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Quark Gluon Plasma at colliders
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QGP: A soup of free quarks and gluons created in the early universe and
recently at Heavy lon colliders




Quark Gluon Plasma at colliders

Jet production //'
gf’ < Highly energetic
p jet (leading jet)

Few events in the QGP
background produce
energetic partons that
evolve into back to
back jets

Quark-gluon
plasma

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

* How is the jet modified as it travels through the medium?



The observable

jet-2 .-, D. Gutierrez-Reyes, Y. Makris, I. Scimemi, L. Zoppi JHEP 08 (2019) 161
R ... Jet-1
e do
. qr 2
. i/ DS de,de,d"q,
B ' pjﬂl-—l/ Ziet-1

[

* Identify Dijet events with large radius jets R~1.

* Groom the jets to remove soft radiation : Removes soft contamination from the cooling QGP.

Measure the transverse momentum imbalance _ P joq N P jer2
between the two groomed jets . Ir
z. z.
jetl jet2
-
- ? \
- - 2.0
Impose a jet mass measurement on each groomed jet =
jet
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An Eftective Field theory for jet
propagation in the QGP medium



An EFT in the forward scattering regime

2->2 Forward scattering In the limit 8 —> ()
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 Develop an EFT formalism for forward scattering of a jet in QGP with A= 8<<1 as the

expansion parameter.
* The jetis made up of highly energetic massless partons moving along the light-cone

pc ~ Q(la 12 5 i) / Light-Cone co-ordinates \

* QGP is a thermal bath made of soft partons (T~ 8Q <<Q) | ,» = (1,0,01) 7* = (1,0,0,—1)

Py NQ(ﬂ“alal) w_ R
p'=(m-p,n-p,p,)
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An EFT in the forward scattering regime

Soft Collinear Effective Theory : An effective QCD Lagrangian at leading power in A

I. Rothstein, I. Stewart, JHEP 1608 (2016) 025

p, ~ Q4,4 4)

_ 2

Loy =L, +L,+L, +O(2) b~ O(L )
/ l \ < pc _ Q(l, iz,l)

Interactions among Lnr;irsdslg?ts Effective Soft Collinear forward

Collinear partons 5 interactions mediated by the

artons
P Glauber mode

* The Glauber interaction breaks factorization between the Soft and Collinear sectors



EFT for jet substructure in QGP

Physical scales that describe the system

Kinematic scales : Measurement scales:

imbalance qT

QGP temperature T
N Y, Jet mass e

Grooming parameter

N

/Jet energy Q A /Transverse momentum\

Z

In this talk

Dynamical or emergent scales:

@trong dynamics scale : /\QCD\
Induced Gluon Mass : my ~ gT

Inverse interaction time of

system and medium g2T

o /

Weak i
0>>Q0z,,>>q, ~00~T~0Ne>>m, 2Ny, P

regime



EFT for jet substructure in QGP

Factorize the physics at different scales within SCET

/pf~Q(/1S,/IS,1S) A =qg.10~0~T/Q \

pi~0,2,4,) Ao =e
p;é,n ~ QZcut (1 ﬁic,ﬂ, ) A = qurt Soft-Collinear ﬂ“s ~ ﬂc ~ 8
Qﬁ,n ~ QZcut (1 lis 5 ﬂ' ) 1 = € Collinear Soft
. ZCI/lt

Lp=AL"+L+ L+ L +noaf+ L+ 04 )= Ly, + L

* Only the collinear mode talks to the medium(soft mode) via the Glauber Lagrangian
which breaks factorization.




Jets as Open Quantum systems

How do we describe the evolution of a jet as it traverses a region of the QGP?

e Treat the jet as an open quantum system interacting with an environment (via
Glaubers)

* Write an evolution equation for the factorized reduced density matrix of the jet.

QGP density matrix
e

We assume pg is time independent and intially unentagled from the partons that are
involved in the hard interaction.

P0)=

4 4
,O(f) _ -“dtlJ'dtze—z(HSCET+Hc;)tOhard(tl)p(o)ogard(tz)el(HSCET+HG)t
0 0



Factorization for the density matrix

« The Glauber Hamiltonian prevents us from factorizing the Soft physics
from the collinear to all orders in perturbation theory

« Factorization needs to be proven order by order in the Glauber
operator insertion

2(1)=Tr|p()M ]

[—>o0

S(0)=TrlpOM],.,, =2V @O +ZP (@) +Z (1) + O(H)

Vacuum Single Real Single Virtual
evolution interaction interaction with
with medium

medium




Factorization for the density matrix

Leading order : Vacuum evolution

»0) = v x H(Qa ) S( ) ®q7[‘7ff_(€“’ Q; Zeut, 4T ”) Rgr ‘-wa‘f_(eﬁ: Q, Zeut, (?T;ﬁ)
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hard
4D function function t‘,'f ﬂ,(QZG’Hf? QT) X SCS 1((”? Q?tf'ut) ®E—ﬂ ﬂ(ﬂn? Q)

volume

Soft colllinear Collinear Soft Jet

Using RG evolution of the factorized functions allows us to resum large
logarithms in ratio of scales




Factorization for the density matrix

Next to Leading order: Quadratic Glauber insertion

ei(qT) ®gr Ssen(qT) ®e,, CSn(Qzcut, €n) Re,

Correlator of soft operators in Modified jet function
the medium




Medium modified jet function

oo

o

T (en, k1) = JD (en)|+ JM (e, ki, my)

T

_ & BAL ANNN N
vacuum jet l\
function ﬁ

ﬂfzy(ﬂn‘FQ} ’
| sCF ln e er € en(én +y)
,)T;.J - (—1._ o 2 e _I_ ! —l_ n .. —|_ n o _1 111 n ..
{ ent8) e anry T \len+ 02 T enty en

2mp 1k?
M = L y= ==
o 7

* Anomalous dimension is the same as the vacuum jet function

UV finite, medium
Q? induced term

* Logarithms in the gluon mass are NOT resummed by the present EFT
formulation : Match to EFT at the scale m




Markovian approximation

* Till now, we have considered a single interaction of the jet with the medium.

* This can be used to resum multiple interactions treating them as independent
scattering events -> Markovian approximation

/ Between two interactions, the environment loses any memory of interaction with the \
jet.

coherence time of the environment (t.) << time scale of the interaction with system (t,)

[ t, ~1/T ] [ t, ~1/(Tay) ]

So for a weak coupling regime, the Markovian approximation holds.

/




Evolution equation

do(t) _ S0
dendend?qr |74
Taking the limitt — 0 yields an evolution equation for the differential cross section

P(En.a €n, "-}TT) =

Ot P(en,qr)(t) = —RP(en, qr) + Plen. qr) Rqr K(qr) + F(qT, €n)

2 §F) -Gy
/d r e’ 11 { ETL:TJ_ ’ ,

Cross section as a Vacuum cross section Thermal Medium induced cross

. . correlators in .
function of medium section

propagation time the medium

The solution resums mutiple interactions of the jet partons with the medium
iIn the Markovian approximation.




Summary and Future directions

Summary
* An EFT for jet substructure in heavy ion collisions

* Resums large logarithms of scales using factorization
* Resums multiples interactions of the jet with the medium in the Markovian approximation

Future directions
* A phenomenological prediction including nuclear pdf's.

* Match to EFT at the scale mp, to resum new medium induced logartihms.
* Extend formalism to jets initiated by heavy quarks.

* Relax assumption for time independence of medium density matrix.




THANKS



The observable

* Impose a jet mass measurement on
groomed jet to ensure radiation
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Leading order : Vacuum evolution

1 o ey (4 — 0 _a T wrerre! P
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If the time scale for Soft emissions off the intial hard quark is much smaller
than the formation time for the medium, then

S(qr) = Trlpgacr |

vacuum soft function




Evolution equation

Integro-differential Evolution equation can be solved in impact parameter
space.

2 = ’L’F[ '{;f:;' e = a3 l
[z [T len)
Cross section as a Vacuum cross section
function of Medium induced cross
medium Thermal . section
propagation time correlatc?rs In
the medium

The solution resums mutiple interactions of the jet partons with the medium
In the Markovian approximation.



