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Jet modification as probe of the QG

Parton scatterings QGP formation Hadronization and freeze-out See talk by C.Andres
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Collision
evolution
sketch from
MADAI
collaboration

Time r=0 7~1fm/c~10-23s r ~10 fm/c ~10-22 5

7> 10 cm/c ~10" s

System Size Femtoscale O(50m)

Jets are ideal probes to investigate the microscopic behavior of the QGP!
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https://indico.bnl.gov/event/27198/contributions/106574/attachments/61955/106307/andresc_RHIC2025.pdf

Jets are multi-scale, complex probes t

Jet quenching involves not only energy loss, but also other jet properties and medium modifications

Eioss dependence on
path length traversed
in the medium

Soft gluon emissions can
cause momentum
broadening (jet widening) o owev v @

Eioss dependence on
flavor of the initiating
parton

The medium responds to
the jet transit, causing
wakes (positive and
negative) of stoft particles

y [fm]

Eioss dependence on jet

substructure of the

7
initiating parton (related @ J

ST : Betz et al, PRC 79
Moliere I|I<_e scattering (2009) 034902
causes wide-angle
decorrelation

to medium color-charge
resolution scale)

Understanding and describing all these effects is a key to fully comprehending the
microscopic structure of the QGP
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Path-length
~ dependence

How does the energy loss
depend on the length
traversed in the medium?




R-dependence of dijet momentum Iim
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https://arxiv.org/abs/2407.18796

Nuclear modification of dijet pairs
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Neither LBT or JETSCAPE describe the data
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https://arxiv.org/abs/2407.18796

Dijet vs inclusive R-dependence
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https://doi.org/10.1016/j.physletb.2023.138412
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Dijet vs inclusive R-dependence
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" How do we 4
understand this?
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Dijet vs inclusive R-dependence
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Dijet vs semi-inclusive R-depencence _

£) PRC 110 (2024) 054912
1ncl (& )

&\1-81"|"'|"'|"'|"'|"'|"' T
S - ATLAS pp 255 pb™ ﬁ 5.02 TeV -
1 $< 1.8 0-10% Pb+Pb 1.72nb" h
111(;] g _  anti-k, R=0.2, 0.6 jets : .
A © 1.4F - RPalf( )
=) . - AA

R
o

{/ |
\V4
—

& EEEEEEEE S NN ARy pEEEEEE SN NSNS EEEEEEEEEEEREEEE S AA
. 0.8~ —e— Data leading jet —e— Data subleading jet -
il 1 ALICE = o | e | BT leading jet — LBT subleading jet i
O 102k ", = —=— Pb—Pb 0-10% < - o -
S " VSyy = 5.02 TeV %‘,# —— pp 5,#,.# E 0.6 ==='JETSCAPE leading jet ----- JETSCAPE subleading jet_
) [ Ch-particle jets, anti-k -t e : e 5 Il | | | | | | | -
(D P 1_[_ TT - |_| Sys uncer‘ta"‘]ty * i ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
SoR T ] M- 120,50} = TS, 7} - = J 160 180 200 220 240 260 280 300
= =& T ; i — : P, [GeV]
S —— T I
L107E —  F —— ¥ —
— ]
10_5_R 0.2,|n | <0.7 —-—__R 04,|n. |<0.5 +__R 0.5,|n. |<0.4 +_
=:::::::::::::::::::::::::::::EE: ===!=IH=IH:IH!I=HI:====§§=i=====l===l===l===l===l===l=§
= » JETSCAPE (Matter+LBT 1 Hybrid model I ' “¥ri 1 T
-+« JEWEL (rec(()ilsao;;+ ) + ¥ -Ng Iglasrrt;g, ﬁlo Wake | ° h trlgge rd Jets ° DIJEtS
o == JEWEL (recoils on, 4MomSub) I -glo Elastic, Wake I i |
| 1 astic, No Wake 1 |
Elastic, Wake i = n =
; - Charged jets - Calorimeter jets
: :: PRI T T T T T TN TN T T TN T TN NN T TN TN TN T A A | .:: PR T R [ TR T T NN T TN T TN TN T NN TN TN W N TN H | .: ® | | - L | |
00 20 40 60 80 100 120 140 20 40 60 80 100 120 140 20 40 60 80 100 120 140 n < O '9 R | y < 2 '1
P T,ch jet (GeV/C) pT,ch jet (GGV/C) pT,ch jet (GeV/C) e N

Similar R-depedence in
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A nice puzzle to play with
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Medium response

The medium modifies jets, but
how iIs the medium modified
by the jets?




Waking the medium In different moces
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The Wake

Several experlmental evidences of a wake effect in the direction of the jet

See for instance £2. PRL 126 (2021) 072301 and . PRL 128 (2022) 122301 for
evidence of jet wake in Z+h events

Furher more recently - for instance ALICE in jet+h measurements
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The Wake

W Azimuthal decorrelation at low (< 20 GeV) prehjet for R >= 0.4
JEWEL+recoils on describe this data but not inclusive results

Decorrelation possibly due to recapturing of radiation from the
wake at larger R? Recent similar results by STAR in y+jet and n0+jet
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https://link.aps.org/doi/10.1103/PhysRevLett.133.022301
https://arxiv.org/abs/2505.05789

The Diffusion Wake

ldeal measurement setting: boson+jet system

Experimental signature: depletion in particle production in the boson direction

Very elusive signal ( <~ 1 particle depletion per unit of ¢ and n)
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Jet
o

F120
-—

Depletion PRL 130, 052301 (2023), CoLBT Pablos, Rajagopal, Lee

-

L

Diffusion
wake signal
(very
different
magnitudes)

dN/dAndAg

...........
LN T

DL )AL
........

Photon-jet momentum balance Do not require the jet to allow

(Xx;y) provides control on energy access to events where it was
deposited in the medium most suppressed. Control on

ATLAS quenching medium via centrality
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.052301

Diffusion Wake: ATLAS y+jet results
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https://arxiv.org/abs/2408.08599

How many particles?

Ag(h, jet), An(h, jet) £) Phys. Rev. C 111 (2025) 044909
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Diffusion wake: CMS Z+h results
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Diffusion wake: CMS Z+h results
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= Z‘S 0 ;:_}‘D-D S A * DDDDDDWG'“ DDDD-D-DD-MMHD'«' ‘ S0
2 if
o] _21_
_3:_||||||||||||l|||||1||||||||| ||||| Lovas by by a s by aa by aa byl Lovas by as by a s by a s by aaa by v

IIIIII|IIII|IIII|IIII|IIIIIIII IIIllIIIIIIIlIIIIIIIIIIIIIIIIII IIIIIII|IIII|IIII|IIII|IIIIIIII A(l)

—1 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 4

A(I)ch,Z A(I)ch,Z Aq)ch,Z T —

Riccardo Longo lzu



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-006/index.html

Diffusion wake: CMS Z+h results

“ CMS-PAS-HIN-23-006 Hadron pr selection >

But other interesting features still to be understood... CMS _Preliminary PbPb (pp) 5.02 TeV 1.67 nb" (301 pb')
4t 40<p§<350 GeV 1<p;h<2 GeV 2<p;h<4 GeV 4<p;“<1 0 GeV
_ sE Iy <24 _ . - .
3f Data from CMS-PAS-HIN-23-006 A ‘ to | opReflected M
- Pb+Pb5.02TeV, 1.62nb ¢ s % as T .o .
- ® 0-30% - 1F + + g O +400 *
2__l30 0% t ~ of g *i 7 L
5 1 : A 50-‘15000/ f + %O 1 DDDDH.*?+ DDEW Sgeetocestaaee” s
(&) — - % - O
g * b 3 't
O A _2
W 0— 4 i £ C
S ﬁ + l _3:..|....|....|....|....|....| ..... T I D I B P I T T P T B
Z :
I F © i ? 4 | 4F 40<p?<350 GeV  1<pi"<2 GeV 2<pi"<4 GeV 4<p"<10 GeV
© - ¢ ? N SF Yl<2-4 & PbPb 30-50% Reflected e PbPb 30-50% ®)
_oF + + 1<p/GeV <2 s of = pp Reflected = pp (]
- > = C L1
. 40 < p7/GeV < 350 _g Ed H+D ;D 0 EI'
-3 ly|<2.4 =X 5 | - DD + # 2 '3' g O -
11111 | IR BN A S AT BT ST R A A B AN A AN A BT R AT A A BN AN A AN A AR R Z-(C) O —DDD'D'-D-.-.'-.- 1?_ - 2 O # e D-D'-D.D.Dm“.ﬂ "‘% m
05 0 05 1 15 2 25 3 35 S b —
Ad S f ~
ch.Z —2F o9 - H <
—3F +
TETE ENETEET Sl B AT T ST RN S BV A A AT AR | I Lo s o by v a by v s by v n bay sy | P Ly va s by v v Vo o by v byy oy | I

..e.g. centrality ordering
No data from ATLAS at different centralities for comparison y o Rederl S
Can models capture also this behavior? g it .l o o
Do model describe other standard candles? z _(E“D““"“"* "Toposaskprgpet Opootoadeterst oo
=> Plenty of questions to answer with Run 3 high statistics "~ 2 v

SampleS! 4 0 1t 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIN-23-006/index.html

Jet substructure &
flavor dependence

How are splitting patterns
modified by the medium?

What is the color
decoherence scale of the
medium?




CMS Lund plane scan

ldea from Cunqueiro et al, PRD 110, 014015 (2024) s [N
A
™ CMS-PAS-HIN-24-016 Harder subjet 2% [ ~&.T 2 |
" T 49" Lund plane: 2D visualization
niaaliet g : of jet shower phase space
sofersubie v (Jet tree from Cambridge-
U Aachen)
—_—
Cambridge—Aachen declustering

Different l«; slices isolate different effects
in a "factorized” fashion:

» Highest k1: examine the assumption of vacuum-like
branching before QGP

Dutside QGP
» Smaller k1: Onset of color decoherence (small angles)
Large angle In(1/A) Small angle o _ _ |
VTS ——T= » Not sensitive to medium response if ktis not too low
_@ i

>
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.014015

CMS Lund plane scan

Idea from Cunqueiro et al, PRD 110, 014015 (2024) Focus on the hardest kr splitting per jet
" CMS-PAS-HIN-24-016 Scan at high ky (e.g. kt € [20,40] GeV below)
0.0 C.M,S Frglimilr;a(y IPbIPbI 1.6 np" + PP 301 pp" (|5.0|2 TeV) s
o r0 <2 > Similar angular
L oqsf oS Py €[200,1000] GeV - picture for PbPb and
2= - kr € [20,40] GeV .
i L. nardestk; - pp (ratio ~flat)
2l O - — agrees with
—| B - e — - : :
e ' - factorization of early
- ' - vacuum-like branching
- . -
O .....................
I — ~ Favors the picture in
- - which the medium
8 ¢ L — - resolves color
g 06 =1 ! E charges incoherentl
= ~ e Hybrid: J ( H 5 h y
d 0.4— ata = o0, N0 Wake = o0, Wake tCO erence
UtSIdEQGP _+Dete I_=£ noW:eEL=£W:e ] S Or
0-2:—  | ;JJEJEFAS(?AITEIEIIII:::IgT%o WV;lk(la(l ELE)ET\INVZk: —: Iength L)
Large angle In(1/A) Small angle 1 1.2 :;:1 " 1.6 1.8

resolved by QGP  unresolved by QGP

- —eg Statistically hungry measurement!
‘ Run 3 will bring a significant leap in statistics to push these studies forward

Riccardo Longo @ a1st May -



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.014015

ATLAS jet substructure: Episode 1

£) PRC 107 (2023) 054909 i
o o | ATLAS S =
< 16r — ' ! R 1.6 Pb+Pb 1.72nb™", pp 255 pb S 12
- L ab %Irgclg ) OA1;L640/SO_ C Cent. 0-10% |s = 5.02 TeV : 1 3
T 71000<r,<0.02 ] 1.4— 08 1 —
- [ % ]0.02<ry<0.11 4 — all 7
12 Z]041<ry<0.26 MATTER LT 1.2— “or 12
B 0.26 < ry <0.40 ] - i T X ¥ x _
‘I_—T ------------------------------------------------------------------- — 1_____ ______________________________________________ 0-4:_ ¥ . n
i i T _ - 0.0 1 -
0.8 . = - ¥ PRC 107 (2023) 054909, R = 0.4, | -
ﬁg‘) g B H @ E ¥ H H ¥ i ] 0'82& 200 <pT<315 GeV, | y|<2.1 T . =
— O'GT E : % g i 0.6 ° v g =
0.4_— @ E ] u | M _ B ¥¥ X ¥ -
B ol " o [ : 1T 0.4 :_ ¥ R -
— ook - 5.02 TeV, 260 pb - : - 0-2_ =
\Y%v?r) o PoposaTey, 172yt ATORE VISED - o MW (T,,)and lumi. uncer. | -
2(|)0 3(|)0 4(I)O 5(I)O 6(|)0 0 0 0.5 1
e r
. S “|\) — T W7 .
P [GeV] <= g
+ SoftDrop (z,, = 0.2, = 0)
applied to R = 0.4 jets
« Narrow jets are less Standard size (R=0.4)
suppressed than de-clustered & groomed jets,;

Substructure with tracks (©)
» Mostly no pr dependence & calo-clusters ()
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054909

ATLAS jet substructure: Episode 2

£ PRL 131 (2023) 172301 18—
< B <1.2 ]
Angular @ [ ATLAS & =
sep agrati on ARy = \/ Ay, + AdL, 1.6~ Pb+Pb 1.72nb", pp 255 pb” e — 1=
— Cent. 0-10% |5 =5.02 TeV i 1 4
< 15— 771 71— 1 T 1.4 " 0'8‘_4 =
< | ATLAS _ - 1 -
Pb+Pb 1.72 nb™", pp 257 pb™, 5.02 TeV {1 21— 0.6 & ]
- ¢0-10%  NEENN(T ) and lumi. uncer. ] — i i pp B 1
e 10-30% - F m PRL 131 (2023) 172301, R=1.0, o4 . 13
% 30-50% _ SN Sk S BET GV [y : P
r 0-80% - 200 <p_< 251 GeV, [y[<2.0 N e =
i T — = - 0.8Cy ¥ PRC107(2023) 054909, A = 0.4, 2 -
- + : ' :% 200 <p_ <315 GeV, |y|<2.1 ot -
- — 107% 107 1 —
. | + | 06 ¥ . or ARy —
e I i l :_ ¥¥¥ x J ]
0.5 | kK l *x - 0.4 — & m X _
R = 0.2 sub-jets o ' 0.2F CT ] R
- V. - = = o 27 | -
) @ ¢ o ° ¢ ~ HE(T,,) and quncer. ~
| |yl<20 200< p_<251 GeV ' 0 | — ' | -
" | |F{}gfclustered Eg 1?0 jets ° 7 0 0.5 r 1
T T R TN (K T SN T NN RN SN SN NN S T
i :0@ io.z 04 06 08 1.0 g Or ARz
et ARy,

» Single Sub-Jet (SSJ): single
R=0.2]jet

- Jets with multiple sub-jets are

. e Large R jets (R=1.0
significantly more suppressed ge R jets (R=1.0)

re-clustered;
Substructure with



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.172301

ATLAS jet substructure: Episode 2

£) PRL 131 (2023) 172301 P

<C B <1.2 ]

Angular — ATLAS & -

- AR, = \/ AyZ, + Ag?, 1.6 Pb+Pb 1.72nb™, pp 255 pb" N 12

- - Separation = Cent. 0-10% Sy = 5.02 TeV : =
Kudinoor, Pablos, Rajagopal S 1.4 NN s 1=
arXiv:2501.18683 CLATLAS e oaTe oF N 1 -

+ .72nb”, pp pb, 5. e O— Of X ]

<12 o 502 Tev 010 " ¢ 0-10% T d lumi. . l — - igm B 1
o T, rog e SRR = PRL1S1 (2023) 172301, A= 1.0, o T
|+ 30-50% - —TTTT 500 <p< 251 GeV, [y[<20 T | * agne =

50-80% — T B =

1.0 e . 08Fy  * PRC 107 (2028) 054909, R = 0.4, °7 | =

8 | - ' :% 200 <p_ <315 GeV, |y|<2.1 ) -

— 107 107 1

u I '+' + 06—_ ¥¥ y or ARQ —

L e - 4 ¥ X X _

0.5 I * ok i * - 0'4: = = N ~

Y | N —

0'2_ Single ] | - - L O 2
- Subjet | . -] ] - - —
1 B ST RO N R R L ¢ . BN (T, andlu | =
ARy, | | y|<2.0 200< p. <251 GeV 0 ' '
| | Re-clustered R =1.0 jets I 0 0.5 s 1
[ T RN T N TR T S NN SN SN U NN S T
i :@@ io.z 04 06 08 10 g Or ARy
- ARy,

Clear demand for more data to
cover the full separation scale
also from the modeling side

Standard size (R=0.4)

de-clustered & groomed jets;
Substructure with tracks (©)
& calo-clusters ( )

©

Large R jets (R=1.0)
re-clustered;
Substructure with

R=0.2 jets

Riccardo Longo



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.172301
https://arxiv.org/abs/2501.18683

ATLAS jet substructure: Episode 3

« Same R =1.0 jets as

&) PRL 131 (2023)
172301, with
substructure
evaluated using

tracks with pt> 4
GeV and SoftDrop

(z.,, = 0.15, = 0)

£ arXiv:2504.04805

_ 2 2
separation ARy, = \/Ay 12t Adp

+

oW x -

1 ON ¥
F e e e

N X

200 <p,< 251 GeV
e 0-10, I N <TAA> and lumi. uncer.
| 1 11 1 1 |l 1 | | 1 1 1 |l | |

Angular
< 1-8_| T | I I I I | L | !
3 - ATLAS s =5.02 TeV
1.6 Pb+Pb 1.72 nb” pp 255 pb"
’ 42_ reclustered R =1.0 jets, Inl<1.3
1.2
B L
1— "
B AL
0.8 . . x
- °
0.6 60-80%
2 + 40-60%
0.4 i x 20-40%
02:_ m 10-20%
O: 1 l |
107° 107

>
By

- Sharp R, , decrease with AR,
followed by flattening behavior

- New analysis provides a bridge between
the previous two measurements

Riccardo Longo

<1.8
<

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

B I I I
- ATLAS & T -
— Pb+Pb 1.72nb”, pp 255 pb’ o 1=
— Cent. 0-10% |5 = 5.02 TeV : 1 =
n 0.8 172
- ® This analysis, R = 1.0, 'y B 1 =
— 200 <p_< 251 GeV, | 5l<1.3, i L 1=
~ m PRL 131 (2023) 172301, R = 1.0, 04" o ‘.; | 1 2
-y 200 < 5{%”2’5’1”(36(/’,'[}2(&'2'.0’ """" : Ponp¥al -
—_& x PRC 107 (2023) 054909, R = 0.4, *4f 1 =
— 200 <p_ <315 GeV, | y|<2.1 Ll 3
__: P, | | Y 0 e ' 3
B  or ARy =
= ”p)ﬁ‘)n & oy -
B ° # X - oy m® : I
- A ‘
' HR <TAA> and lumi. uncer 3
il . . ] 3
0 0.5 1
rg or AR12

G

Large R jets (R=1.0)
re-clustered;
Substructure with tracks



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HION-2020-06
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.172301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.172301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.172301

Pinning down the QGP coherence scal

£ PRL 131 (2023) 172301 18—

g = | ATLAS & =

= F Pk, I Ty, e 1.6~ Pb+Pb 1.72nb", pp 255 pb™ N 1

e eclusiere =1.0Jels — o ‘, - I

14 I Hybrid L =0 = e This analysis, R = 1.0, Tl _

- B Hybrid L __ = 2/(nT) 1.2 200 <p_< 251 GeV, | n|<1.3, 060 . 1

12 EE HybridL = oo — T i ® oo ]

® ATLAS Data [arXiv:2504.04805] ] 04 B, ol =

" AKudinoor, D Pablos, K Rajagopal | 5 8: 02 1 3

0.8 Preliminary ' g_.’. 0 e -

0.6[2% (done at QM25) 0.6~ AR ]

E ~ °, =

0.4F- 0.4 ‘e, P

- — ° o = -
0.2 0.2

B - HBNR(T,,)and lumi. uncer. A _

—1 111 l 1111 | L 111 | iy apcan l 2 | 1 111 | . . | | L 111 | I | l I B B B | I I I | I ]

% 01 02 03 04 05 06 07 08 09 1 0 0 05 1

dR,, AR+

The data have the power to differentiate and
constrain the resolution length of the medium!

Hint at small resolution scale (as in

. L R jets (R=1.0
CMS Lund Plane analysis) arge R jets (R=1.0)

re-clustered;
Substructure with tracks
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pt selection bias: the boson-tagged wo

Use high-momentum photons as proxies for the recoiling parton

Lo initiating the jet shower, to investigate selection biases
o
2
CMS PbPb 1.7 nb', pp 301 pb™ (5.02 TeV)
T e 3. PLB 789 (2019) 167
't Centrality: 0-30% Hybrid model, L =0 :
fo) 1,4_—Softdropz =02  sasan Elastic,nowakées ] ’}2_2I"'I'"l"'l"'l"'l"'l"'l"'l"
%‘% - cut - = Elastic, wake ] ¢ 2 0_1 Ocyo
- - — §—— =0 o No elastic, Kk _ ()
Ratio of area normalized / e P70 LiNodestowake . 4 > 18
. . . . 1_ — O ] .02 TeV, 25 pb™
distributions for R=0.2 jets : S — ] = ?3 b2t 5.02 eV 049 b
0.8 | 1 2 . pl = 100-158 GeV
- = < 1 [ pp (same each panel)
0.6 l<1.44 — 0.8
- ) 0.6
0-4:_|njet| <2 p; > 100 GeV - 0.4
0.2 g™ 23 Cpft/pYT>°-8) - 0.2
- ey ]
0 0.05 0.1 015 0.0 02040608 1 1.2141.6 1.?(
Groomed jet radius Rg Jy

ﬁ iy Less quenched jet selection:
% x,; > 0.8

— PLB 801 (2025) 139088
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https://doi.org/10.1016/j.physletb.2018.12.023
https://arxiv.org/abs/2405.02737

pt selection bias: the boson-tagged wo

Use high-momentum photons as proxies for the recoiling parton

Lo initiating the jet shower, to investigate selection biases
YJ pjli
S PoPe 70 pp 1 o (602 eV £ PLB 789 (2019) 167
- Centrality: 0-30% Hybrid model, L =0 ]
Q| 1.4~Softdropz =02 oo Elastlcnowake — "_%-2.2"""""'""""""""""""
| | TR e 1 52 0-10%
Ratio of area normalized / 12 e nosmeowske 11 218
distributions for R=0.2 jets —— N = 14 e
B . | | Z . 1 pET;_)p (same each panel)
] — 0.8
0.6
- et 0.4
No narrowing observed with T > 2l (ple/p >o4) 0.2
_ _ o ie T — 02040608 1 1.21.41.61.8
less biased selection on x Jy Groomed jet radius R Xoy
o iy Quenched + unquenched
\2'\) - -
> jet selection: X, > 0.4

~ PLB 801 (2025) 139088
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https://doi.org/10.1016/j.physletb.2018.12.023
https://arxiv.org/abs/2405.02737

pt selection bias vs flavor dependence

Keep in mind that y-tagged jets are predominantly quark-initiated! ,
Conversely, inclusive jets are predominantly gluon-initiated. |

2018 Pb+Pb 1.7 nb™", 2017 pp 260 pb™, s, = 5.02 TeV

g G0 ATLAS N Pospp cenaity 010% = | S0 removes spectral shape
= — anti-k; R =0.4jets == Inclusive jets -
. , — 90 __87;?et T2.8 -=== Inclusive jets (corrected for isospin+nPDF)
1.4 CMS Simulation Supplementary _ Vs = 5,02 Tev S, [ Forrtaageaets == ytageed ot E dependence
I B Fragmentation y PYTHIA 8 i = fﬂ&r 520:;37ev --== y-tagged jets (corrected for isospin+nPDF) -
B - — n'|<2. =
1.2~ E=vy+quark — 30 == Ag(y.jet) > 7m/8 i
E == y+gluon PP +X E y+g """ ° FOr pT < ~220 GeV, quark-
| initiated jets lose less energy

Event Fraction

% than gluon-initiated ones

- Reminder: with boson-tagged jets

~~ .................................................................... we are avoiding pt selection bias
L7: SUTUUIUNUII I but picking a different flavor
. 0 120 140 160 180 200 220 5240 260 280 300
50 100 Ny Jo, 0 N Jet p_[GeV] dependence
“* PRL 122 (2019) 152001 £ PLB 846 (2023) 138154
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Jets from large to
~ small systems

What is the critical system
size for the formation of

the QGP?




Jets from large to
~ small systems

What is the criticales#®tem
size foL twe*fOrmation of

What is the critical system
size for the onset of
energy loss effects?




From AA to pA: the high pTt puzzle

Clear v, signal,
similar to
mid-central
Pb-Pb
observed in
central p+PDb...

... hot turning
off completely
also at very
low
multiplicities

Riccardo Longo

&) Eur. Phys. J. C 80 (2020) 73

< 0.25

I T T T | I I T I I LI | I T I I T T
| ATLAS p+Pb |s,, =8.16 TeV, 165 nb”
i o, —=— 1.5x p+Pb MBT s
0.2+ o= ge, —— 1.5 x p+Pb p'>100 GeV —
i - * * 0-5% central 7
_ it } '.. _
015__ |r » —_
i ". ° 7
i . ¢ .,
0.1 & *} -
ot *4 '|'_,|T+ -
0.05- ¢ + N
| —e— PbPb |5y, = 5.02 Tev+ +F|"+ WT*# + -
B 20-30% central -+-+ i
O | 11 1 | | | | | | 1 1 | | | | | | | I |
5x107" 1 2 3456 10 20 30 10°
p}[GeV]
60-0025_""I""I""I'"'I""I""I""I""_
Q - MWALICE, pp /s =13 TeV (5.0<IAnl <6.0) 7
2 0.002 - M3D-Glauber+MUSIC+UrQMD B
> VU2 L mPYTHIAS Shoving (g = 3)

PYTHIA8 Shoving (g = 40) i
00015 — MPYTHIA8 Ropes =

T

0.0005 :_ Low Multiplicity Template: N, <10

|
0 10 20 30 40 50 60 70 80
N, (pT > 0.2 GeV/c, Inl <0.8)

MarxXiv:2504.02359

@

Jet Tag & Jet Tag
Charged

[.'. [T e 1)
M Particles ceasie

V Aqbch,jet A¢ch,je‘[
f N 1 1 1 1 | L I 1 1 1 1 1 1 | . 1 | | | | L I -
> [ ATLAS A <mi8 + Ap > T7m/8 -
1.3+ ch,jet — ch,jet —
- pp, Vs =5.02 TeV T pp,2.7nb'-3.6 pb i
[ p+Pb 0-20%, |s\, = 5.02 TeV I p+Pb 0-20%, 0.025 - 0.36 nb" i

1.2

R

0.9F &= ANGANTYR, EPPS16(NLO), o >60GeV —| == Data, pi" > 60 GeV .
- ==== ANGANTYR, EPPS16 (NLO), p' >30 GeV | == Data, p" >30 GeV
0. 8'_ === ANGANTYR, no nPDF, p':t > 60 GeV T == 1.4% Parton Energy Loss (90% CL) N
S T R S T T ! ! L1 Lol ! ! .
4 567 10 20 30 40 4 567810 20 30 40
pe" [GeV] pe" [GeV]

No evidence of Jet quenching in Ipr observable

Strong parton energy loss constraint: 0.2 £ 0.5%

and < 1.4% at 90% confidence level

£) Phys. Rev. Lett. 131 (2023) 072301



https://link.springer.com/article/10.1140/epjc/s10052-020-7624-4?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200202
https://arxiv.org/pdf/2504.02359v1
http://Phys.%20Rev.%20Lett.%20131%20(2023)%20072301

jet+h / dijet measurements

" 5 JetTag ~." JetTag .-
— CMS pPb 174.6 nb™ (8.16 TeV)
3 I I I IR R L IR .° .
Pr.1 anti-k, R = 0.4 s 4 | ’é Ch d S S
. | T _ /Q 5 ar_gle Away-side
p. > 100 GeV, p: > 50 GeV v “ articles 4
51 = 2r - ¢Ch,j€t A¢ch,jet
Aq)dije’(s >€ S i ——————
—+— Unfolded Data ;é_’vx [
52* 0 Leading: midrapidity ]
PYTHIAS8+EPOS ﬁ : (Pb) -1 < 1 (0) f i T T T T T T T T — T T 1 T T T T T T —
= A | _ 1 af ATLAS Ap  <m/8 Ap . >Tn/8
Systematic uncertainties -ﬁz _2_, - lslulbl’ialdfnlgl- I”j’flfflaf'i'flyl - .3:— 20, V5 < 5.02 TeV ! _:_ pp. 2.7 nb' - 3.6 pb” B
“ 03 04 05 06 07 08 09 1 1 22 p+Pb 0-20%, {s\, = 5.02 TeV 1L p+Pb 0-20%, 0.025 - 0.36 nb™’ i
% 20 1 _
CMS . B
arXiv:2504.08507 Yok o I
Ol wm . ]
L el M= -Ot _ P — = T
No evidence of jet quenching also in dijet asymmetry : I ; T b
0.9 #=== ANGANTYR, EPPS16 (NLO), p'>60GeV — =B= Data, p' >60 GeV —
frO m C M S - ==== ANGANTYR, EPPS16 (NLO), p' >30 GeV | == Data, p" >30 GeV .
0 8'_ === ANGANTYR, no nPDF, pi:t > 60 GeV T == 1.4% Parton Energy Loss (90% CL) N
) — 1 1 1 1 1 1 I 1 1 1 1 1 1 1 | | | | | | I | | |
Comparison to Pythia8+EPQOS (no hot-medium effects) 4567 10 20 30 40 4 567810 20 30 40
pe" [GeV] pe" [GeV]

Upper-limit on medium-iduced energy loss of the
subleading jet of 1.26% of its transverse momentum at

the 90% confidence level in high multiplicity p+Pb Strong parton energy loss constraint: 0.2 + 0.5%

events and < 1.4% at 90% confidence level
&
RiccarddiCHR @? ~ix Phys. Rev. Lett. 131 (2023) 072301 >1st Ma_

No evidence of Jet quenching in Ipr observable



http://Phys.%20Rev.%20Lett.%20131%20(2023)%20072301
https://arxiv.org/abs/2504.08507

Initial State

What is the impact of the proton
configuration in interpreting p+A
collisions?

Since hot-QCD effects are little if
not null, how can jets aid the
study of cold nuclear matter

effects?

\“'~~-.



Effect of proton configuration in p+A

Reminder: ATLAS Run1 inclusive jets (and PHENIX jets!) in p/d+A showing strong Rcp dependence on jet
energy while no sizable effects in Rppp hinting at relation to the hard-scattering
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Use dijets to map Rp on the kinematics of the initial state (xp)

= Strong x,-driven event-activity bias in p+Pb for x, 2 0.02

= Qualitatively in agreement with models proposing a shrinking

size and interaction strength of the proton at high X,
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Effect of proton configuration in p+A
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Dijet probes for nuclear PDFs in LHC r

The last few years have marked a golden age of dijet measurements at the LHC
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Data included in EPPS21 (Eur. Phys J.C 82 (2022) 5, 413)

CMS dijets in p+Pb @ 5.02 TeV, .

“PRL 121 (2018) 6, 062002
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ATLAS UPC dijets @ 5.02 TeV N

The last few years have marked a golden age of dijet measurements at the LHC
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ATLAS UPC dijets @ 5.02 TeV

The last few years have marked a golden age of dijet measurements at the LHC
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ATLAS UPC dijets @ 5.02 TeV

The last few years have marked a golden age of dijet measurements at the LHC
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~ What’s next?

Here | had to pick really
only a couple of interesting
points, but there is a lot

more in front of us...




Run 3 main novelty: the Oxygen run

- July 25: First (pilot) oxygen run @ LHC! Gold mine for both Hot & Cold QCD

- Hot QCD: 0.5-1 nb-1 of O+O @ 5.36 TeV [Energy tbc]
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Jet Raa, Preliminary predictions,
from A.Takacs @ 2024 Light ion
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Oxygen: LHG vs RHIC

Y stan prminary -~ onneaon ] RECENt OO analyses at STAR increased the hype!

L 0+0 |y =200 GeV  -®-ch. jet

4 | Rcp trends somewhat reminiscent of Rcp in p+A at RHIC and LHC (e.g., color
| fluctuation effects) => Will the matter in OO centrality determination?
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... that we need to carefully pave

« RHIC shutdown in the near future (~eoy) — end of high-energy HI collisions in the US

(for the moment)
e The HL-LHC is foreseen to run until 2041
- HI program currently approved until the end of Run 4 (2032)
e Critical to secure HI time until end of HL-LHC lifetime because...

HL-LHC
Conceptual Design Feasibility Study Project approval by Construction of onds Operation of FCC-ee  Operation of FCC-hh
Study (geclogy, RAD on accelerator, CERN Council _ (15 years physics explostation)  (~ 20 years of physics expl ostation)
, deteclor and computing tunnel and FCC-ee
(Concepiual Design Repon
technologee s, admnisralve starts

pr ocedur a8 with the Host States,
anvironmental mpad, fmancial
feasb My, #tc.)
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« RHIC shutdown in the near future (~eoy) — end of high-energy HI collisions in the US

(for the moment)
e The HL-LHC is foreseen to run until 2041
- HI program currently approved until the end of Run 4 (2032)
e Critical to secure HI time until end of HL-LHC lifetime because...
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StUdy (geciogy, RAD on accelermor, ( [ F‘\ N Coun || i ' -‘ ‘ : (15 yoars physics exploftation) (~ 20 years of physics expl oflation)
_ deteclor and computing tunnel and FCC-ee
Concepiual Design Repon
schnologe s, admnisralve starts

a8 with the Host States

The next high-energy HI machine (FCC-hh) is currently planned for 2070!
« This means ~30 years without the possibility to have new HI data taking @ high-energy
- |t is essential to plan the data collection for the next 15 years with foresight...

Riccardo Longo @




A last, and personal, opinion ....

sPHENIX Experiment at RHIC .
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STAR Forward - Jets @ RHIC have very different g/g mixing compared to LHC

1 Upglrade IS ahmajor — |deal to study parton energy loss in a complementary regime
; eap In the

experiment  Great opportunities are available for cold nuclear matter studies,
capabilities for color-fluctuations measurements, low-x investigations in p+Au... it
D+A would be invaluable to have a p+Au run before RHIC shutdown!

- | am firmly convinced we would regret not taking this

opportunity



https://arxiv.org/abs/1207.6378

\_

- Jets at the LHC are and will be a fundamental tool to
advance our understanding of QCD in extreme temperature
regimes

» Steady progress in advancing our understanding of the QGP

- Still a long way to go... but no evidence that the field is
running out of ideas!

» Crucial to leverage synergies/complementarities between
different facilities
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* Hl @ LHC are currently approved until Run 4 (2032) - critical

to confirm Run 5 to extend HI data-taking life until the end of
HL-LHC

- Dijet studies to investigate initial state and cold nuclear
matter effects @ LHC have strong synergies with the EIC

- SPHENIX and STAR data taken ~now will be unigque for a long
time, critical to ensure the legacy of the data







One question to rule them all

Parton scatterings QGP formation Hadronization and freeze-out

: Particle
Incoming lorentz

contracted nuclei

detection!

Collision
evolution
sketch from
MADAI
collaboration

Time r=0 7~1fm/c~10-23s r ~10 fm/c ~10-22 5

7> 10 cm/c ~10" s

System Size Femtoscale 0(100m)

How can we pair the microscopic behavior of the QGP - built up from the interaction of color charges that
we understand very well in vacuum - with the long-range collective behavior that we observe as a result

of the hydrodynamical evolution of the QGP?
©




Importance of color fluctuations at R
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. Relative yield of 7" to 4" under the argument both are

. ' ' 0 dir
subject to the same centrality bias (PRL 134, 022302 S.ame I<|nemat_|c - t?Ut n” &y~ have
(2025)) different x, distributions

. . .  Results can be explained w/ color fluctuation
Evidence of jet quenching? (At odds w/ several other model (D.Perepelitsa. PRC 110. LO11901)

measurements at both RHIC and LHC)
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Another example: jet-axis decorrelati
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CMS new dijet in p+Pb @ 8.16 TeV

The last few years have marked a golden age of dijet measurements at the LHC
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The last few years have marked a golden age of dijet measurements at the LHC
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CMS dijets in p+Pb @ 8.16 TeV, -

CMS Preliminary pPb 174.6 nb™ (8.16 TeV)
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ATLAS UPC dijets @ 5.02 TeV

The last few years have marked a golden age of dijet measurements at the LHC
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ATLAS UPC dijets @ 5.02 TeV

The last few years have marked a golden age of dijet measurements at the LHC
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From AA to pA: the high pTt puzzle

Eur. Phys. J. C 80 (2020) 73
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Hot QCD: a long way still aheacl_

"We have not yet figured out how to measure or quantify what your eye can see
in this one event..." - B.Cole - HI & QGP Town Meeting @ CERN - 2025
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Hot QCD: a long way still ahead

"We have not yet figured out how to measure or quantify what your eye can see
in this one event..." - B.Cole - HI & QGP Town Meeting @ CERN - 2025
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Opportunities at the LHC p+0 run
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