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Jetsin QCD

Jets are the effective degrees of freedom at particle N Erm—

| Run/Event/LS: 257645 /1610868539 / 1073

colliders. They are the long-distance manifestation of
quarks and gluons at high energies.
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The hard process: Energy loss through a Collimated final

Quarks and Gluons cascade of radiation state hadrons Studies of the substructure of

jets reveals fundamental
properties of the underlying
quark and gluon interactions.



Distribution of Energy Inside a Jet

* Weighted cross section by the energy of particles
inside the jet

Energy weight

d 2EE,
OEEC = Z do 5 o(cos 8 —os 9,-]-)
dg i.j ngtot .

Angular distance between
particles i and j inside the jet

» Generally can study EEC for any angular distance 6,

» For jet substructure take the limit 6; — 0



New Observable: Energy-Energy Correlator (EEC)

 The EEC can be written in terms of QFT operators as the expectation value of the correlation functions

of the energy flux operator ¢(77) inside the jet. oo ;
. £(m) = lim [ dtr n'@ Energy momentum tensor
« Energy weighted = IR safe

0

« Most importantly: calculable in pQCD even for small angle 0 (as long as p,0 is still a perturbative scale)

Weighted cross section

2EE,

o(cos Qij — cos )

FEC = Y d
,Zj: " Qoron

Correlation functions
EEC = (¥ | E(ﬁl)e(ﬁz) | )

Hofman and Maldacena (2008)



The Small Angle Limit

* Energy correlators inside high energy jets at the LHC =small angle limit

~ ), 070,

Conformal collider physics:
Energy and charge correlations

Hofman and Maldacena (2008)

Diego M. Hofman® and Juan Maldacena®

@ Joseph Henry Laboratories, Princeton University, Princeton, NJ 08544, USA
bSchool of Natural Sciences, Institute for Advanced Study

<‘P | 8(’71,)1 )8(%2) | T) Princeton, NJ 08540, USA

e Energy correlators admit a simplified Operator Product Expansion (OPE)



The Small Angle Limit

* Energy correlators inside high energy jets at the LHC =small angle limit

Normalized EEC
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= Use jets to test the leading QCD operators in this expansion

QCD operators

Significant progress has been made to compute the EECs perturbatively in the

vacuum for collider processes.

pr9 ~ O(Apcp)

(&16)
R

Normalized EEC

Two-Point Energy Correlator

¢ CMS Open Data
[ |oo
E=NLL

AKS Jets, g < 1.9
pr = 500-550 GeV
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Does the Medium Modify the Scaling Structure?

* In the presence of a medium: jets undergo multiple scattering + induced radiation

introduces new scales ancjiE interactions
Scalmg parameter ?

0 <
~ 200>
~~ QCD operators?

= Capture how the scaling behavior is modified by
interactions of the jet with QCD medium!!

Scaling parameter: Related to anomalous dimensions of the QCD operators.

= modifications due to medium effects will propagate through changes in the RGE
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Distribution of Energy Inside Jets Moving Through the QGP

* Weighted cross-section for a jet propagating the QGP

Jet production

2/ /E Highly energetic
ﬂ jet (leading jet)

Quark-gluon

1,jEjet T,jet plasma

! d> 1 PT,iPT,; ~ -
. — do:e ,v; R; eSS VAP y g — 9,
Tjet dO dpr dy (pr,y; R) Tiet Z / Oj t(pT y; R {pk}) 2 (cos cos 6;;)

Low energy jet
(subleading jet) Strong interactions with the medium

* This is a multi-scale problem:

Q ~ pr hard production scale, Mypm ~ /2pr/L LPM scale,
ur ~ prR hard-collinear scale, jet cone, \/ (0k2.) ~ /g2T?L medium k7 broadening scale,
o ~ Opr collinear virtuality of EEC. meg ~ gsT, Aqep /;nedium screening scale,

Scenario I: Aqep S mesr S 4/ (0k3) < po < Mipm < pir S Q

Scenario Il: Aqep < met < 1/(0k2) < Mipy < 1o < g < Q multiple scattering effect
semi-hard scale

° Different angular regions probe different physical regimes.



Distribution of Energy Inside Jets Moving Through the QGP

* Weighted cross-section for a jet propagating the QGP

Mypym ~ v/ 2p7/L LPM scale,

«ra-collinear scale, jet cone, \/ (0k2.) ~ /g2T?L medium k7 broadening scale,
collinear virtuality of EEC. meg ~ gsT, Aqep medium screening scale,
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EEC Factorization Formula for In-medium Jets

Multiple scales that can be resolved through an in-medium factorization theorem.

L
. 5 Ny

Production of a high energy How multiple scattering and
induced gluon emission modify

1 dx 1 PT,iPT,j > > particles that initiate the jet. .
— = R =— 3 [do  R; {p}) PP §(cos 6 — cos .
s d0dpr dy(pT,y, R) o ijejet/ a'Jet(pT,y,R, {pk}) p%det (cos cos 0;5) the jet substructure

In-medium Factorization Theorem

Nucleus . : / EEC + Soft Collinear
. : N Effective Theory (SCET)

———>

'EEC jet function captures the redistribution
| of energy inside the jet caused by multiple
Nscatterings in the medium.

d¥
e or
0 dpr dy aZn/dma dxy dzy fosa(@a, 1) forp (2o, 1) Hab—)c(zJ , Yy #)

X [jl:]%CC,c(e; zj, pr, R, ﬂ’) ﬁg,c(a; zJ, pr, R, p; L, meﬂ')

Medium effects enter through the jet function, not through the hard operator structure.

M



Soft Collinear Effective Theory with Glauber Gluons

* Soft-Collinear Effective Theory (SCET) describes the soft and collinear mode interactions in QCD.
. . . ) Bauer et al (2002)
* Medium interactions are described by Glauber gluon exchanges: transverse momentum transfer

between the QGP and the energetic patrons (jet) Ovanesyan and Vitev

(2011); Ringer et al (2017)
Glauber gluons: g, ~ g_ < g

* Medium interactions are quantified via medium-induced splitting 9"~ (0.0.4,)
functions corresponding to these Feynman diagrams. . ;
& v
@ —>—
Example: Energetic quark interacting with the QGP \\\
q" p* qit T lq;\&”

Piji(2) = P15 (2) + P52, 4.)

Prse (z,p1) = Rer + Rev + Rvr + Rvv




TMD Splitting Functions at First Order in Opacity

dNER g:C o d>%*q 1 d d*k 1 1
qq Fp _ q Ofr Q Q
dxd>2p = 27y Py, e(x)l dz"pr (Z+)J Qn)2-2 Cp d2-2q X J (2n)>-2 Nyp +k-q) Q Tl eg o o)t

dNEY 2C, o > %q 1 d 4?2k 1 1
99 _8CF R q OFT Q, Q Q Q
dx d2—2€p Qn )3 qq F(X)J dz pr(z )J Q)2 C_F d2—2€q X J Qa2 q(P +k) Q% — CAQ_% . _£¢2,4 — CA — 452

VR . .
0 d2—26 q 1 dUFT 1 2CF dz_zf k 1 Q% Qé, Qé Q%
—_ = 5(1 — -z | —4m— — ——— — [ERAE—— S — . 2
= X)L e )[ Qo G g P XLd @n)? P""G(x)j (@ny>-2e Q2¢5 e T g g gy g
dNVV o d22¢ 1 d 1 2C 422k
- q OFT g Qs Q8 1
=5(1-x)N, dz*pr(z* — x | dx’ ’ = = +C

dx2p 0T (p)J oy )J (QaP~2 C; d>q L T )J Qo | “op p T Q2¢6 e

Ke et al (2025)

* Splitting probability becomes transverse-momentum dependent (TMD)

Q=zk—(1-2)(p-q), Q=zk-(1-2)p, Q22+t Blw) — 1
Q=ak-q) -(1-2)p, Qi=a(k—a)—(1-z)(a+a), ® :¢<42x(1—x)P+> (1) = 1= coslu) 39
Qs =ak-(1-2)(p-a-k), Q=sk—(1-2)(p-k), 91299 | 4

Qr=zk—-q)-(1-z)(p-k), Qs=zk+q)—(1-2z)(p—k—q)
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Energy Correlators for Medium-Modified Jets

* EEC captures the redistribution of energy inside the jet caused by

multiple scatterings in the medium.

* Medium interactions are described via medium induced splitting
function at any order in opacity # SCET with Glauber gluons

* The EEC in the medium becomes a weighted cross section using the

TMD splitting functions in SCET-G

q" q)

Jet production Z
Highly energetic
ﬁ jet (leading jet)

Quark-gluon
plasma

Low energy jet

(subleading jet) Strong interactions with the medium

ZRR

d>=20

2CF / deP
27r)J
6(2—26) (9"_

1

d* >k
2‘r) —2e

ag.e(@fe(l — I

k—(1-2z)q

d?—Zcq ngT/dA
E/ dz* pT / (27r)2—2€ (qz + mz)'z

1 ke(k

+(2Cr - CA)[ _((11—_;;21‘;)2] ('b(?w(;(ii)f’ '>

2 Cr
z(1—2)P* /z)y {[k (1-a)q)

(k—q)- (k- (1-=z)q)

kZ

+0a [

1
+CA[

(k
P2k = (1-1z)q)?
K2zt

(k- q
_(k-q):
(k—q) 2k"’ 2z(1 — z) Pt

q)®

ic

)+e

s k-(k-q)] ( (k—q)'
K2(k - q)z] ¢ (2z<1 - z>P+)

)}

(s o [ -
(e (1= =g
k"’(k q)? 2z(1 — x) P+t
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Energy Correlators for Medium-Modified Jets

Non-Contact terms (non-trivial angular separation )

Contact terms (trivial angular delta functions)

S o k—(1-2z)q| S k|
9RE _ |g. — 9 :|7, RV _ 9. — 0| =
ik ‘ J k| ZjIkEi ajk ’9] ek) z]-xkEi
dzflon—contact 2 : * + ! 2 2
(k) 70 0

x zjm, |6 (02 - (057)°) o | (- (05)") 6P(a) AN
3%k ik ) ) dz+ ded?kd?q ik V 1o+ ded?k

dziontact
0,FE
contact (9, 5)

[ 1
=Z/ dz+/ dm/d2k/d2q
(k) 70 0

dx’ dxk dNREE ANRV
X { (_(9, l‘jE) + W(G,xkE)) [ T imgk " 5(2)((1) i—jk

do? Izt dzd?kd?q dz+dzd?k
axt dNYE dNYYV
P — 2) (1 — i—i (2) )1 i—i
+d92 0,E)6(1 —x) [5 (k—q) g +5%(q)d" (k] T ]} .

15



Non-contact Energy-Energy Corrector

dzaon—COHtaCt — Z/-oo dz+ /1 dx/de/d2q
do? k) 0 0
2y AN 2 dN[¥ ‘ _ ) 8
X TjT [(5 (5'2 - (aﬁcR) ) m +9 (5'2 - (Gﬁcv) ) 5(2)(‘1)% Gren P+L+
104 Non-contact EEC The medium correction part
— le?ﬁon Colntact —~ = Mer=025GeV ——- E=100 GeV
. . . o 4 me s — - Mefr=1.0 GeV —-- E=400 GeV
* These terms give rise to a Coulomb logarithm due to 10° 5 T WS | 8§ % mostm E=200Gev
. . i ~ — Leff =243 fm — Met =1
the transverse momentum exchange with the medium: - | £ ben =20 fmie
3 | mo
Nﬂ' [N ! | "
d’q. S8 « | T
PO 10 i o
q; +mp U
1009 .\‘:
* The logarithmic enhancement is regulated in the IR by the o 16 ol R
plasma screening mass. 10-2 1071 10° 102 1071 10° 101
2 6/6.pm
* Explicit example for an exponentially decaying medium: JSIRRARV
%‘M (0 < OLpMm; in an exponenfcial medium)
o Q2 o Qs 2 ”V
-+ n + — 2T /L _ n -+ 2 3
/0 e (2:1:(1 - x)P+) 4 /o Po [1 o (295(1 - x)P+)} o — [as(,u )] Crpol {3CF +16C4 non-log enhanced terms}
(Q%)2 327 15

:paL+

(Q% +1iQtp\)(QZ —iQfpy) 16




Contact Energy-Energy Correlator
8»—%_%; ®—’—%—é e =g S [ anaewenin [ Gt (s ge)

A9 —2e —(1-2z)q-(k—(1-2
i J et fon oo [

mq-(k+xq)] [q-(k+q)]}
w0 [T O
2
— 999 med M
FI7%9(z) x k2% x T, (2P+/L:ﬂ> . (4.18)
The contact contribution does not generate a Coulomb
logarithm; its transverse momentum integral is regulated Integration is performed in a very similar form for
and does not produce logarithmic enhancement. different kinematic terms assuming: p+/L* > m2
2
Weighting effects: EEC kinematics Medium properties Feq_’qg(x) X Kéned x T, —
2Pt L g
1 242 942 med pe—ffL:ff Medium properties + EEC kinematics
999 () — - _ € _ € — _Tefi el
FE (x) _CFqu,C(x) [I(l _ .’E)]1+2€ [(1 .’E) (ZCF CA) + T CA + CA] H 2P+/L:_ff

T Il 2 o1 [ p2ee ] 1+ 0(2
€ (m) =g (p )5 |:2P+/L:ff:| ( +O(e ))
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Renormalization Group Evolution

» The factorization theorem enables a clean separation of scales as well as

EEC of exclusive jets

separation of medium and vacuum effects: track down evolution effects dx./de in a thin medium

due to medium and scales in the medium.

dy dXvec dsmed Modifications to the
d62 - 402 + 402 anomalous dimensions

due to medium effects. ' . S — 0
Aqop/pr V8r/prLes R

» RGE describes how collinear radiation evolves

as it traverses the QCD medium. Vo Smbincuive
evolution i
Different types of logarithms: Coulomb + medium M Vpr/Les pr prR pr
modified EEC kinematics
Modified Vacuum-like M(J'dified.
= _ Terc(9) Jerc(0) semi-inclusive
Q2 (QQ)Z a [ZJ‘I] — as(/“l‘2) [,7‘\1’23 + A’Y(I]:?_l 7;26 + A7g§1—l evolution evolution Jeec(2,60)
E/L 2 - vac =1 .vac =1 r r ’ y .
In m—/zD In (Q9)2 ln—MI%PM 0 lnl‘ Eg 2 ’qu -+ A’qu 799 + A’)l_qg Mett prb V2pr/Lest prR pr

nnnnn

Coulomb Logarithm in Jagae(9)
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Medium Modified RGE

* For in-medium evolution there are two regions:

Modified anomalous dimensions

Mipm < prf < prR < pr.

'No log enhancement =>perform vacuum resumption from p;60 to pT

prt < Mypy < prR <py

Evolution is two-stages: vacuum+medium modified LL evolution from p0

' to M; py;, then at the scale M, p,, include medium fixed-order correction
1 .
| from contact and non-contact term. Then, perform vacuum evolution

Kfrom M; pysto prR 7
EEC of exclusive g jet EEC of exclusive g jet
0.12 0.12
o Jele(6; u=6pr) . p+Pb, 5.02 TeV, 0-5%
5 0.10 — I @ Ly 0.10 *... R=0.4, pr =100 GeV
Ao 2 L -~ 0.08 — (TR + TEET) @ Llvac 0.08 -
Wmed = 47ras(u2)h:med = W < 1 9;5 0.06 - (JEHECC',V:M"'JEnEC(':TEd)®L|—vac+med .............
N%J 0.04 -
— [es)
‘ . . . . . 002
‘w,,,,1s an indicator of whether we can consider the medium 0.00
‘% effect as perturbative compared to the vacuum evolution. oM Ratios o JEE7°® Ll 11
f 210 1.0 1
i o
}|Thls is realistic for p-Pp and other small systems. 19 L : 1
. N 10~ 101 10~
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Phenomenology

Comparison with ALICE preliminary

1.2
p+Pb 5.02 TeV, 0-100%, R=0.4

ALICEFrehmmary data

1.1 +
1.0 1

0.9 -
0.8 o
o Theory (0.5,2)ufey 8  p$"9t 27-40 Gev
& p§h9Iet 20-27 GeV 4 psh9-et 40-80 GeV
0.7 4 - e
1072 1071

6

R,, shows suppression at small angles and recovers at large angles:

medium-induced broadening and energy redistribution.

Small-angle suppression comes from medium-modified anomalous

dimension from multiple soft scatterings: stronger effect at lower- pT.

Full-jet EEC projections in O-O collisions

0+0 5.36 TeV, R=0.4
centrality 0-5%

| centrality 20-30% | centrality 70-80%

0.80 4 | == Full-jet pr =100 GeV
= Full-jet pr =200 GeV

1072 1071 1072 1071 1072 107!

0 6 0

* Future O—O measurements can test medium-induced resummation
in the asymptotic region and constrain medium corrections to the
anomalous dimension (effective opacity).

*Even in small systems, the medium effect induces a few-
percent angular redistribution of jet energy: probe of its
microscopic and collective dynamics.
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Conclusions

Energy—energy correlators provide a clean, IR-safe probe of jet substructure and
anomalous dimensions in QCD.

In a QCD medium, the small-angle expansion is modified through medium-induced
corrections to the anomalous dimensions.

Glauber exchange generates a Coulomb logarithm and introduces the LPM scale,
reshaping the RG evolution of the EEC.

Full LL resummation shows that medium effects persist after evolution and
produce characteristic angular distortions.

The small-angle asymptotic region offers a robust, RG-controlled way to extract
medium properties from data.
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Thank you!



