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Hard Probes?



Hard propes

What will happen”
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High energy object
from hard scattering
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| earn about the QGP from the interaction

QGP = quark gluon plasma 3



Colorless probes

Doesn't get
modified (much)

EWK objects:
ohoton, lepton, ...

Minimal interaction

with the medium  « |nijtial state effects
* Reference for other things
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Colored probes

Jets = proxy for the
originating parton

Parton: colored

Non-trivial interaction
with the medium

Parton shower

Path-length dependence? co-evolves with
Energy loss mechanism? QGP




OPD collisions

e ’ ? 4 o

Much smaller system size compared to PbPb collisions

Asymmetric system allows better
handle on nuclear PDF (nPDF)




Colorless probes



Z/\W~in pPb

A
/Z/W boson in central rapidity Z boson, 2.0 <n < 4.5
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Sensitive to nPDFs and initial state effects

NPDF needed to describe data
Good synergy between LHC experiments
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Photon Raa

Raa = AA cross section / scaled pp cross section
404 b PbPb / 27.4 pb™' pp (5.02 TeV) to account for expected number of
D T T T |p| . |pup| N binary nucleon-nucleon collisions
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~in PbPb
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Consistent with no QGP effect
NPDF Is needed to describe data
L /

arXiv 2005.11126, PLB 802 (2020) 135262, EPJC 79 (2019) 935 10 PLB 773 (2017) 408



Colored probes: jets”

* Focus on light/inclusive jet results. For heavy flavor results,
see next talk from Gian Michele Innocenti



| evel of detall

Full jet Substructure Constituent
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Full Jet



‘@ Dijet In pPb collisions

- ave : ave pPb (35nb™), pp (27.4pb™)
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dijet = 5 0h + 1)
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T
Xpp ~ 5 %X 107325 X 1071

Good discrimination between different PDF sets

PRL 121 (2018) 062002
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Hadron & Jet Raa

]
Raa = POPb cross section / scaled pp cross section
Jet
D 2l AP (602 TeV pp) + 404 ub (5.02 TV POPD) — . -
8 oM v e ] € | ATEAS  antik, R =04ets, sy =5.02 TeV -
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Hadron Raa approaches 1 towards TeV scale,
while jets are suppressed all the way to TeV
L

JHEP 04 (2017) 039, PLB 790 (2019) 108 16



Dijet balance

5 - S0 e e B B

Jet S 3 - ATI|_AS | | | alnti-kt )—?: O.A{jets -
Jet "€3.5 [ 2011 Pb+Pb data, 0.14 nb™" |5y, =2.76 TeV

- 2013 pp data, 4.0 pb™ ]
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Momentum balance 25 - ——
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f there is energy loss, | o5 = 100 <p,, < 126 GeV
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unbalanced dijets X,

PLB 774 (2017) 379 16




Z/v-jiet balance =<3

y I
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Electroweak probes “tags” initial parton energy
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Constituents



Jet fragmentation

-

z = fraction of jet momentum carried by track

2,5]]]]
| ATLAS

A,

N

R = Fragmentation ratio 2
PoPhl/ g | T |

Enhancement of low
energy tracks

PbPb / pp

'

b ™= | <2.1 anti-k, R=0.4 jets

IIII

T*t < 158 GeV

< pT < 251 GeV
< p™ < 398 GeV

Pb+Pb, |5, = 5.02 TeV, 0.49 nb™, 0-10%

Relative suppression of A— pp, [F=502TeV, 260"

moderate energy tracks

1072

107"

\

PRC 98 (2018) 204908, for CMS see PRC 90 (2014) 024908
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v-let fragmentation

Inclusive jet Photon-tagged jet

Similar overall structure . F 7 e -shescov.prmeamacon
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for y-tagged jets

\
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Z-tagged yields —=
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ATLAS CONF-2019-052, CMS HIN-19-006 21



Radial profiles

Inclusive jet

I = Distance to jet axis Inside je’[ <—> Ou’[side jet

CMS Suppleméntary JHEP 05(2018) 006
PbPb 404 ub” (5.02iTeV) pp 27.4 pb™ (5.02 TeV)
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Energy outside jet cone is mostly low energy particles

\ /

CMS: JHEP 05 (2018) 006, ATLAS: PRC 100 (2019) 064901 22 See also JHEP 01 (2016) 006




Radial profiles

M N
Inclusive |et
I = Distance to jet axis
Inside jet «—— Outside jet
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CMS: JHEP 05 (2018) 006, ATLAS: PRC 100 (2019) 064901
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f we enlarge the jet size,
can we recover the
energy’?’



Large R |ets



Jet population

Jet clustering ensures concentrated energy in O(R)

Small R Large R
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Jet population

Jet clustering ensures concentrated energy in O(R)

Collimated Collimated, or diffuse
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Jet population

Jet clustering ensures concentrated energy in O(R)

Study of different jet R is a study of
different types of jets

How do different types of jets
quench differently?

Collimated Collimated, or diffuse

28




L arge R Jets

A
Jet RAA VS. pT i StEista el bl SEnE CMS .. P » b'1
& ] ALICE Pb-Pb 5.02 TeV 0-1‘0°/ S o e ———— e T O
b Charged jets, aﬁti-kT, |n,jet| <09-R ] B R=0.2) —— . A =03_-_- __________ B f_(_);‘}___
1 o WiCEStiaidy trained on PYTHIA 085_ B _ ——— I :#:
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% a0 s w0 7 e so i 020 foo0 200 1000 200 ~ 1000
Pr cnjer (GEV/C) p°! (GeV)
Novel use of ML . . .
techniques to go Suppression for all jet radii!
L S Very mild R-dependence
Jet population is different
N

ALICE Preliminary, CMS HIN-18-014
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Large R |ets

.

2
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JetR,, vs.p; |

‘ | BRL) ‘ | KRl ‘ I [ I | L Vv e o L [
1.4~ ALICE Pb-Pb 5.02 TeV, 0-10% —
Charged jets, anti-k, |njet| <09-R
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1 =
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Novel use of ML
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low In momentum
Jet population is different

Suppression for all jet radii!
Very mild R-dependence

ALICE Preliminary, CMS HIN-18-014
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L arge R Jets

.

JetR,, vs. p.

< X B IR el
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Jet population is different
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i R=06 { R=08 R=1.0 |
- - - - - - - oo - - - - - - - -- - oo - - - - - - - .
: i e z
g T e =
3 g P ]
m % T ]
- /\ 1 ——I.—/’—-\ I - ]
- —+ /_\ -
[ — LBT w/ showers only 0-10% _:_ -B- CCNU coupled jet-fluid w/ hydro _
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200 1000 200 t 1000 200 1000
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Wide range of predictions on
the R-dependence from
theories

ALICE Preliminary, CMS HIN-18-014
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Substructure



Jet substructure

Infer shower history
from large scale
structure of the jet

(= substructurey
/"

/7

Classity jets
using jet
substructures

How do different types of jets quench differently?

33




Jet grooming

Backgrounad-
For example SoftDrop/mMDT ¢ \ntracted iet in PbPb

1 —20

6
30

Subjet: proxy for the
hardest shower splitting

25

1. =15

Subjet

Splitting

y

log(Hardest shower splitting kr)

II.III-I.II|IIII|IIFI|IFII|IIII|IIII|IIII
1.5 2 25 3 35 4 45

log(Groomed kr)

|dentified subjets are correlated with the parton shower

\

EMMI Jet RRTF workshop 2019, JHEP 05 (2014) 146 34



Momentum sharing

Ny o N Y|, Epr

%2 i E E * pri+pr

= L I A . |
S Ry - . pr fraction carried

N T | by softer subjet
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) ]
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Momentum sharing

_'c\ljm ALICE Prehmlnary S ': | alnti-kI chalrgedljets R=04 ] pT,z
\5 2018 0-10% Pber 5.02TeV] [ Softdropz w=018=0 7 % —
%" 10 e % Data ERN3 80 < pS"1*° < 120 GeVic & P11 4 P12
/\*01 L ) = Pythia embedded E E ]
2 pat RN B oo S = prt fraction carried
[R5 02 1 MR <o 1 by softer subjet
% | +—¢—_¢_++_‘|’_—*_—H PT1 Rg
S e e T \
| B B O b
0'6.1 O.|15 O.I2 O.I2 013 0.535 014 0.215 0.5 O.-1 0.; O.I2 O.f|25 0?3 0.55 014 0.145 0-.5
< <z < < OT2
Large-angle balanced subjets suppressed
Medium resolving the subjets inside wider jets”

ALICE Preliminary 36



Groomed jet mass

\

PbPb 404 ub™ (5.02 TeV), pp 27.4 pb™' (5.02 TeV)
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dN
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~

| T I R N T S T R T A N T R

o
o
—h
o
N

full jet

dN
p
R

g

PbPb 404 ub” (5.02 TeV), pp 27.4 pb (5.02 TeV

N—"

N
(=]
[ T T T [T T T T T T T TTTT

T | T ZZ 1T [ T 1T T [T T

( )

v Lo v Ty Ty Ty T T Ty Ty T Ty [

i

o N~ OO ©
O ™

core of the jet

JHEP 10 (2018) 161
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Groomed jet mass

L
PbPb 404 ub'(5.02 TeV), pp 27.4 pb™ (5.02 TeV) PbPb 404 ub(5.02 TeV), pp 27.4 pb' (5.02 TeV)
i anti-k. R=04. Il | <13 | 241 ]
. CMS o
— Supplementa i -
I Iy gre ] 20¢ :
10 =8 PbPb Centrality: 0-10% 18} Centrality: 0-10% —
g 4% Smeared pp 140<p <160 GeV ;%16; 140<p <160 GeV
zZ|2 8¢ - a Z| 2 14f -
O|_ D - NN \\\\\@\\:&\\\ . | o - ]
= F | - > 12¢ ~F- PbPb E
o o \\ g O 10F ~A= Smeared pp
-z | o . ‘ T gt
- Y 8k -
[ & | of
OW ..... I T T T T T R R Lty J -
0 0.1 0
. Mg/va,jet ~
full jet core of the jet
int of larger mass op ~ PbPb
Points to large angle modification in the jet for mass
L

JHEP 10 (2018) 161
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Grooming count

\

Count how many times we can groom a jet

before nothing is left

llllllllllllll

= anti-k; charged jets R = 0.4
= Soft drop z,,,=0.18 = 0—:

cut —

= 80 < p°M "¢ < 120 GeV/c
i T, jet =]

— ALICE Preliminary In(k<) > 0

2F ===  BData -

"= " & Pythia embedded?

+
— — T
+

E | | | | | | l | | | 1 E

nformation on
number of shower
splittings (vacuum)

Data favors
smaller ngp

Consistent with zq4
observations

ALICE Preliminary
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Dead-cone eftect

12.37 0.30 0.25 0.20 0.17 0.14 0.11 0.09 0.07 0.069 ((;?)C;) Dead_cone effeCt. heavy
T I ko2 A object less likely to radiate
S g et fros T In the moving direction
%1_25_ N Agcp =200 MeV/e |
: b l ; Small angle structure
LY in heavy flavor jets

— i

oz ST — M .

012146 18 2 22 24 26 28 3

In(1/6)
Future measurement in PbPb?

ALICE Preliminary
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summary

Colorless probes: nPDF, initial state effects,
reference for colored probes

Jet quenching: energy goes outside jet area as soft
particles

Large R jet are suppressed: only very mild R
dependence. Jet population

Substructure: information on shower history
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summary

Colorless probes: nPDF, initial state effects,
reference for colored probes

Jet quenching: energy goes outside jet area as
soft particles

Large R jet are suppressed: only very mild R
dependence. Jet population

Substructure: information on shower history
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summary

Colorless probes: nPDF, initial state effects,
reference for colored probes

Jet quenching: energy goes outside jet area as soft
particles

Large R jet are suppressed: only very mild R
dependence. Jet population

Substructure: information on shower history
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summary

Colorless probes: nPDF, initial state effects,
reference for colored probes

Jet quenching: energy goes outside jet area as soft
particles

Large R jet are suppressed: only very mild R
dependence. Jet population

Substructure: information on shower history
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summary

Colorless probes: nPDF, initial state effects,
reference for colored probes

Substructure: information on shower history
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|solated photons In pPo |

f
Ropb = pPb cross section / scaled pp cross section
o 16 1.09< n* <1.90 T -1.84<n*<0.91 T -2.83<n*<-2.02 ]
T T :
e : :
+a_55£1£1£% bt ], e
08 ATLAS NEE: N S CH H. ;
oof Evra (5t rvon |4 == JETPHOX+CTId T Tl
- T ----- JETPHOX + CT14 + EPPS16
0.4:_ . Data _::_ | + 14 + 1 _::_ | _:
L PR TR T N B L L L 1 I T R N 1 1 L1 1 R N T B | 1 1 L1
30 40 50 10° 2x10° 30 40 50 10° 2x10° 30 40 50 10° 2x10°
E' [GeV] E' [GeV] E' [GeV]
Good probe for initial state effects
\

PLB 796 (2019) 230 49
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Reclustered |ets

1.0

Input
(calorimeter)

|

R=0.2
PT>3566VJ { =10 J

® 0-10%

" m10-20%
| A 20-40%
40-60%

ATLAS Preliminary
" Pb+Pb 1.72 nb™, pp 257 pb™, 5.02 TeV

A A A

4 60-80% L -

'S

A A A AAA . "
i m BN 0
g gun® 2 +
] o ¢
050 o ® ® -
| ly|<2.0
Reclustered R = 1.0 jets
200 300 400 500
p, [GeV]

Special population of
R = 1.0 jets with 35
GeV constituents

“‘Cleaned” jets: less
soft part

Similar Raa as
inclusive jets

ATLAS-CONF-2019-056

50




Jet grooming

large scale structure (“subjet”)
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RAA formula

RAAE

1 dNTPPO,gx
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cf. assoclated yielo

Also established in RHIC
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‘@ Jets in pPb collisions
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Ropb = pPb cross section / scaled pp cross section

\ to account for expected number of
binary nucleon-nucleon collisions
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No suppression of jets observed inclusively

PLB 749 (2015) 68, EPJC 76 (2016) 372, PLB 748 (2015) 392







