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Energy loss in QGP, using high-p7 hadrons

@ Produced partons interact with the QGP
—> reduced pr (= ‘energy loss’)

path length L
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Introduction Energy loss with hadrons

@ Produced partons interact with the QGP

—> reduced pr (
—> apparent suppression Raa < 1 (‘quenching’)

‘energy loss’)

@ Collisional energy loss: low-pr < mg

@ Mass dependence of energy loss: low to mid-pr
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Energy loss with hadrons
Energy loss in QGP, using high-p7 hadrons

@ Produced partons interact with the QGP AN o o
o 1 de A
—> reduced pr (= ‘energy loss’) Pr .
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—> apparent suppression Raa < 1 (‘quenching’) Smaller R 4 A
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@ Mass dependence of energy loss: low to mid-pr
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Energy loss with hadrons
Energy loss in QGP, using high-p7 hadrons

@ Produced partons interact with the QGP av | e
d
—> reduced pr (= ‘energy loss’) o L)
Larger R
—> apparent suppression Raa < 1 (‘quenching’) Smaller R, NG

@ Collisional energy loss: low-pr < mg
AA

@ Mass dependence of energy loss: low to mid-pr

path length L

e Radiative energy loss dominates p1 = 10 GeV
modification (other effects fade out)
=—>» medium-induced gluon emission

hard
parton

e High-pt hadron ~ daughter of precursor hard parton traversing the QGP
@ Quenching first studied with hadrons (RHIC),
then di-jet asymmetry (RHIC4+LHC)... but jets # partons (= particles)
—> Hadron ‘simply’ takes momentum fraction (z) from parton == use hadron spectra
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BDMPS radiative energy loss

o QGP diffusion properties characterised by transport coefficient § = &

~ xXn
@ Momentum kick in 1 rescaterring: Debye mass p E L E_AE
@ Mean free path between 2 rescatterings: A - T T —
1 1 1
@ Total path length in the medium: L “+ ! AR
X X X
medium
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Introduction Radiative energy loss

BDMPS radiative energy loss

o QGP diffusion properties characterised by transport coefficient
@ Momentum kick in 1 rescaterring: Debye mass p

~ 2
Gg=15 oxn

@ Mean free path between 2 rescatterings: A —

@ Total path length in the medium: L

e Depending on tf (emitted gluon formation time), 3 regimes:
incoherent (tr < A), LPM (A < tr < L), fully coherent (tr >

1.0y
as dw/
Ne(L/Ar)

NC

tr~de \/qn.L?

incoherent

L)

PR
v
'
'
'
'
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BDMPS radiative energy loss

o QGP diffusion properties characterised by transport coefficient  § = & ocn
@ Momentum kick in 1 rescaterring: Debye mass p E - L CE_AE
@ Mean free path between 2 rescatterings: A - T T —
1 1 1
@ Total path length in the medium: L “+ ! e
me(;Em >k *
e Depending on tf (emitted gluon formation time), 3 regimes:
incoherent (tr < A), LPM (A < tr < L), fully coherent (tr > L)
@ Integrating the energy spectrum of emitted gluons Lw(%) o —
as L f~ AR qr
—> BDMPS mean energy loss: No(L/ ) oo N\/ w
c ot byt
@ 2 i
e~ 2 Rgp2 L _
5 i ‘coherent’ ! GrL
2 radiation Ne w
@ Hypotheses: ¢ < E, and L > \ e — W
2 ~ 2 I
=—>» = small fractional energy loss & large medium AR drL E
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Hadron suppression from parton energy loss

@ Model describing only BDMPS radiative energy loss of partons (Arleo, PRL119, 2017)
e Using quenching weight P(e):

d q/g q/g
o4 )_Az/d ( +e)
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3/13

Universal Raa(pr) behaviour BV

Hadron suppression from parton energy loss

Model describing only BDMPS radiative energy loss of partons

Using quenching weight P(e): Fit dop,/dpT.
dgq/g q/g light hadrons, 5.02 TeV

Hadron takes fraction (z) of parton momentum (smooth FF assumed) %

Scaleless P, with free parameter (¢): P(e) = %I—r’ (%)

Vs=5.02TeV, n<1
© CMS h (JHEP 04 (2017) 039)
— Kaplan spectrum (m = 5.54)

Fit high-pr pp cross section do/dpt ~ p7"
(depending on hadron species)

L R S R L e L L R R R R A

i vuod s s v oo v s oo oo oo o ol s vl vl vl 1

1 10
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Universal Raa(pr) behaviour BV

Hadron suppression from parton energy loss

@ Model describing only BDMPS radiative energy loss of partons

e Using quenching weight P(e): Fit Rpsps(pr),
do_q/g q/g light hadrons

) = A2 / d ( + 6) g [ &0cev)=4602 (xIndi=051) ]

@ LA ... E(GeV) =5.0 +0.3 (x?/ndf = 0.16) |

[ —-EXGeV)=42£02 (xndf=0.78)
12 [ ¢ CMS PbPb(5.02TeV) 0-100% |

Hadron takes fraction (z) of parton momentum (smooth FF assumed)

@ Scaleless P, with free parameter (c): P(e) = %’5 (%)

Fit high-pr pp cross section do/dpt ~ p7"
(depending on hadron species)

= Raa(pT) = /OOO dx% ~ /Ooo dx exp <_X”<zgi€> >
pT
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Universal Raa(pr) behaviour IS

Fits of Raa(pr)

e Fit mean energy loss (&) = (z)(e) from many Raa(pr) measurements
@ pr > 7 to 13 GeV, depending on system (varied for systematic on (&))

@ (&) uncertainties: from correlated and uncorrelated (vs pr bins) measurement uncert.

z T - g f Z = L g . T
e — — o 2 F CEeev)=22+02 (XIndi=033) & [ — E(GeV)=4.1%0.2 (x¥ndf=162) T [ —FEGeV)=43:04 (xIndf=022) ]
& al EH(GeV) = 6.8 f g-i (ij"d' o 1 & A o E(GeV) = 2.6 £ 0.4 (Indf = 0.14) J o 14 e EGeV) = 46 £0.3 (ndf = 0.48) J o 14F . E(GeV) =45 £ 06 (Cindf=0.23) N
AL ﬁﬂiev) : Z z o (XZ/"w: vog) ] F - cev)=20+0.1 (¢indi=0.37) ] [ —-EXGeV)=3.7+0.1 (/ndf=192) 1 [ —-EDGeV) =39 +03 (x%ndf=0.24)
Ll (EGeV) =6.0 0.2 (x'/ndf = 1.09) 1 12~ 4 PHENIX AuAu(0.20TeV) 0-100% - 1.2~ v CMS PbPb(5.02TeV) 0-100% | 121 x CMS PbPb(5.02TeV) 0-100% |
2=« CMS PbPb(5.02TeV) 0-5% ] [ F r ]
" 1= ] T
i E ° ] L Jy r D

08 ;. 3 0.8 08f

0.8 —y r — 1 L E

/5) — 6.8 GeV. (&) =2.2 GeV i g

&) =0 ; g :

, 06l 0.6 061

061 E £ [
04F E 04 ] O Veggr® o4l : ]
AEERFRELY B r F * " ]
1 o 1 o (£) = 6.8 GeV-
£ | ] o I I L I I 1

Ll A Hmwz L 10 10 10? 10 10%

10 10 p, (GeV) p, (GeV) p, (GeV)

p, (GeV)
h* 5.02 TeV 7% RHIC prompt J /v D
0-5% centr. AuAu 200 GeV 5.02 TeV 5.02 TeV
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Bias in peripheral collisions

@ Event-selection and geometry bias set forth by Loizides and Morsch (PLB773 (2017))

e Multiply the Raa model by their correction factors, relevant for centralities > 50%

o T ——rry — cMs 1.7 nb” (5.02 TeV PbPb)
§ [ —[ENGeV)=03+0.1 (Indf=112 1 0.6 - - - - 4
O LA - ED(GeV) = 0.4 £ 0.1 (x/ndf = 1.09 3 £ 60 <m, <120 GeV E
[ —-[EXGeV)=0.3+0.1 (x’/ndf=1.13 1 k|
12~ « CMS PbPb(5.02TeV) 70-90% - B
‘ ‘ ! ]
r | J < 0.4F . -
08 7 < TERe ziy s ]
. ] |'_;0.35’— E
o8 ] TIZ" g 57 0-00% data E
04F ] 0250 HG-PYTHIA scaled by 0-90% 3
02 4 o/ 128 : ]
b 4 T 1 e - 1 — B -]
P —— ! .1 A2 460 il E|
10 107 0 20 40 60 80 090
p, (GeV) Centrality (%)
@ Goes up to 18% in 70-90% centr. @ Obvious in electroweak probes
PbPb collisions apparent suppression
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Universal Raa(pr) behaviour BRREETIES

Universal high-pT shape: Raa(pr, (8)) =~ Raa(pr/(E))

14

o 14 @ pomt 15 sozrevre Woss Meoson BioconBrossd
" 2l consssont wit et o Lo BB
all consistent with model at high pr! e BoonBoon B

@ 3 particles: light hadrons (and 7r°), J/, D 1:

@ 4 energies: 0.2, 2.76, 5.02, 5.44 TeV 0'8:’

o 4 experiments: CMS, ALICE, ATLAS, PHENIX

@ Many centrality classes 4+ pp spectrum 0'4:7

—> Scaling of Raa(hadrons) for pr 2 8 — 10 GeV "Z* a

1 pT/nIBEl 10
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Universal Raa(pT) behaviour

@ 62 fits to measured Raa(pr),
all consistent with model at high pr!

6/13

e 3 particles: light hadrons (and 7°), J/v, D

@ 4 energies: 0.2, 2.76, 5.02, 5.44 TeV

@ 4 experiments: CMS, ALICE, ATLAS, PHENIX
@ Many centrality classes 4+ pp spectrum

Scaling of Raa(hadrons) for pr 2 8 — 10 GeV

—_
—_

J/1 and D mesons also scaling!

G. Falmagne

Results

Universal high-p7 shape: Raa(pr, (8)) =~ Raa(pr/ (&)

< T T
o LA popb (5=5.02Tev a1y
[F¥0-100% Y0-80% ¥0-10% ¥ 10-30%
1.0/~ PbPb\5=5.02TevD
[*0-100% *0-10% *30-50% > 60-80%
[ —— model

¥20-40% ¥ 40-80% ¥ 30-100% |

l,
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04f
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Universal Raa(pr) behaviour BRREETIES

Universal high-p7 shape: Raa(pr, (8)) =~ Raa(pr/ (&)

@ 62 fits to measured Raa(pr), Frab g i T :u_;% ‘:ZOIBO;‘:;D.;;;:,D,B@
H H H | [ W popb (s=276Tevh: Ws10% [a0-20% [s0-70% F70-c0
all consistent with model at high pr! e BB Bree ]

—> Scaling of Raa(hadrons) for pr 2 8 — 10 GeV [ — moce B Bosonfoson 3
—> J/v and D mesons also scaling!

1
1

-

’ : |10 AUA 0 6: ]
{h XeXe | : UAU o ]

8 h* PbPb 5. 02TeV h* PbPb 2.76TeV ! 5 44TeV Jp : ' 0.20Tev r i
7 | s s P o4 g
6 H H H * H H - CMS F ]
{ ' ' + ' ' ' -= ALICE 0.2 —

+ ! * : : : : -+ ATLAS L ]

ol i Lo

+ : : 4 + :* : ¥ PHENIX

+ #i R AN | T e
3 : oo . .
s ++ § }1 § + § f + ﬁ o Fitted mean energy loss (&) is

H : H H H H .
e H 4: WM; H L i m related to medium geometry
= 8 f . 3
0 \ééééé\ééééééééégééééé\ééééééééléééééééléééééééléééélééééééégéC\en\"‘aﬁ‘w (AI_ and transve.rse area /A-T),
3 “238889888RR Y29888933888RR S8BRE°°2RLZI°8BI°2RBLBER q, and expansion dynam|CS
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Energy loss vs medium geometry+density

@ Salgado & Wiedemann Pris9 (2003) model the decreasing medium density with

A oA (TO\®

o 40 ()
-

- dN,
° qoocnoc<7yﬁy:

0) JA1To  (Bjorken estimate)

@ « characterises the medium expansion

e 790 = QGP formation time (assumed < L)
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Energy loss vs medium geometry+density

@ Salgado & Wiedemann Pris9 (2003) model the decreasing medium density with

A oA (TO\®

o 40 ()
-

- dN,
° qoocnoc(fyﬁy:

0) JA1To  (Bjorken estimate)
@ « characterises the medium expansion
e 790 = QGP formation time (assumed < L)

@ Equivalent transport coefficient in static medium:

(§) = %/TOHdT(T—To) X Qo (g)a ~ 2 do (T—Lo>a

70

7/13 G. Falmagne Hadron quenching from radiative energy loss



Energy loss vs medium geometry+density

@ Salgado & Wiedemann rriso (2003) model the decreasing medium density with

A~ A [TO\®

o 40 ()
-

- dN,
° qoocnoc(fyﬁy:

0) JA1To  (Bjorken estimate)

@ « characterises the medium expansion

e 790 = QGP formation time (assumed < L)

@ Equivalent transport coefficient in static medium:

(§) = %/TOHdT(T—To) X Qo (g)a ~ 2 do (T—Lo>a

o 2 -«
dNgy
dy
A\ 2 -1 =0 2—
— cx (§)L* x 7§ A—Tny “
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Medium geometry and density

@ Multiplicities from measurements

dNcp

a—1
€ X T,

0
AT

y=0

% L2—a
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Multiplicity at central rapidity
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Scaling measurements
Medium geometry and density

[ (centrality=10%) Prart (centrality=10%)

dNp E
dy
_ -0 _ )
€ X Ty 1 Y= x 127
2
AT

@ Multiplicities from measurements

o Path length L and area At through 4 Glauber models: .}

o MC Glauber from Npare density™ Npare density
Loizides, Kamin, d'Enterria, PRC97 (2018) (hard spheres) (Woods—Saxon)

6
x[fm]

@ 1 pure hard sphere nuclei: constant QGP density, fully analytic
@ 2 custom optical Glauber: hard spheres or Woods-Saxon
=> L less straightforward there:

_ J L(5,0) peon d5d¢
27 f Pcoll ds’

(L)
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Scaling measurements
Medium geometry and density

Pt (centrality=10%)

dN,., 5,
dy
_ -0 _ )
€ X Ty 1~ = 12«
2
AT

@ Multiplicities from measurements

o Path length L and area At through 4 Glauber models: .}

[ (centrality=10%)

e MC Glauber from * Npart densitv™ N densitv
Loizides, Kamin, d'Enterria, PRC97 (2018) (hard S %5:* ® PbPb 5.02TeV MC Glauber (PRC97, 054910)
v B = PbPb 5.02TeV Hard Spheres (const density)
. . . 5 A PbPb5.02TeV Hard Spheres (5, density)
@ 1 pure hard sphere nuclei: constant density, fully analytic FFr v s somsmnman,)
o= A
@ 2 custom optical Glauber: hard spheres or Woods-Saxon g e,
C = )
=—> L less straightforward there: g Tt
2 e
<L> — f L(s7 ¢) Pco// dS dgs 1; -.-:;;;;**—
271— f pCO” ds E L L | L T"f‘:
* © * contally
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Fitting energy loss VS medium geometry
Fitof =2—«

0)/A,)

beta = 1,00 +-
coef = 0/075 +
¥2/ndf = 0.44

<&/ (AN, dn (n

o
[
13

—e— PbPb 5.02TeV
—=— PbPb 2.76TeV
—&— XeXe 5.44TeV
—¥— AuAu 0.20TeV

o
[

=
[
N
w

5
<L> [fm]
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Fitting energy loss VS medium geometry

Fitof =2—«
1045
< £ beta=1]00 +-
£ *F coef=0075+ example of hard-
S_0.35—
= °E yeindf = 0.44 spheres Glauber
< 03
@ 0.25; . .
g small dispersion
0.2 .
g of B with #
0.15—
g N Glauber models
01— —e— PbPb 5.02TeV
E 4 —=— PbPb 2.76TeV _) Aa = 0.03
0.05; —4— XeXe 5.44TeV
(}: A T —¥— AuAu 0.20TeV
0 1 2 3

5
<L> [fm]

—> Multiple systems scale! =3 « = 1.00 4 0.09, compatible with Bjorken expansion (o = 1)
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Scaling measurements
Fitting energy loss VS medium geometry

Fitof 6=2—-« Resulting energy loss scaling

:—«0.45; > F
<F beta=1/00 +-|0. 8 .- B=1.00 (fixed)
£ *F coef=0075+ ¢ | coef=0076+-0002 example of hard-
25”‘35§ X2Indf = D.44 £ Xemdf=0.43 spheres Glauber
S o3 =
¢ 0.251 5 . .
g F small dispersion
02— E .
; l of B with #
0.15F~ =
g R g Glauber models
0.1— —e— PbPb 5.02TeV 2 —e— PbPb 5.02TeV
005; A ‘ —=— PbPb 2.76TeV 1; —=— PbPb 2.76TeV —) Ao = 0.03
oL —&— XeXe 5.44TeV . —&— XeXe 5.44TeV
ol easoaoTer PR Auoaorey
GO 1 2 3 00 20 40 60

5 80B 100
<L> [fm] <L>" x dN,,/dn (n=0) / Al

—> Multiple systems scale! =3 « = 1.00 4 0.09, compatible with Bjorken expansion (o = 1)
as CR chh L>1.00:|:0.09
(@(e) <
2 dn ATt

9/13 G. Falmagne Hadron quenching from radiative energy loss

(no 7o dependence
due to a ~ 1)

(0.26 + 0.03)

[GeV]



Predictions of Raa(pr) at high-pr in various systems
e Knowing dNg,/dn + hypothesis on (z) and Cg
=> can predict (£) in any system! =3 gives Raa(pr)
@ Uncertainty on (&) from fit (considering fully correlated

energy loss values, overestimated for now)

e Calculations: ALICE Raa(J/1)) measurement in PbPb 5 TeV:

@ Similar Cg (gluon-dominated) and (z) than h* assumed
+ 20% uncertainty

@ Smaller multiplicity for 2.5 < |n| < 4 (4 uncertainty)
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Scaling with medium properties Predictions

Predictions of Raa(pr) at high-pr in various systems

e Knowing dNg,/dn + hypothesis on (z) and Cg . | cms
=> can predict (£) in any system! =3 gives Raa(pr) =T S ot e
@ Uncertainty on (&) from fit (considering fully correlated \2:/ 13 "
energy loss values, overestimated for now) 3° LAUCE e
< 5 cms © PbPb5.02TeV
e Calculations: ALICE Raa(J/1)) measurement in PbPb 5 TeV: - 2:‘, szpbpbz'::ev 0;6 Pbpb::ﬂev
@ Similar Cg (gluon-dominated) and (z) than h* assumed (Noad/24
+ 20% uncertainty &
@ Smaller multiplicity for 2.5 < |n| < 4 (4 uncertainty) M;
o Predictions: Raa(h™) in OO collisions at 7 TeV ol
@ Multiplicity extrapolated from PbPb and XeXe r
measurements + 6% uncertainty " o
@ L and A7 as in other systems oz :cen:rZiZ;’“%
@ pPb collisions? Formalism breaks, but predicts R,pp 2 0.8 — 0.9 [ 9, cevt
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Checks and prospects

Checks of formalism

@ Small influence of inhomogeneity

on energy loss
(constant VS Npa QGP density)

= Similar results from two
models with hard spheres

b [fm]
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Checks and prospects

Checks of formalism

@ Small influence of inhomogeneity g Model assumes same rules for

on energy loss _ single-particle quantities VS
(constant VS Npare QGP density) average over active area and centrality
= Similar results from two =3 significant influence, to be studied

models with hard spheres

N

s [y
), L)

b [fm]
o
o
m

<
IS

=
N
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Checks of formalism

@ Small influence of inhomogeneity g Model assumes same rules for o Only one parton
on energy loss . sing|e—partic|e quantities VS nature assumed now
(constant VS Npare QGP density) average over active area and centrality

L = possible small
=—> Similar results from two —> significant influence, to be studied  impact of

models with hard spheres .
quark/gluon mix on

Raa(pr) scaling
(to be checked)

b [fm]

@ Influence of log(E)
corrections on

RAA(PT) scaling?
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Checks and prospects

V2

O ATLAS

oMsL,, = 150" 0-10% I1o-20%
0.2 = PbPb |5 =2.76 TeV 1
o i<t @ cusaom
o L depends on ¢ =) path-length dependence of energy loss = o], S owamnnon f} ]

@ Formalism of custom Glauber model gives energy loss of
particles produced at various ¢ angles

—> ¢ dependence of suppression from energy loss

—> Raa(p)

=—> Possible to predict v» of hadrons at pp = 10 GeV
(to be done)

@ Convergence of v, for all species at high pp?

Py (GeV/c) Py (GeV/c)
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Conclusion

@ Universal Raa(pr) behaviour of hadrons from radiative energy loss

@ Extracted energy loss values scale o variable describing medium density and geometry
—> Path length dependence (g) o< (L)* consistent with Bjorken (longitudinal) expansion

@ All measured systems (PbPb, XeXe, AuAu, 0.2 to 5 TeV) consistent with both scalings

R T 7
0? L4 g popy (5=s02evh: Mos Beoson WsosoufDross E B = 1.00 (fixed)
T W Pbpb (s=276Tevh: Ws10% [so-a0% [so-70% Wro-e0% =8 .
1.2/~ A XeXe (5=544Tevh 10200 050 Weo-70% i 6’ coef =0.076 +- 0.002
C [l 20-30% [H40-50% [We0-80% ] 7

— model

X2/ndf = 0.43

1

—
=)

0.8 - 5
0.6 — !
[ ] 3
0.4 —
r ] 2 —e— PbPb 5.02TeV
r 1 —=— PbPb 2.76TeV
02 7] 1 —&— XeXe 5.44TeV
| Ll 1 0 Aot b [TT AUANO2OTEY
0 1 0 80, 100
pT/n EO 10 <L>" xdN,/dn (n=0) / A}
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List of measurements

. experi- | already in pp fit and ) .
Particle System S ment Ref. [2]? centrality classes Kinematic range
) PP, 0-5%, 5-10%, 10-30%, Inl <1,
CMS yes 30-50%, 50-70%, 70-90% pL < 103GeV
2.76 TeV
0-5%, 5-10%, 10-20%, [n <2,
ATLAS 1o 20-30%, 30-40%, 40-50%, | from p; < 95GeV to
PLPb 50-60%, 60-80% p1 < 150GeV
Light ALICE 1o 0-5%, 5-10%, 10-20%, ol < 0.5,
charged 20-30%, 30-40%, 40-50%, oc
hadrons ALICE no 50-60%, 60-70%, 70-80% P ’
¥ 5.02 TeV
h pp, 0-5%, 5-10%, Inl <1, py <400GeV
CMS yes 10-30%, 30-50%, 50-70%, (250 GeV for
70-90%, 0-100% centr.> 70%)
pp, 0-5%, 5-10%, Inl <1, p. <103GeV
XeXe 544Tev| CMS 1o 10-30%, 30-50%, 50-70%, (48 GeV for
70-80%, 0-80% centr.> 50%)
|yl <0.35,
. PP p. < 25GeV
n AuAu  0.20 TeV| PHENIX 1o
0-10%, 10-20%, 20-30%, ly| < 0.35,
30-40%, 40-50%, 50-60% Py < 20GeV
’ ves o o lyl <1,
OMS | (ot o) pp, 0-10%, 0-100% o 210086V
D° PbPb  5.02 TeV
ly| < 0.5,
ALICE 1o 0-10%, 30-50%, 60-80% | p, < 50 GeV (35 GeV
for centr.> 50%)
no PP, ly| < 2.4,
CcMS (except | 0-10%, 10-30%, 30-100%, | p, < 30GeV (50 GeV
Iy PbPb  5.02 TeV 0-100%) 0-100% for centr. 0-100%)
§ 0-10%, 20-40%, 40-80%, lyl <2,
ATLAS e 0-80% p. < 40GeV




Energy loss in proton-lead collisions?

chh
@ The geometric formalism developed for the € TL x LB scaling might not be
transferable to p-Pb collisions (and the hypothesis AE < E breaks)

@ However, taking the numerical values from the scaling to measurements, and these
ingredients:
@ path length (L) ~ g~ 1 fm

e transverse area (A7) = mrg ~ m(1 fm)?

@ Measured average multiplicity ~ 22 in p-Pb collisions at 8.16 TeV
—> (z)(e) = 0.5 GeV
—> Similar to energy loss in PbPb 5.02 TeV at centralities 60-80%
—>» Rpa~0.8—-0.9at pr =10 GeV
—> Comparable or smaller than cold nuclear matter effects (and formalism might not be
valid)
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