Jets and jet quenching

Probability to emit a gluon:
z

as2Cp 1
dP(Z, kt) = ?Tk_tddet ‘—th

11—z

pT,hard)

The probability of radiation P = [ dP > 1! (from large logarithms of A
QCD

To resum these emissions: parton showers = jets.
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Jets and jet quenching
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Jets and jet quenching

Probability to emit a gluon:

as2Cg 1
dP(Z, kt) = ?Tk—tddet

The probability of radiation P = [ dP > 1! (from large logarithms of pT’h“Td)

Aqcp

To resum these emissions: parton showers = jets.

How will jets change in heavy-ion collisions?
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Jets and jet quenching

— 10" - [Phys. Lett. B 790 (2019) 108]

% - ATLAS 2015 Pb+Pb data, 0.49 nb" - d
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Quenching etfects in the cumulative jet spectrum
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Introduction: What is the jet R,,”

Q.
Q

Definition:

In — vac

do.med de med

Raa(pr) = dgVvac

e R,,: Compares jets in vacuum to jets in i
medium at the same p. |

I

|
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Introduction: What is the jet R, .7

Q.
Q

Definition: In—— vac

do.med de med

Raa(pr) = dgvac

R, ,: Compares jets in vacuum to jets in |
medium at the same p. i
Jet with p; in medium loose energy and |
ends up with p,- €. pr In py
Complication 1:
R s doesn’t compare the “same” jets! Ran
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Introduction: What is the jet R, .7

Q.
Q

Definition: In—— vac

do.med de med

Raa(pr) = dgvac

e R,,: Compares jets in vacuum to jets in |
medium at the same p. i
e Jet with p; in medium loose energy and |
ends up with p,- €. r Inp,
 Complication 1:
R s doesn’t compare the “same” jets! Ran

1f-——————-- pooo===—o
 The spectrum is steeply falling n > 1. ,
do . |
-~ Pr |
I

e Complication 2: : >
Ry is sensitive to n (bias on energy loss)!
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Introduction: What is the jet R, .7

* Definition:
do.med
dp; (pr)
Raa(pr) = dgvac
dp; (pr)
e R,,: Compares jets in vacuum to jets in [J Brewer ct. al. Phys.Rev.Lett. 122, 222301 (2019)]

medium at the same p.

: : : 0.5F e 74 i
* Jet with p; in medium loose energy and ; djet T M
=TT ‘ T e—a |
L

ends up with p,- €. Raa ol
e Complication 1: O

Ratio Procedure
JEWEL 2.1.0

R, doesn’t compare the “same” jets! - YW, R
100 200 300 400 500
pr [GeV]
 The spectrum is steeply falling n > 1.
do n
dpr P

e Complication 2:
Ry is sensitive to n (bias on energy loss)!
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Other possibilities

In—— vac
e To decrease the bias: dpr med
Use the cumulative distribution instead.

|

|

|

|

|

|

l >

Inpy
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Other possibilities

e To decrease the bias:
Use the cumulative distribution instead.

 What is the “original” p?
Instead of the spectrum, use the
probability (cumulative).

* (Quantile procedure
[J.Brewer et. al. Phys.Rev.Lett. 122, 222301 (2019)]
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Other possibilities

e To decrease the bias:

Use the cumulative distribution instead.
.pbrewer e€t. al. 1ys.nev.Lett. -
[J.B t. al. Phys.Rev.Lett. 122, 222301 (2019)]
 What is the “original” p? 0.5 === Z4jet  —— di-jet

Instead of the spectrum, use the R T SN
probability (cumulative). 0.4f Ratio Procedure

. i JEWEL 2.1.0

* (Quantile procedure V5 =276 TeV, R = 0.4

[J.Brewer et. al. Phys.Rev.Lett. 122, 222301 (2019)] 100 200 300 400 500
]et (GeV]
= med gVac [
d f d [ === Zdjet = —— dijet
f PT dpy pT 00l
pq’m QAA

T Quantile Procedure

JEWEL 2.1.0

; =276 TeV, R = 0.4

q v p'Iq"m O 8 ! ! ! | L L L L | \./gu L L Ie L L L L

Qmea(pr ) = 77 100 200 quago[(é ] 400 500
T Pr
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Building up the quenched jet spectrum

1. The quenching weight
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The quenched spectrum: the quenching weight

The quenched spectrum (probability P of loosing € energy)

do.med > do.vac do.vac ” _ne
( )Ejdé‘?(é‘) (pr+e¢) = ( )Jde?(e)e pT
dO.UaC .
dpy (pr) ~ pr
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The quenched spectrum: the quenching weight

The quenched spectrum (probability P of loosing € energy)

do.med oo do.vac vac oo _ne
( )Ejde?(e) (pr +¢) = (pr) | deP(e)e pr
dpy Pr ) dpy Pr dpy pr
dO_UaC Y
dp, (pr) ~ P71
The R,, is the quenching weight
do.med -
dp (pT) _née
Rmed(pT) = T dovac ~ de IP(S)B PT = Qmed(pT)
de (pT) 0
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The quenched spectrum: the quenching weight

The quenched spectrum (probability P of loosing € energy)

do.med oo do.vac do.vac oo _ne
( )Ejde?(e) (pr +¢) = ( )jde?(e)e pT
dpr pr J dpr pr dpr pr ;
dO_UaC Y
dp, (pr) ~ P71
The R,, is the quenching weight
do.med -
dp (pT) _née
Rmed(pT) = T dovac ~ J de IP(S)B PT = Qmed(pT)
de (pT) 0

What is P(&)?
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Building up the quenched jet spectrum

1. Medium Induced Emissions
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From single parton to jets

Single parton, single medium induced emission

dl
5D>(0) (e) = d_:

B
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From single parton to jets

Medium Induced Parton Showers

Adam Takacs™ University of Bergen (Norway)

“adam.takacs@uib.no
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From single parton to jets

Modern Jet Quenching - Medium Induced Emission

QCD with medium bkg:

¢ Colored background Ay(t, x)
*  Energy is conserved (p*), transverse kick (p) E E E
*  Multiple scatterings

Keeping space-time: partial Fourier space (p*, p, p) — (p*, x, 1)
*  Effective propagator: GE(p*,p.,p7) Gs's? (tr, X5, t, X |PT)

5152

— T TEE

— >ggg§§

Adam Takacs Presentception seminar 2021

. Effective vertices:

1

Adam Takacs Lund ATP Coffee seminar 2021



From single parton to jets

Modern Jet Quenching - Medium Induced Emission

1. Internal lines: which correspond to propagators between time f, and ¢ read:
(p5. o) (»*.p) N
e ~ * “7 (Pl Gical(t: to) |po) (27) 6(p™ — py) for quarks
ty t
(161)
(15 Po) (r".p) -
IO — T P19t 0)lpo) (2m) 60" —p§) - for anti-quarks
to t
(162)
(15 Po) (r.p) ;
DV VIV VIV Vv 5 8 G2 (o) po) (27) 60 — 1) for gluons
t t
(163)
2. Vertices:
p—k 3
» 2igt” z Z g
+ _ e ap)i 3¢ (Jo — =pp))
”—( A= [(1-3) (k= 2p)' +i58%7 (k- 2p)
k g ¥
a
(164)
p—k (el
s
» ~
@1) A~ — 29 fane [—%(k — 2p)'6' + (k — zp)io?! — %(k - :,7)!5"}
L -z z
N )
(165)
3. Outgoing external lines:
(4, py) »*.p) -
* — &(s) 7" (p| Gucal (201 0) Po) for quarks
to 00
(166)
(pg-po) (p*.p) )
i it S
SN 1) BT (Pl Gy (00, t0) po) for gluons
t 0
(167)
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From single parton to jets

Modern Jet Quenching - Medium Induced Emission

Transverse broadening;:

Gaussian broadening: N.no(r) = gr?/2

2
~jDrDT‘ ez

2

—=

P(p.0) _47‘[ o
D, _ae

21 as ¢2-7) 1 <

\dR

—ig fff ds [«%(r)—ﬂé(f)])

J

Tre

A
~ exp [_NC_[ dsn(s)o(r — 7')]

(p*) = qt
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From single parton to jets

Modern Jet Quenching - Medium Induced Emission

Transverse broadening:

jDrDr

ei% f) as 2= 1 (Tre—ig f) as [cﬂo(r)—cfl;(f)])

J

A

Gaussian broadening: N.no(r) = gr?/2
2

—=

Medium induced emission (in addition to vacuum):
2

ar

® ~ dzdk ZS/Z —7: f (k) Decoherence: ﬁqq S

¥RV R
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~ exp [_NC_[ dsn(s)o(r — 7')]

41 2 A~
?(p,t)=§e qt (p*) = qt

e
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From single parton to jets

Modern Jet Quenching - Medium Induced Emission

Transverse broadening;:

Gaussian broadening: N.no(r) = gr?/2

.P+ ftt.f ds (7:.2_1%.2) 1 <

2
~ j DrDre 2 —ig fttif ds [d‘lo(r)—c/‘la'(f')]>
r

J

Tre

A
~ exp [_NC_[ dsn(s)o(r — 7')]

2

—=

41 2 A~
?(p,t)=§e qt (p*) = qt

Medium induced emission (in addition to vacuum):

9,D(x,t) :t—l*fdzﬂC(z) [\ED (gt) —\/Z—}D(x, t)l

1 1 k d2
9,D(x K t) =t—fdzyC(z) lZ—Z\ED<§,;,t>—\/Z—ED(x,k,t)l +f(2n‘)]2(3(q)D(x,k—q,t)

*
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From single parton to jets

Thank you for your attention!

Adam Takacs Presentception seminar 2021
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From single parton to jets

Single parton, single medium induced emission

dl
5D>(0) (e) = d_:

B
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From single parton to jets

Single parton, single medium induced emission %[\
0) dl
PO(e) ~ —=
> de
Medium induced emission spectrum
Lot o= 0.08 GeV3, T = 4 fu, = 0.45 GV | .
Omed = 0.3, Ty = 0.45 GeV
0.8
100.
< 0.6
GE
= N
0.4
1072 “2 | BDMPS-Z + GLV-+ Matching
[Nucl.Phys.B484 (1997)°265]
T el 00 | JETP Lett.63 (19967952
Wm0 107 107 10} [Nucl.Phys.B594 (2001) 371]
w [JHEP10 (2020) 176]
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From single parton to jets

Single parton, single medium induced emission

dl
5D>(0) (e) = d_:

B

Single parton, multiple induced emission [JHEP09 (2001) 033]

dls

oSl wislole-So)

Jj=1

0 (pr) = exp [—j do (1 - e_%) %‘
0
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From single parton to jets

c8) Adam Takacs

1.2

Go = 0.08 GeV3, L =4 fm, pp = 0.45 GeV 10
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From single parton to jets

Single parton, single medium induced emission

dl
7)>(0) (e) = d_:

Single parton, multiple induced emission [JHEP09 (2001) 033]

w00 - Sl S <&

Jj=1

0 (pr) = exp [—j do (1 - e_%) %‘
0

Multi parton (jet), multiple induced emission [PhysRev.D98 (2018) 051501]
P o) ~ &7 or)Cr, B
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From single parton to jets

c8) Adam Takacs

Go = 0.08 GeV3, L =4 fm, pp = 0.45 GeV 10
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Comparison to data

To include more effects:

* Assuming factorization: PDF and nPDF effects, quark/gluon ratio
* Medium resolution and color coherence effects

* Broadening of the induced gluons in/out of the cone
 Thermalizing soft gluons

 Emnergy loss from elastic scattering

Missing:

 Geometry and time dependence

e Fluctuations
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0-10% PbPb @ 5.02TeV, |n| < 2.8

1.2 -
0-10% PbPb @ 5.02 TeV, |n| < 2.8, dijets

1‘0. ...............................................................................

1.2 -
0-10% PbPb @ 5.02 TeV, |n| < 2.8, dijets
1.0
0.8
0.6~
0.4
0.2r
0.2 0.
0.0 1(')3ac 103
pr [GeV]

1.0

0.8

0.6

0.4

0.2
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0-10% PbPb @ 5.02TeV, |n| < 2.8

2.0 - 1.100 —
(0) Q(O)
""" > “ -—-—-- >
Lsl __ o |t 1075 _ o 1M
_ 1.050} LN
1.6 ~. 0.8 \~\\ \\\ 0.8
o N 1,025 :
E< 1.4f . Qléiﬁ S
<< \\\ SSIIIIEESSEiEas
I 0.6 S 1.000 0.6
= 1.2y e D 1 2
= R
= eI S 0.975¢ i
1‘0/ 0.4 0.950¢ 1 o
0.8f 1
0925 B 1 O 2
06l ] 0.2 0-10% PbPb @ 5.02 TeV, |n| < 2.8, dijets '
1 0-10% PbPb @ 5.02 TeV, |n| < 2.8, dijets 0.900 ,
2 3 ' 10 10
10 10 e [y
pr [GeV] pr [GeV]
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Quenching weight

1.2 1.2

0-10% PbPb @ 5.02 TeV, || < 2.8 0-10% PbPb @ 5.02 TeV, || < 2.8

0.8

0.6~

0.4

0.2
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Ditferent observable possibilities

Name def. n sensit. statistics | cartoon
e 0AA
Nuclear modification:| Rap = — ok ok
Opp !
pr I B
pAA A
Quantile ratio: Qua = % smaller better
T |seff I ‘
: < 2y
Cumulative-R »: Rpp = — ok better
Behaves as ~Q%;? Zpp oy |
- pAA y N
Pseudo-Quantile: Qp = % smaller ok =
Behaves as ~RA_j/n T lgeff ]
Spectrum shift: o4 (pr) = oPP(pr + S)| smaller ok %N
Equivalent to Q 44 ||
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Thank you for your attention!
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Modern Jet Quenching - Medium Induced Emission

Scattering on the medium (of an energetic parton):
* Colored background Ay(t, x)
* FEnergy is conserved (p"), transverse kick (p) W
 Multiple scatterings

Keeping space-time: partial Fourier space (p*, p, p) — (p*, , 1)

C102

Gi(@",Pep”) Gss, (Er x5, ty, x| p™)

FEE

2-d Schrodinger equation with imaginary potential

2

0;
n + gﬂo(t x) G(t X, to, x0|p+) — l5(x x0)5(t — to)

10y + —— 2

Xy t " y
G(t, x,to, Xolp™) = f Dre 2 fti AT 71 ffi ds Ao(r(s))
Xi
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Modern Jet Quenching - Medium Induced Emissions

Medium induced emission:

L L - —(d _
© on = iz Re [y de [, dE [ d?xe Jasv®g.a, G(E x,t,y = 0 |w)

Gt %, to, X |p*) = j Dy o sl #2vs)

Xi

Elastic scattering potential:

d*q d*c .
U(X) . (2 )2 dz el (1 . eGCI)
qo(t) d2657"  Am o ot
vix) = 04 X 2 - 2‘10( )2 2
d2q N (g% +u2)

Medium resolution:
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Modern Jet Quenching - Medium Induced Emissions

Medium induced parton shower

9, D(x,t) = tlj dz K (2) [\ED (gt) _ %D(x, 0

[1—z + z%]5/?

M
5
[l
Q|
T

KO = La o
With transverse broadening D(x, k,t) = (2r)? an
o Pl = X
1 1 [z _(x k z d?q
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Comparison to data

Adam Takacs

nPDF effects

1.20

1.15¢

1.10¢

i quark dijet

| ——- quark Z+jet

0-10% PbPb 5.02 TeV, || < 2.8

— gluon dijet

......... ghlon Z+Jet

10?
pr [GeV]

1.0

0.8

0.6 <

0.4

0.2
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Quenching weight

Before quenching

After quenching

1.0 -
5.02 TeV, |n| < 2.8

//::/ .......... dijet in pp
0.2[5% ——=dijet in PbPb
----- Z+jet in pp
—— Z+jet in PbPb
0.0 1(')2
pr [Ge\/]

108

1.0

02f

0.0

5.02 TeV, |n| < 2.8

.................... leet IIl pp
=== dijet in PbPb
----- Z+jet in pp
—— Z+jet in PbPb
102
pr [GGV]

103

1.0

0.8

0.6 <

0.4

0.2
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