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Why do we have jets?
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Gluon emission off a quark

Take an emission off a massless quark:
o Soft: w < 4/s

e Collinear w.r.t. emitter: 0 < 1

— (. k" _ | i (pf +K)y,
YR M = a(p) (—igi iyt e, (k) o M
i
0 o l k<p
Pr- €
a . u(pf) Mn
dodk? by
2027 Js = de 20,Cp dw dO|  Soft and collinear
s T o 0 divergences!
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Gluon emission off a quark

/ Take an emission off a massless quark:
q q

, o Soft: w < 1/s

q \”’ e Collinear w.r.t. emitter: 6 < 1

K = (0, k. k) L(pr + Ky,

M, 1 = u(py) (—igt“r") €,(k)

pﬂ
o<, i<
Pr- €
a . u(pf) Mn

dwdk? br
20 (27) P 20,Cr dw dO|  Soft and collinear

0,4+1 = 40 . 0

T o 0 divergences!
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Gluon emission off a quark

Take an emission off a massless quark:
o Soft: w < 4/s

e Collinear w.r.t. emitter: 0 < 1

b — (o _ y i (py + K%y
YR M = alpy) (—igg ) e, (k) o M
f
0 D l k<p
Pr- €
a . u(pf) Mn

dwdk? Pr
2w (27)3 Soft and collinear

divergences!
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Probability of the emission

Probability of emitting a gluon with energy @, off a massless quark:

20,Cr [ do ' dO

s v/ f)

Transverse momentum of the gluon must be larger than some non-
perturbative threshold: (),
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Probability of the emission

Probability of emitting a gluon with energy @, off a massless quark:

2a,Cr r)l dw Jl de
) “wl &

P =~
T 6

Qo w Qp/w

Transverse momentum of the gluon must be larger than some non-
perturbative threshold: (),
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Probability of the emission

Probability of emitting a gluon with energy @, off a massless quark:

b o 206G r)l dw Jl de
g™ o n
4 0, ® Joy 0

Transverse momentum of the gluon must be larger than some non-
perturbative threshold: (),

The result is:

P, %Cr 2l 4 o a,In @1 ) This is a double-logarithm!
n Qo Qo

w .
a, log? — ~ 1 It can be large: resummation
Qo
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Dijet event

CMS Experiment at LHC, CERN

:| Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14

\| Orbit/Crossing: 3614980 / 281

Carlota Andres



Dijet event

CMS Experiment at LHC, CERN

:| Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14

Orbit/Crossing: 3614980 / 281

Carlota Andres



Dijet event

CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
t| Run/Event: 143960 / 15130265

Lumi section: 14

Orbit/Crossing: 3614980 / 281

Carlota Andres



Dijet event

CMS Experiment at LHC, CERN

Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265

Lumi section: 14

Orbit/Crossing: 3614980 / 281

Carlota Andres

q



Dijet event

SUATLAS 2-Jet Collision Event at 7 TeV
JA EXPERIMENT P )

e
2010-03-30, 13:16 CEST 8 aalie
Run 152166, Event 399473
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Run : 138919
Event : 32253996
Dijet Mass : 2.130 TeV

2 ‘Jet 2 Py: 557 GeV

-
Ve L Y
n 0 22 ’.‘—-"-;‘;" i X _ﬂ,—‘&
-
Hard ‘il . X “‘ A8 L ¥
) * "F;’.""

scattering 25N

Jets are proxies of the quarks and gluons produced in the hard
scattering
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Lund diagram —

Ml’l
®—
(1 —2)E
In (k)
20,Cr. dw dO
do, | =do
T w 6

soft collinear

In (1/6)

Soft and/or collinear emissions are uniformly distributed!

Corrections due to higher orders and running coupling apply
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Lund diagram —

@ —X
(1 —2)E
=
E
& 2a,.Cr dow d6
% do, | =do g

wide angle small angle

In(1/AR)

Soft and/or collinear emissions are uniformly distributed!

Corrections due to higher orders and running coupling apply
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Some QCD in the
medium
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Jets in heavy-ion collisions

e Hard probes/jets () ~ pr) are produced in the initial hard scattering

1
Tp ~— < ThydI'O ~ 1 fm/C
Jet
initial state pre-equilibrium I

. . dynamics free-streaming
Q.m . :’1‘_ )
'- . - | | |

\ | | |

Teoll K 1fm/c THydro ~ 1fm/c Ttreeze—out ~ 10fm/c

[
L

® They interact with the medium through the strong interaction

Jets are extended objects: ideal to probe the medium at different
times and resolution scales
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Jets 1n p-p vs. A-A

Jet quenching in A-A

I/ CATLAS
_— A EXPERIMENT

=T
= __R:" Run 168795, Event 7578342
A | \ Time 2010-11-09 08:55:48 CET

“;\_‘r -
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Energy loss

Dijet in p-p Dijet in Pb-Pb

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

N
W

C {| CMS Experiment at LHC, CERN
2| Data recorded: Thu Aug 26 06:11:00 2010 EDT
Run/Event: 143960 / 15130265
Lumi section: 14
Orbit/Crossing: 3614980 / 281

Jet 1, pt: 70.0 GeV

|Jet 0, pt: 205.1 GeV
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Dijet in: p-p...

Jet quenching

® Jet quenching: partons interact with
the medium losing energy

® How does a parton lose energy in a QCD medium?

® Collisions - Important for heavy particles

e Radiation - Dominant for light quarks and gluons

P}

1w

Carlota Andres 14
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Medium-induced
radiation
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Assumptions 0.k
‘ E,p 99%9929 .

® The gluon is emitted at small angles and ¢ <k,p < w,E

® The radiation is due to elastic scatterings mediated by gluons

w=zE k .
Medium as a

E
’ E E > recoilless

background field
Al (t,x)

® The interactions are instantaneous. The medium is seen as recoilless
background field

Carlota Andres 16



In-medium parton propagation

Color rotation

‘W Wkx) = &P exp {igS JdrA‘(t,x)}

pT=ZE>p>u

Color rotation + p-broadening

‘—E’é@’éf\ Brownian motion

pT=E>p>u
E drl’ , _
+ g, Jth (t,x)}

G (ty, Xy, 11, X1 | E) = P [Qr(t) exp {iz[dt [_

dt

Carlota Andres 17



Medium-induced radiation yw»k
= -

® Emission of a soft gluon off a high energy quark: o < E
BDMPS-Z formalism (1990’s)

d]med QOéSCR
R dt’ dt KC(t k:t'
W = (om)20 e/ / /pqp q K(t',q;t,p)P(0, k;t', q)

(m ot I

Baier, Dokshitzer, Mueller, Peigné, Schiff; and Zakharov
Carlota Andres 18



Medium-induced radiation yw»k
= -

® Emission of a soft gluon off a high energy quark: o < E

BDMPS-Z formalism (1990’s)

d]med QOéSCR
Re [ dt' [ dt
Ydwdk ~ (2m)2? / / /pqp 1

(00, k;t', q)

D
X
X <
t . om oI
l—E l-/f
Kernel 2-point function
e%‘ ~ TF(WAC5>

Baier, Dokshitzer, Mueller, Peigné, Schiff; and Zakharov
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Medium-induced radiation yw»k
= -

® Emission of a soft gluon off a high energy quark: o < E
BDMPS-Z formalism (1990’s)

d]med QCYSCR
Re [ at [ at
Cdwdk ~ (2m)%w? / / /pqp 1

[ . III Broadening
t,é P~ Tr(€g")
Broadening .
Kernel 2-point function
K~ Tr{W,&)

Baier, Dokshitzer, Mueller, Peigné, Schiff; and Zakharov
Carlota Andres 18



Medium averages

® Medium average:
(A (1, x) AP7T(t,y)) = 67°5(t — 1)) y(x — y)

medium information

® Medium average: /

NiTr<W<x>W*<y>>—exp —%stn(sﬁf(x w}

y<§§ y<EE % ox—y)= ZgS (?/(x .)’)_7/(0)>

® Broadening and Kernel

1 t : r(t')=z t’ 1
Px,t,y,t) = exp {_EJ' ds n(s) o(x —y)} K, zty) = /( | Dr exp [/t ds (%TZ - 2n(s)a(r))]
{ r(t)=y

Carlota Andres 19




Medium-induced radiation

® [n practice, solved for some approximations

e Opacity expansion in the number of scatterings 'E—E *666666 >

N =1: GLV Gyulassy, Levai, Vitev (2000)

io(r)
® Harmonic oscillator (HO): multiple soft scatterings

. L. L
(Gaussian approximation) N ECAIrz

e AMY: infinite length medium Arnold, Moore, Yaffe (2002)

® Recent approaches going beyond these approximations y(g) oc%

e Improved opacity expansion Mehtar-Tani, Barata, Soto-Ontoso, Tywoniuk,
Semi-analytical expansion around the HO 1903.00506, 2004.02323, 2106.07402

® Flllly resummed SpECtl‘lll‘l‘l CA, Apolinario, Martinez, Dominguez,
2002.01517, 2011.06522

Kernel as a time dependent Schrodinger equation
Beyond the soft limit but integrated in ky:

Caron-Huot and Gale, 1006.2379

Carlota Andres 20
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BDMPS-Z spectrum

Carlota Andres
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BDMPS-Z spectrum

_ ngl =122
\ — Tull :
v = GIVN=1

| Single hard scattering

/' regime
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BDMPS-Z spectrum
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| Single hard scattering

/ regime

Landau, Pomeranchuk, Migdal

for QED
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BDMPS-Z spectrum

noL = 12.2

12
Bethe-Heitler regime

b —  Full
. —-— GLVN

L | -

| Single hard scattering

y 099

~N——— T ~——
f~
7
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MUltiple emiSSionS o =xE w,=xE w;=xE

® Independent emissions:

Jeon, Moore (2005), Blaizot, Dominguez, lancu, Mehtar-Tani (2014)

%D(x t) = tl* / dle(z)[ %D(g,t)—\%D(mat)l

® In the soft limit (x = 0, £ — o0)
Baier, Dokshitzer, Mueller, Schiff (2001), Wiedemann, Salgado (2003)

ERAl LBl [od] -

Probability of energy loss

Carlota Andres 22


https://doi.org/10.1103/PhysRevC.71.034901
https://doi.org/10.1007/JHEP06(2014)075
https://doi.org/10.1088/1126-6708/2001/09/033
https://doi.org/10.1103/PhysRevD.68.014008

Multiple emissions

® Independent emissions:

Jeon, Moore (2005), Blaizot, Dominguez, lancu, Mehtar-Tani (2014)

2@ -1 [axe|\/I (2. - 2w
4

Gain term L.oss term

Inclusive gluon
distribution

® In the soft limit (x = 0, £ — o0)
Baier, Dokshitzer, Mueller, Schiff (2001), Wiedemann, Salgado (2003)

P(e) = Z %

N

N
d/ > dl
A — - ¢ — — Q): =
H [/ dw; dw] %) (e E wz> exp [ /0 dwdw] ;
N=0 1=1 1=1

Probability of energy loss
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https://doi.org/10.1103/PhysRevC.71.034901
https://doi.org/10.1007/JHEP06(2014)075
https://doi.org/10.1088/1126-6708/2001/09/033
https://doi.org/10.1103/PhysRevD.68.014008

Collinear factorization

dep%hX = Z fl (Xl, ,Mfz) X ]3'()62, ,Ufz) X ddl-j_% 0% Dk—>h (2, quz) + O (//tf_zn)
ijk

)‘/' /
/ h 4
® Non perturbative et
But universal xiPy
1 \

® Their evolution 6ij(ces)
is perturbative —%» DGLAP i
af; (X, Qz) B _ J
0" 00> ; P;|® f;(x, 0% fiws)

Splitting functions (pQCD)

Carlota Andres 23



Collinear factorization

pQCD

doPP="X = N fi(x 1) @ £ p?) ® ﬁ® Dy, (2 17) + O (u7")
ijk

A~

® Non perturbative

. fi(z1)
But universal XiP K
1
® Their evolution b1y
is perturbative =—» DGLAP i
af; (xa Qz) B J
0" 002 2 P;|® f(x,0%) fils)
J

Splitting functions (pQCD)
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Collinear factorization

PDFs pQCD

® Non perturbatwe

But universal XiP K
1
® Their evolution iy
is perturbative —%» DGLAP y
J i(x’ Qz) P J
0 ) 07 2 P;|® f;(x. 07 fi(w)
J

Splitting functions (pQCD)
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Collinear factorization

n PDFs QCD
l]k
h

® Non perturbatwe e '

But universal XiP | [P @

1 \

® Their evolution b1y

is perturbative —%» DGLAP y

aﬁ (x’ Qz) P _ J
0 07 ZJ: P;|® f;(x. 07 fi(w2)

Splitting functions (pQCD)
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Hadron suppression
(@)

scaledepp®- @
25| I IIIIIII| I IIIIIII| I

CMS *PRELIMINARY Pbe\{_ 2.76 TeV fL dt =7-150 ub 2
| —&— *Z (0-100%) IyI<2 i 1 8
| —m— W (0-100%) p > 25 GeV/c, In'l <2.1 .
oL —v— Isolated photon (0-10%) Il <1.44
| =@ — Charged particles (0-5%) Inl <1 _ 16
| E=— "B—J/ (0-100%) Inl<2.4 -

RAA=

27.4 pb" (5.02 TeV pp) + 404 b (5.02 TeV PbPb)

| IIIIII| | IIIIII| | IIIIII|
CMS SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
° 0 WA98 (0-7%) [ ® | CMS (0-5%)
" 1t NA49 (0-5%) Models 5.02 TeV (PbPb)
RHIC 200 GeV (AuAu) | | SCET, (0-10%)

O n® PHENIX (0-5%) Hybrid Model (0-10%)

B \ *Inclusive jet (0-5%) Inl <2 | 1 4 ¢ * h"STAR (0-5%) m Bianchi et al. (0-10%)
. —m— *b-jet (0-10%) Inl<2 _ ' LHC 2.76 TeV (PbPb) = CUJET 3.0 (h*+n°, 0-5%)
1.5 — o ALICE (0-5%) = Andrés et al. (0-5%)
— — = 1 2 v ATLAS (0-5%) == v-USPhydro+BBMG (0-5%).
:(( B 7] - } 1 O CMS (0-5%)
m S < Y SRR
. No quenching J{ , 198 [
———————————————————————————— -~y i -g---— =2

LN 1 1 - 0.8
_ ] QIJ et
- J 3 0.6

[€102 Seqmcg)
)
=,
=

oQ

IllIIIIIIIIllIIIIIIIIIIIIIlIIIIIIlI

Y, Yeerd
e V. »O'a.v"
O
&
* o
I
v
t 'i'.

05 ;,..... . Mﬂ*’ ¢4 ' +.+.ﬂ4+%_u

— O Y

T T

_III|III|III|II’///|/IIIiII

O O
o N B

O| L Lol L L] ' Lol L ||||||||‘ Lol

1 10 10° 1 10 100
P, (mT) [GeV] pT (GeV)

CMS Collaboration, JHEP 04 039 (2017)
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Understanding the R o

PP
In p-p, the spectrum for high-p, particles behaves as N - 1
Pr Pt
Same fractional energy loss (¢/p;) Different R, 5
log <d—N>
pr/7 ¢+ L
log pr Pr

At parton level:

do"P(p + €)1d "
Ryx ~ JdeP(e) o pr+ &)ldpr _ JdeP(e) r JdeP(e) (1 _E>
doPP(pr)/dpy

Carlota Andres 25



Understanding the R o

Pythia p+p
= LHC./s = 5.5 TeV
— RHIC/s = 0.2 TeV

- - -
o o [ ]
& ) N

T lnull[___|'I'I1TII1|_|'I'T'lTI1|I

® Jet p-p spectrum steeper at
RHIC than at LHC

anti-k: R = 0.4 Jets

1/2n dzo"“ldedn [mb GeV/c™]
=
A
T

107F ® R, at RHIC similar to Ry, at

LHC

1040:

10.11Ellllllllll lllllllllllllllllllllllllllllllll
0 20 40 60 80 100 120 140 160 180 200 220

p‘T"'[GeV/c]

At a given pr, do jets at RHIC or at LHC lose more fractional energy?
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Reconstructed jets

pp 5.43 pb™' + PbPb 166 ub™(2.76 TeV)
T T I T T T T 1 T T I T T T T I T T T T I T T T T I T T T T i
50-70% 30-50% CMS -

+ + -:

._4‘:::{::::

1.2 Toa*lumi  10-30% ‘__" 510% T . 0- 5% ]

0.8F e I I h
b i = 1 1 _

061 3# $ Tie ettt vy T T ee s ¥ % %
04F—" ui D Y & & S ‘

0.2 . ¥ 1 ;

v b v v by v by v by v s Py by v s by v by s by v s Py b v by v v by by
100 150 200 250 3C 100 150 200 250 3C 100 150 200 250 300

Jet P, [GeV/c] Jet P, [GeV/c] Jet P, [GeV/c]

g

:I
T.'&
|

||

|

CMS, Phys. Rev. C 96 (2017) 015202

Reconstructed jets are suppressed!
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Where does the energy go?

TCMSg; 1J
| J

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

Jet 0, pt: 205.1 GeV

_ Pr1—Prp2

PritDPro2

Carlota Andres

Jet 1, pt: 70.0 GeV

in-cone

out-of-cone

CMS
Pb+Pb \'s_=2.76 TeV
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Antenna in the vacuum

ievy, € ey, 7 ig.1% (9/1 + %) ie
Mwék W\éke Mygg = u(p1) (—igst®) #(k )(p1—|-k) (iev") v(p2)
—1 (p/z + k)

p1) (ie7") (02 + ) ¢ (k) (—igst®)v(p2)

k < pi, Py

- e(k - e(k
u g <p1 ek)  py-elh
p1-k pr-k

q498

> i(pyiey*v(p,)
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Antenna in the vacuum

ey, e ey, 7 ig.1% (9/1 + %) ie
WNék waékg Mygg = u(p1) (—igst®) #(k )(p1—|-k) (iev") v(p2)
—1 (p/Q + k)

p1) (iev") 5 4(k) (—igst®)v(p2)

(p2 + k)
k/<< P1-P2
o (Pr-€K) pyel) _
Myze ™ 8 < : T - P u(p,)iey*v(p,)
P1 P2 — qu
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Antenna in the vacuum

iey, . iey, i g4 i(ph + k) o
V\AAAfék W\éke Mogg = u(p1) ( gst)¢()(p1+k) (iev") v(p2)
—1 (p/z —|-k7)

+ u(p1) (iey"”) (k) (—igst®)v(p2)

(p2 + /f)Q
k < pi,ps
o (P1-€k)  py-ek)\
Myze ™ 8 < bk ok u(p,)iey*v(p,)
1 2 \M )
q9
® Squaring the amplitude: N Tr) = N, Y e (0er) = — g, +
col pol
p; - €(k) Dy e(k)) ) V 2py- 2
| M ~ : 2 Tr (19%) < (M, ;1" = g; | M _ |
qqg 2 s pr -k R i (py-K)(pr-k)

¢ col,pol
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Antenna in the vacuum

iey, . iey, i g4 i(ph + k) o
\/\AAA/<'k MAA/éke Mogg = u(p1) ( gSt)¢(>(p1+k) (iev") v(p2)
—1 (p/z —|-k7)

+ u(p1) (iey"”) (k) (—igst®)v(p2)

(p2 + k)
k/<< P1:P2
o (P1€K)  py-eR)
Myze ™ 8 < o x u(py)iey*v(p,)
P1 P2 — M .
q9
® Squaring the amplitude: N Tr) = N, Y e (0er) = — g, +
col pol
1 pi-ek)  p,-elk) 2 \/ 2p1 P >
M |~ — 2Tr (+%%) < ) M |* = g; M _|
[ Maas ¢ C%ﬁg pr -k R i (py-K)(pr-k)
2
l Including phase space factors Zdai)(;lﬂl;

dN a,Cp 2p-ps

0 —
dod*k  (2m)* (p;- k) (py+ k)

Carlota Andres 29



Antenna in the vacuum II

P1 P1
ie Yu Oy K& n ie Yu )eqq W dN _ aSCF I = cos 94‘_1
0, = ke dod’k  2m’w? (1 —cosf,,) (1 —cosd,)
P2 . P2

Collinear and soft divergences!

Carlota Andres 30



Antenna in the vacuum II N

P1 P1
ey, Alu - ey, %, . dN _ a,Cp 1 —cosb,,
Z = ke dod’k  2n’w? (1 —cosd,,) (1 —cos0;,)
P2 . P2

Collinear and soft divergences!
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Antenna in the vacuum II N

AN a,Cr. 1 —cos ech

Q) —
dod’k  2n’w? (1 —cosd,,) (1 —cos0;,)

Collinear and soft divergences!

S I 1
Defining: -2/=w,, - < + )
q8

1 —cos qu 1 —cos@-

RC] Rq
aN__ &Cr (R +R 2J>
W = -
dod?k 2n2w2 \ 1 1
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Antenna in the vacuum II N

AN a,Cr. 1 —cos ech

Q) —
dod’k  2n’w? (1 —cosd,,) (1 —cos0;,)

Collinear and soft divergences!

1 —cos@ 1 —cos@-

\ qg \
RC] Rq

dN a,Cr
) —
dod?k 2rn2w?

Integrating over the azimuthal angle: angular ordering
IN__ 4G (R + (R =7
0, = — - —
dwd*k  2rn?w? P q
q
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S I 1
Defining: -2/=w,, - < + )
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Antenna in the medium Phys. Lett B 707 (2012) 156, JHEP 10 (2012) 197 ,

J. Casalderrey-Solana and E. Iancu, JHEP 08 (2011) 015

a Pr1- 8(k)
o o M yge ~ Mgz "8y W(r)W'(ry) 1 p
< k ¢ + P1
o MWW () 1. P2 )
P, P qq 1 2) 8 D, - &

1

dN a,Cr
Q) —
L dod?k  2x2w?

(R, =S4 + R, =57

y

If § — 0: independent emissions (decoherence)
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» p; - (k)
o o Mgzg ~ Mgz 18y W(rp W' (ry) = p
: k ¢ 4 P1
o MWW () 1. P2 )
P2 P2 & : 2" s Dy k

N

dN a,Cr
Q) p—
L dod?k  2rn’w?

(R, =S4 + R, =57

J

If § — 0: independent emissions (decoherence)

® What is S? Sty = —

1,
S(ry,ry) = exp{ — Eqﬁqzqﬁ} = exp{—%/@f} 0. =

1 1
" Tr (WA("l)WZ("z» = exp { D) [dS n(s)o(ry — ”2)}
12
qL’

Harmonic oscillator, static medium
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. p; - (k)
Ps P1 M., ~ M, t%g W(r)W'(ry)— -
| K & n P1
k ¢ W WT .. P2 -E(k)
o, o (rpW'(ry) tg, P
AN __ &Cr (R ST+ R SJ)w
0) = — - —
dod*k  2n20? \ 1 ! )
If § — 0: independent emissions (decoherence)
. 1 1
® Whatis §?  strr) = 5 Tr(War) W) = exp {‘Ejds n(s) o(ry —r2>}
[T 2 102 _ 12
S(ry, 1) & exp{ - 0L } = exp=03/07) 0= 1|71

Harmonic oscillator, static medium

9 >0 . The medium resolves the antenna.
"Color coherence is broken: two-independent emitters

(9 <0 : . The medium cannot resolve the antenna. <
"Color coherence maintained. Vacuum-like
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Color (de)coherence

Jet constituents are re-clustered (through C/A) and

soft/wide angle radiation is rejected in this process

Groomed jet radius
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ATLAS, PRC 107 (2023)

Carlota Andres

Ll |
0.1 0.2

r=0R
054909 ° ¢

32

B scaledepp®--@

Yield

Zg
AN
Jet quenching bias
A
Quenched @
narrow jet
| \
narrow broad

&, Unquenched spectra

Quenched
broad jet

CMS, PAS-HIN-23-001 Measured jet p;



hard scattering

quenched jet

Color (de)coherence

® Use photon-tagged jets photon QP

HI Collision
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Color (de)coherence

® Use photon-tagged jets
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p-p baseline not under control!
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Thank you!
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