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Medium response induced by jets 9

ATLAS

EXPERIMENT

PRL 103, 152303 (2009)

Mach Cone ‘

¢ \When a high-pt parton loses energy in medium, the energy may be transferred to the medium

e Typical structure of medium response,;
= cnhancement in the jet direction, called e.g. wake
= depletion in the opposite jet direction, called e.qg. diffusion wake
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Diffusion wake using y-jets )

e Diffusion wake (depletion) in boson-jet events;

= unlike di-jet events, a |et associated with a boson e.g. photon is NOT contaminated by
in-medium parton shower modification or wake caused by the other jet in the opposite direction
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_ Hint of wake

Jet energy loss

ATLAS, PRL 126 (2021) 072301

Previous measurements of Z-hadron correlations
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ATLAS

EXPERIMENT

CMS, PRL 128 (2022) 122301
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e Note differences in analysis between ATALS and CMS

= track pr ranges

= different background subtraction methods
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Previous measurements of Z-hadron correlations

CoLBT-hydro PRL 127 (2021) 082301
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ATLAS

EXPERIMENT

CMS, PRL 128 (2022) 122301
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e Particle enhancement at A¢@(trk, Z) ~ O in the previous CMS Z-hadron correlation

measurement is explained by MPI effect by CoLBT
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3D jet-hadron angular correlations 9

EXPERIMENT

e Jet-hadron angular correlations not only in ¢ but also in 7 to distinguish the diffusion wake
from MPI

pp Pb+Pb 0-10 %
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PRL 130, 052301 (2023), CoLBT
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ATLAS

EXPERIMENT

Diffusion wake: dependence on jet energy loss 9

PRL 130, 052301 (2023), CoLBT

Diffusion Wake Multi-parton interaction (MPI)
3.0 36
(a) |A@| > /2 (b)
)5 - 0<pi**<2GeV ;35 -

— ppY < 0.6

dN/dAndA¢

—— pF'py>1.0
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L jet, .y
. /Sy =5.02 TeV 0.0 - Pr /Pt & 0619
" 75 50 25 00 25 50 15 o 4 =2 0 : ) ° = =0 ’ ) °
An = Nn — Njet AN = Np = Njet AN = Nh = Njet

e Smaller Xy, = p,jret/p%' indicates larger jet energy loss and longer path through the medium
and hence larger medium response i.e., diffusion wake

e However, the MPI signal has no significant dependence on the XJys while the diffusion wake
does
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Analysis selections )

e Centrality 0-10%

® Photons

Ad¢@(h, 1et), An(h, et
= 90-180 GeV and |n|<2.37 P(h, jev), An(h, /\ / / ,
. tenlatad mhmfrme ¥ AN Gy 3 Jel

= only leading prompt Isolated photons
(direct+fragmentation photons)

e Jets
= pr>40 GeV and |1|<2.5

= only leading jets in A¢(y,jet) > 3x/4 — back-to-back photon-jet in phi / \

® [racks
= 0.5-2 GeV and |#|<2.5 — low-pr tracks; sensitive to the medium response

= Ad(jet, track) > /2 — in the opposite hemisphere from jet

e Three xj, regions: 0.3 <x;, <0.6,0.6 <x;, <0.8and 0.8 <x;, < 1.0

larger jet energy loss less jet energy loss
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| An(jet, track)| in pp collisions )

EXPEF!TMENT
x | 09T LRI I UL IR IR I =
s - ATLAS 90<p < 180 GeV 1 arXiv:2408.08599
5, g 08572017 pp Vs =5.02 TeV p’:t > 40 GeV -
oI 07255 pb” Ag(ettrack)>x2— @ The yield distributions as a function of
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| An(jet, track)| in Pb+Pb collisions 9

% ~S_120""I""I""I""I""I""I""I""I""I"" S "
¢ 130 ATLAS Pb+Pb (5 = 5.02 TeV, 1.72 nb" - Traclﬁ p;rodtéce?(from t(?e bulk medium
%| 5 | Centrality 0-10 % 90 <p! <180 GeV - constitute a backgroun
“olT oL 0.3<x, <0.6 Pt >40 GeV - = estimated using an event mixing technique
—l - A¢(jet,track) > /2 C y .
Z ool e N = this “uncorrelated tracks” (¥, ..., iS used as a
u @ - : : :
§ . - reference for the track-jet correlation in photon-
60 . — jet events.
- (> _
u @ _
40 — @ — _ -
- . |+ @ Event mixing technique
o0 | | % - = A photon-jet pair in a given event is matched
@ Raw jet-track pairs (Y o) @ _ : : : . :
i - | *. R with tracks in a different minimum-bias (MB)
4 Mix jet-track pairs (Y yncorr) @ L Pb+Pb event

. 0 I T A I N e .#

S 1.04 E = \When mixing the two events, an MB Pb+Pb
o 1021 o - . E event is chosen to have similar properties as
~ e et etett et PRSI the signal event

L 0.98F et - g
o OeE s - le. ZE%Fcal, event plane angle, vertex z position

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
arXiv:2408.08599 |An(jet, track)
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Event Mixing Matching Condition 9

ZEFcal in events with the photon—jet production (“signal” event)

= ZE%:CE‘I from the photon—jet production  correlated

+ ZE;CE‘I from bulk medium without the photon—jet production  uncorrelated

ZEFcal from the photon—jet production is estimated in pp data (cross-checked with MC),
and has a mean value ZE | FCalpp _ 17 Gev

When mixing signal and MB events,

o 150% variation on ZETF,C“‘I’”’ IS considered as systematic uncertainties
- this approximately 10 of the SE~*""" distributions
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Relative yield ratio:
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o No clear diffusion wake signal found within uncertainties for the higher X, regions

indicates the relative modification of bulk medium

o Small diffusion wake signal shown in the lowest x;, region
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Diffusion wake signal

g 1.025 B I I I I | I I I I | I I I I | I I I I | I I I I | I I I I
= B 90<pl’r<1SOGeV j
> 1021 Pp+Pb s =5.02TeV,1.72nb" 0" ~0 " " figure
E " Centalin 10 4 from the official ATLAS °
S e lot, reproduce A (y.jet) > 3n/4 —
W erSOﬂa\ P oL, < ¢(v.jet) > 3m/4
This \Sap101_— 0.3<x, <0.6 -
1.005 c
[ | *(tl4 | I
1EH$ T =Tt - Pl e
B s —
0.995 [ et -
0.99 —
0.985 : | | | | | | | | | | | | | | | | | | | | | | | | | | | | | :
-3 -2 ~1 0 1 2 3

An(jet, track)

o There is a clear but small diffusion wake dip at the lowest .x;,
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Double ratio )

Q | | | | | | I | | | | | | | | I | | I | | . &A
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arXiv:2408.08599
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Diffusion wake amplitude

-

i S AERRRRRS Diffusion Wake Amplitude  Diffusion Wake Width
is a person ’ . . o lAn(jeLirac OF
Thi%t “F\)e official ATLAS figure : A + Uyw ° € W
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An(jet, track)

e o quantify the diffusion wake, Gaussian fits are performed
= diffusion wake would have a negative amplitude (a,, < 0O)

e For probability distributions, Monte Carlo sampling method is used
= statistical and systematic uncertainties and their correlations are considered

= the fit is repeated with the o,,, fixed, representing a different hypothesis each time,
while a,,, and q,, are treated as free parameters
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Probability distributions arxivzavgoes0s (50

PTEAR
(Y corr/ Y uncorr)xJ =0.3-0.6 (Y corr/ Y uncorr)ny=0.6—O.8 (Y corr/ Y uncorr)xjy—O 8—1.0

% 0_1 """" | i | i | rrr | rrr I__ I rriri I rriri I rriri I rriri I rriri I | I B L I :: I IIIIIIII I | I I | B I I Trri I I Trri I :
© 0.08E ATLAS 03<XJY<O6__ 90<p <180 GeV 0.6<x, <0.8 X 0.8<x,, <1.0 =
= Pb+Pb |fs,, =5.02 TeV, 1.72 nb” I > 40 GeV I :
0.06 ¢ - Centrality 0-10% i A(p(Jet track) > /2 I :
0.04F E3 I :
0.02F T I -
ey it e S A R R AR
-0.04F — Best fit + i -
_0.06 a3 +10 +20 T 1 -
- Ly v o by oo o by by by by 1 Lo vy v s by v bv s s oy by v v o + TS EFET AR A i BN A AN B A A AN A A AN A A | -

» Results are consistent with no signal (i.e., a4,=0) within (hvggher xJ},) or 20 (lowest ny)
- Best fits of the diffusion wake amplitude is negative for all .y,

» Diffusion wake amplitude of best fit for the lowest x;, is 0.5-0.8% for the diffusion wake

width range of 0.5-1.0

o Slatistical uncertainty dominates_in the probability distributions as systematic uncertainties are
highly correlated bin-by-bin
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Double ratio amplitude

arXiv:2408.08599
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ATL
EXPERIMENT
b4, distributions for width o4, = 1.033

_I | I | | | 1 | | | | | I | | | | | | | | | | | | | | I | | | | | | I_
- ATLAS Pb+Pb \s,, =5.02 TeV, 1.72 nb™ ]
C Centrality 0-10% 90 < p' <180 GeV
— Ag(jet,track) > /2 . pTTet >40 GeV —
:— - 90% CL : O gur = 1.033 _:
B - 95% CL ! |
- ---- CoLBT-hydro | B
:I | I | | ] | | | | | | | : | | | | | | | | | | | | | I | :

-0.03 -0.02 -0.01 0 0.01 0.02 0.03
bdwr

e Data indicates no significant, but small, diffusion wake signal that increases with larger parton energy

loss

e CoLBT prediction of -0.00185 is consistent with the data within the
» Adiffusion wake double amplitude by, value smaller than -0.0058 can be ruled out at 95%

confidence level

e Stat. uncert. dominates in probability distribution: more statistics will be valuable
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Softdet 2024 @ Tokyo, Japan / 2024 September 28-29

17



-
o
@
=
o}
Z
"o

F

YCOIT / YU NCOoIT

Yeonju Go (BNL)

N’ dAn dA¢
‘_é

—r
N
o

(0]
o

(o))
o

TN
o

20

1.04
1.02

0.98
0.96

71 1r 1 [ 1 11 I L L I L L I L I L | L I L I L

B ATLAS Pb+Pb \/ =5.02 TeV, 1.72 nb’

- Centrality 0-10 % 90 <p <180 GeV -
- 0.3<x, <0.6 p’et > 40 GeV _
¢ oo A¢(jet,track) >m/2
I "F S
n Y B
_ @ _
i P |
B P _
| - _
| > _
B @ _
- @ _
- _‘F —
- _‘* _
B '.'_‘_ 7
@ Raw jet-track pairs (Y o) <> > -
-4 Mix jet-track pairs (Y yneorr) oo )
ol '_‘_'-Q;.‘.
I N I I I I A A T e
- }ﬂ}"’fﬂ—'—"'—‘—" @ _‘_‘" ‘—6"_ ------- —i
: o0t
3 *

O 05 1 15 2 25 3 35 4 45 5

|IAn(jet, track)l

Discussion: how many particles are we missing? &)

ATLAS

EXPERIMENT

1 d2 N? et—track

. ~ 90 at | An(iet, track) | = 0
N9t dAndAd | An(] ) |

Y./ Yooore iS about 0.5-0.8%

\ 4

0.45-0.75 particles
(less than 1 particle in unit 77, @)

are reduced by diffusion wake!
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Comparison between ATLAS vs CMS )

EXPEF%MENT
g 1.025 B | | | | | | | | | | | | | | | | | | | | | | | | |
& B O < n! =177~ o
S7 1025 phaph Sal plot, repmduced from CMS preliminary  0-30%
% Thisis@Persoient 'y o figure _ 40<p?<350 GeV  1<p®'<2 GeV
3 1.0 ﬁ\C\a\ A : _ T T
N the O AQ(y,jet) > 3n/4 5 4 T
_ ‘y |< . SIA(I) ‘<§
1 01E 0.3 <X, <0.6 - VA ch,Z
- - O
1.005 - o 1
- i) L 2K 4 - !
g e AT @ o
0.995 f— o4 ¢ —f g _1
0.99 - - "
0.985 : | I I | 1 1 1 | | I I | 1 1 | | | I I | | I I I :
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Anfjet, track) See also Yen-jie and Yi’s talks

e Both results shows diffusion wake dip, qualitatively consistent with each other
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Comparison between ATLAS vs CMS - (1) )

ATLAS
CMS
Z+hadron correlations
® Pros -
= Z: clean probe . ;gtg'g;%if
= centrality control e Z+je;t eroduction .
= no jet reconstruction — potentially b s o
reach highly quenched jets which aof IgZ(zl <_62t54 .
usually can't be experimentally - -
reconstructed g
40
e Cons . g
= no jet reconstruction — no control E -
0—5““_‘:I4I”I—3l'H—2lI”—1”HO”H1H”2H”3III 4 5

of jet energy loss, and smearing
of angular correlation (especially
in eta)
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Comparison between ATLAS vs CMS - (1) )

ATLAS
CMS ATLAS Jet+hadron
Z+hadron correlations correlations in y+jet events
® Pros ® Pros
= Z: clean probe = |et reconstruction
= centrality control = direct angular correlation between
= no jet reconstruction — potentially J_et and hadrons
reach highly quenched jets which = jet-pr/energy loss control —
usually can’'t be experimentally differential X7, measurement
reconstructed ® Cons
® Cons = background photons (decay from e.g.
= No et reconstruction — no control 7[0) — potentially measure smaller
of jet energy loss, and smearing diffusion wake from dijet contamination
ot angular correlation (especially = can’t access extremely quenched jets

in eta) below x;,<0.3
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Comparison between ATLAS vs CMS - (2) )

ATLAS
CMS ATLAS Jet+hadron
Z+hadron correlations correlations in y+jet events
® Other differences e Other differences

= Event mixing: mixing two Z events = Event mixing: mixing (y+jet signal)
— potentially remove MPI better and (minimum-bias) events

= QObservable: correlation function - With ZETFcal difference to account for
AN contribution from y+jet production

- ... (including MPI)

= Observable: Yield ratio
-
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Summary

» Jet-track 7 and ¢ angular correlations in photon-jet events have been firstly measured
and finalized to search for diffusion wake

o The measurement is performed with three different ranges of Xy, 10 select events with

different amounts of parton energy loss

o The data show the diffusion wake dip for the Iowestxh, and further provides probability limits;

= the best fit of the diffusion wake amplitude for the lowest xj, is about 0.5%
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BACK UP
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Z-jet angular correlations 69

Pythia 8.305 ol

pp 5.02 TeV 3 o 5 of An(Z, jet) ~ 1.3

Z+]et production
40 <pTZ < 350 GeV

n?l < 2.4
D(Z, jet) > 7/2

100 —

80—

60—
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20— =

300 [— ilm

e o of Ap(Z, jet) ~0.15

250 —

200

150 —

100 |—
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Ad(Z,jet)
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Zoom-in Y. 1Y

corr’ < uncorr ATLAS
(Y corr/ Y uncorr)ny—O 3—-0.6 (Y corr/ Y uncorr)xjy—O 6—0.8 (Y corr/ Y uncorr)xjy—O 8—1.0

A 0<p <iocev ] & b TTTTTTTITTTTIITTTTT GeV
C 1020 P f|gure 11, -
= _ d from the Off|C|a| ATLAS G
>_§ 1.015 Th|S 1S a perSOr\a| plOt reprOduce S - | Ag(jettrack) > m/2 n ¢(£ el_) 3%2
1.01F — 1.01 —_—_—____ - __&6jx_<ii 1.01 | it —085X_i N
1.005;— N - o +£il ; 1005 = | ] I E 1.005 = | | - $++++ i ‘;
i e 1 } ; is - : H“ + + + R T T TR E + ;

0905 F- —____ HH+ - 0905 F- liiis I ++ ++{ I 0.995: e + +H+ - E

An(jet, track)

e diffusion wake dip shown for the lowest xj,

Yeonju Go (BNL)

An(jet, track) An(jet, track)
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Systematic Uncertainty Determination )

EEEEEEEEEE

e [o avoid double-counting the statistical uncertainties, a )(2 test is performed for each source
of systematic uncertainty

e The 68% probability level obtained by splitting the datasets 200 times under the same nominal
condition, which reflects purely statistical fluctuations — ;(Czut

e Systematic sources which pass the )(Czut are deemed systematically significant, whether due to a
real systematic difference or as the result of a residual statistical fluctuation.
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Systematic Uncertainty Summary 9

i P 1 1 I 1
0.04 ATLAS 0.3<x; <0.6 T Pb+Pb 0.6<x, <08 T 08<x, <1.0

0.0 [ Centrality 0-10% I s\ =502TeV, 1.72nb”

L] -
0 "y, -
-

Systematic uncertainty
o

-0.02 - - | P 0 asymmetry e,

-0.04 N ' asymmetry L —.—~ Photon isolation -
- === Photon isolation + == Photon isolation + = = Event mixing

-0.06 = = Event mixing —+ = = Event mixing =+ Jet energy resolution -

[ — Total uncertainty Total uncertainty Total uncertainty
_008-11|1|1111|1111|llllllllllll--lllllllllIllllIllllIllllIll“lllllllllllllllllllIllllIll-

1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
|IAn(jet,track)l |IAn(jet,track)l |IAn(jet,track)l

e For the double ratio, the different uncertainty contributions are evaluated according to the )(2 test
specifically for this quantity by varying the numerator and denominator together.
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Prompt Photons

® Direct photon

q Y q Y
= produced from primary vertex \\ﬂf \\//
= Processes : Compton scattering,

Annihilation
Y Y
quark-gluon quark - anti-quark

Compton scattering  Annihilation

Direct photons
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Prompt Photons 9

® Direct photon

q Y q Y q q

= produced from primary vertex \\ﬂf \\//
= Processes : Compton scattering,
Annihilation
e Fragmentation photon ' I
= radiated from partons after the primary hard

scattering &99999\ /‘QQQQQQ

g q q g q q

quark-gluon quark - anti-quark |
Compton scattering  Annihilation Fragmentation

Direct photons

Prompt photons
= Direct + Fragmentation photons
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Prompt Photons )

® Direct photon

q Y q Y q q
= produced from primary vertex \\fﬁ \\//
= Processes : Compton scattering,
Annihilation
Y Y
e Fragmentation photon
= radiated from partons after the primary hard
scattering 399999\ /‘QQQQQQ/
e Decay photon ¢ £ 4 - ° ! !
0 quark-gluon quark - anti-quark
= decayed from hadrons, such as 7~ — yy Compton scattering  Annihilation Fragmentation
= the two decay photons often have ‘
small opening angles Y > )
— reconstructed as a single high pr y 4 'mCtP otons
= major background W
0 Prompt photons
7 = Direct + Fragmentation photons
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Medium response (wake) in jet direction 9

EXPEF!TMENT
PRL 126 (2021 ) 072301 CMS PRL 128 (2022) 122301
3\ ams - Vo =592 TeV. PLPD 1.7 nb: pp 304 pb”
< I pp, Vs = 5.02 TeV, 260 pb - 1.8 . Z
= 3/ Pb+Pb, Sy = 5.02 TeV, 1.4-1.7 nb™" — | Hyb”d _______ SCET :
- 15-30 30-60 >60 p? [GeV] - 1.6 V)wlowake [ 1CoLBT -
yhad trig s -©-| || [-¢-| Data __ -
. = Pg+rf())ll)l/NPb+Pb [ Hybrid w/ wake E % 1.4 w/ wake p > 30 %?V/C :
AN Y Igll‘;‘dmn/ N;?g 21 ] [ ] Hybrid wlout wake 7] ~— 1.2 CMS A¢trkz 8 -
g -
R Ap(ch,Z) > 3z/4 1 O
1;__ __________________________________________________ 1 0O 0.8
i - 0.6
B 4 _
Oi\ o | _ 0.2|||é||||1|O||||1|5||||2|O||||2|5||||3'O
567 10 20 30

pe" [GeV] pflfk (GeV/c)

* Numerous observations of enhancement of low-pt particles and particles at larger angles
relative to the jet

= but, hard to disentangle between and medium response
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