GeV
1

T | |
0-10% _

anti-k; R =0.4 jets, lyl<2.1 _

I I
0.01 0.02




Summary & Conclusions 26

e Have shown results from ATLAS of multiple jet measurements

—using jet flavor and differential probes of energy loss:
dijets, jet vn, jet-substructure

=probe how energetic partons lose energy in the quark-gluon plasma
e Clear evidence for the difference between quarks & gluons

— photon-tagged jets & b-jets

= appears to be consistent with weak-coupling expectations

e Jet vin measurements: parton energy loss sensitive to geometry
= even the transverse energy density fluctuations that cause vs3

* Dijet asymmetry shows effects of fluctuating energy loss

e Jet sub-structure measurements probe dependence of energy loss
on hard (and soft!?!) splitting in jets

=dependence of energy loss on rg even for very small ry scale?

=flavor (quark/gluon) at small rq



Backup



Jet vield vs Apn and vi 28

10-20% ATLAS
Pb+Pb |s,,, = 5.02 TeV, 2.2 nb"!

anti-k, R =0.2,lyl<1.2

71 < p < 79 GeV

 Measure jet yield as a function of angle wrt
nth-order event plane: Apn = n|p - Vi

=observe clear variation with A2 and A®s3

=no signhificant dependence on A4 (not shown)

e Characterize using Fourier coefficients

—Vv2 & V3

[Arb. Units]

dN
dedA¢2

ATLAS

Pb+Pb |s,, =5.02 TeV, 2.2 nb™
anti-k, R =0.2, lyl <1.2

10-20% ATLAS
Pb+Pb |s,, =5.02 TeV, 2.2 nb™

anti-k, R =0.2, lyl <1.2

71 < p.< 79 GeV

‘0
=
-
>
o
e
<,

10-20%

d2N
dedA¢)3

¥ ] v, Jet, this result G ] v, Jet, this result
C__]Jv,LIDOu=1.5 ] Vv;LIDOu=15
[ ]Jv,LIDOu=20 ] Vv;LIDOu=20

Phys. Rev. C 105 (2022) 064903



