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13.7 billion years of Cosmic History Seconds after the Big Bang
(logarithmic time scale) 1Iyr i
& g Years after the Big Bang
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Many phases and phase transitions in the early universe
So far only QGP-hadron phase transition can be recreated and studied in lab
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Using “hard” particles as probes

‘Hard’ processes have a large scale in calculation
— pQCD applicable:

e high momentum transfer Q2
® high transverse momentum pr

® high mass m (N.B.: since m>>0 heavy quark production is ‘hard’
process even at low pr)

Early production in parton-parton
scatterings with large Q2

P*P A+A
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Using “hard” particles as probes

‘Hard’ processes have a large scale in calculation
— pQCD applicable:

e high momentum transfer Q2

® high transverse momentum pr
® high mass m (N.B.: since m>>0 heavy quark production is ‘hard’
process even at low pr)

Early production in parton-parton

scatterings with large Q2 ' *h
V. &
. . . . . e
Direct interaction with partonic phases %_/
of reaction “5
v
l.e. a calibrated probe '
Look for attenuation/absorption/ PP A+A

modification of probe
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Jets - result of confinement in QCD

QCD confinement tells us that
colored objects (quarks and

_ gluons) cannot exist in free
sz particles — ijet form

Partons involved in hard
scatterings fragment into
hadrons

Hard scattering

Produces a highly collimated
cone of particles pointing in
direction of initial scattered
parton

Ejet = ZEhadron = Eparton
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Looking for attenuation/absorption

Compare to p+p at same collision energy

Nuclear Yield (A + A)

Modification R, ,(p;)=—

Factor: Yield(p + p) x <Ncoll> Average number
\/ of p+p collisions

iIn A+A collision

No “Effect”: R 14~

* R <1 at small momenta - 12k

production from thermal bath N R=1

0.8 i
R =1 at higher momenta where 06l R<1
hard processes dominate O' -
4 - nsoftn
0.2 -
if QGP affecting 0.0 : 4 L y :
parton’s propagation Tranverse Momentum (GeV/c)
R<1 at high pt
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“Jet quenching” clearly at work

52'4'\, PHENIX Au+Au, |8, = 200 GeV, 0-10% most central
o

2.5
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I:‘AA
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2.2 B direct ¥ (PRL109, 152302) § My 0-20% cent. (PRLIS, 232301)

[ #<° (PRL101, 232301)
#n (PRCB2, 011902)
§ ¢ (PRC83, 024904)
¥ p (PRC83, 064903)

# » 0-20% cent, (PRC84, 044902)
§ e/ (PRCB4, 044902)
t K’ (PRC&3, 064903)

P

NS
24 e

8 10 12 14 16 18 20

| T
| CMS *PRELIMINARY PbPb s, = 2.76 TeV f Ldt=7-150ub™|
s *Z (0-100%) lyl <2

| =—m— W (0-100%) p:>25 GeV/c, In'l <2.1
| —w»— Isolated photon (0-10%) Inl <1.44
| ==e— Charged particles (0-5%) Inl <1

| EmE= B — J/y (0-100%) Inl <2.4
| ==& ‘*Inclusive jet (0-5%) Inl <2
L —m®— *b-jet (0-10%) Inl <2

: o....o.
| 1 1 IIIIII| 1 1 IIIIII| 1
1 10 102

p_ (m.) [GeV]

pT(GeVIc)

Observations:

1.

Yield(A+ A)

uPr

Yield(p+ p)x(N,,,)

C

Photons, W and Z not suppressed

e Good! colorless objects should
not interact with colored QGP

e N, scaling works
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“Jet quenching” clearly at work Vield(4+ 4)

ulPr)= Yield (p + p)x(N,,,)

32-4_ PHENIX Au+Au, |8, =200 GeV, 0-10% most central ¢

2.2 §direct y (PRL109, 152302) § Jy 0-20% cent. (PRLYS, 232301) O b t .
2; # <° (PRL101, 232301) # © 0-20% cent, (PRC84, 044902) Se rva IonS =
#n (PRC82, 011902) § e} (PRCBA4, 044902)

1.8 ¥ ¢ (PRCE3, 024904) t K' (PRCE&3, 064903)
1 6' ¥ p (PRC83, 064903)

1. Photons, W and Z not suppressed

1.4+

12 1] e Good! colorless objects should
1 I gaig 44 {'4, ...... + .......................... _ _

ol l v } not interact with colored QGP

0.6 ;

- e

24 6 8 10 12 14 16 18 20

E e N, scaling works

RAA

25 T T T T T T T T T T T p(GeV’C) .
| CMS *PRELIMINARY Pbe\{sTN=2.76TeVdet=7-150ub": ! 2 Hadrons Suppressed N Central A+A
e W (0100%) pl 2 25 GeVie, <21 1 e Raa- factor 5 suppression
21 o Crarged paricies. 059 <1 ]  Strong suppression up to pr~1 TeV
L *B— J/p (0-100%) Inl <2.4 m . .
— *an.;,s({)i:‘[j)e/t)<?-f%2".n.<z ]  Similar values at RHIC and LHC
. —=— *b-jet (0-10% < - . .
1.5 ! . Compensating effects of higher
- 1 Eioss, flatter pt spectrum, g/g
) * _____ ‘ o b differences
i * * Jl,
0.5 $ee %o
Lt . g + '+.M+ il _
oLl L | L
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“Jet quenching” clearly at work Vield(4+ 4)

ulPr)= Yield (p + p)x(N,,,)

52-45 PHENIX Au+Au, |s,, = 200 GeV, 0-10% most central

2.2 § direct y (PRL109, 152302) § 'y 0-20% cent. (PRL98, 232301) O b t =
[ # <° (PRL101, 232301) # © 0-20% cent, (PRC84, 044902) S e rva I O n S .

2F

| #n (PRC82, 011902) ¥ e (PRCB4, 044902)
1.8 § ¢ (PRC83, 024904) ¥ K' (PRC83, 064903)
1.6. ¥ p (PRC83, 064903)
W 1. Photons, W and Z not suppressed
| TR i e Good! colorless objects should
- ° B e . .
el l i } not interact with colored QGP
0.6

$ o N, scaling works

% 2 a6 8 10 12 14 16 18 20

RAA

25| T T T T T T T T T T p(GeV’C) .
| CMS *PRELIMINARY Pbe\{sTN=2.76TeVdet=7-150ub": ! 2 Hadrons Suppressed In Central A+A
e w éé’i}é’g%i Ly;':%ﬁ)e)”cl, i <2 1 e Raa- factor 5 suppression
—vw— Isolate oton (0-10%, <1 | .

2l o Oharged particies (0-5%) < )  Strong suppression up to pr~1 TeV
e e ot (0.6%) 17 <2 ' e Similar values at RHIC and LHC
e *b-jet (o-1tl)%) nl <2 " i . .

15 - Compensating effects of higher
i 1 Eioss, flatter pt spectrum, g/g

| % _____ + O N differences

s | + ,+++ L ,{ sQGP - strongly coupled:
[ a gat’ W *+ 1 colored objects suffer large E loss
: Teewe o =
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Cold QCD baseline - No suppression

1.5 T T T T T LRI I L DAL B L
1.2F ' ' ' ] 3
- PHENIX d+Au, \/SNN =200 GeV . &> [ ALICE Preliminary 'ITO =
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Opaqueness/stopping power of QGP

p+p OT,g

Measure fractional momentum loss
Op,/p; instead of R, ,

Raa.0.200 ~ Raa2.76

PRC 87, 034911 (2013)
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Opaqueness/stopping power of QGP

Measure fractional momentum loss
Op,/p; instead of R, ,

Raa.0.200 ~ Raa2.76

but
(OpT)LHC = 1.3 (OpT)RHIC
and
(dN/dy)nc = 2.2 (dN/dy)Rric

0.45
= gy Pbh+Pb 0-5%, 5(global)=0.3%
0.4 =—e— Au+Au 0-5%, (global)=1.0%
oy = ——m—— Pb+Pb 70-80%, 5(global)=0.7%
o 0.35F S Au+Au 70-80%, 5(global)=2.9%
= Bl
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QGP at LHC and RHIC acts
differently on hard partons

O 7

Smaller coupling at LHC?

Need to look in more detail

1 18 11| 20
P; (P+p) (GeV/c)

4\\\6\\\8\\\10\\\12\\\14\\\16\
PRC 87, 034911 (2013)
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The limitations of Raa

Insensitivity due to surface
emission:

Raa can’t go to zero even for

the highest densities

By = 200 GeV

A. Dainese et al.,
Eur. Phys. J. C38(2005) 461

10 10

-10 -10
Distributions of parton production
points in the transverse plane
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The limitations of Raa

A. Dainese et al.,
Eur. Phys. J. C38(2005) 461

By = 200 GeV

Insensitivity due to surface
emission:

Raa can’t go to zero even for
the highest densities

10 10
O PHENIX 7°
2 .F Y STARh
i s PHOBOSh | Distributions of parton production
1 i _ BRAHMS h points in the transverse plane
N q=0, nomh
o Rough correspondence:
0.6 . g
- ] §=1Gev ¥ _ GeV? < dN
qg =10 7 ~ 1800
.fj e nll:l I ¥ I1711] (L } 5 { 4 =5 GeV */fm ]971 ) dy g
02ff M -fiir}qxj?ﬂsfi&d!ﬂ"I'"l"‘l""!ff-' H qT_ 5 GeV = N ~ 900
- T Tl 4 =10,15GeV “ffm -
[ " R Jm dy
p, (GeV)
[Eskola, Honkanen, Salgado, Wiedemann (2004)] Need better tool
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Got to bite the bullet and jet find

p and E MUST be conserved even with quenched jets
e Study nuclear modification factor of jets

Jet
RAA

If jet reconstruction complete 1

and unbiased Raa==

Cross-section ratio
Au-Au/p-p

Helen Caines - ANPC - July 2019
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Got to bite the bullet and jet find

R Jet
. . AA
If jet reconstruction complete 1
and unbiased Raa==1
Jet Raa
# " | ATLAS Preliminar | | | | 0- 10I %
- antik, A= 04 jetsy - ATLAS, |, = 5.02 TeV, this analysis <21

| 2015 Pb+Pb data, 0.49 nb™
L 2015 pp data, 25 pb

4 ATLAS, \[s,, = 2.76 TeV, arXiv: 1411.2357

0
100

200 300 400 500 600

Jets: Raa <1 out to high pr

p and E MUST be conserved even with quenched jets
e Study nuclear modification factor of jets

Cross-section ratio
Au-Au/p-p

ET

Quenched energy not
recovered even for
jets with 900 GeV and
R=0.4

Helen Caines - ANPC - July 2019
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Where does lost energy go?

T”gger Jet Au+Au 0-20%
High Tower Trigger
A(]) 1 tower

o 0.05x0.05
Recoil jet o 5.4%2\)/

/\/\\‘
Jet trigger:

Anti-kT,

R=0.4,

ptrec(jet) using
pi,(particle)>2 GeV

Helen Caines - ANPC - July 2019 11
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Where does lost energy go?

25— . . .
- 10< pjet,l'ec <15 GeV/e e Au+Au, 0-20% Tngger Jet )
N T A PHP Ag+Au 0-20 /o_
20— 0.5<p™*<1GeV/e High Tower Trigger
O T A ¢ 1 tower
_ 0ol 0.05x0.05 (nxd)
S s S Recoil jet e s .4 Gev
; : A —
= n
B 10— \‘ Jet trigger:
é Anti-Kr,
0.5 R=0.4,
ptrec(jet) using

. i pt(particle)>2 GeV
Away-side: Broadening

Softening

4 < piss"c <6 GeV/e \/Say = 200 GeV

ﬂ . E remains correlated to jet
\ 2V, and v, uncertainty

§ - [ ] trigger jet uncertainty axis but at Iarge angleS
Z 04 - e
= n Direct measurement of modified
0.3 .

< fragmentation due to presence

" of QGP

0.1

0.0 o

-1 0 1 2 3 4 5
A¢
Helen Caines - ANPC - July 2019 11
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Lost energy of a recoill jet

_ N - | Shsnamanan ————————
= Au+AU, (852200 GeV 1 S - AurAu, {8=200 GeV 3
S g i = i 9.0 <p.” < 30.0 GeVic |
S 10" 9.0 <p_" <30.0 GeVie © q0': T 0.65 Re 0.5 =
¢ 10 Ag>0.05R=02 3 e 2 A >065,R =05 3
— anti-k; ~5 1n2 L anti-ky
5 10 R=0.2 = 5 E R=0.5 -

o . 3 - R
B, . £ = 4nd L N
- 10° E g0E
) E ;% E -
= -~ - -4 -0%'10°A
B L4 0%-10% 107 =
22 1 0 = = 6026‘80%/0 ?: Z;‘ 0 ; = PY'FHIA/o
- —PYTHIA = - o : i
o - _de Florian NLO . 5 —-de Fiorian NLO
~210° & stat. error = P 107 = —statt. emor E
== - . syst. uncertainty = z - - syst. uncertainty f
E 10° E — = 10° 3 sy | T
¥ 1 Il Il Il 4 Il Il Il Il | Il Il Il Il ! 1+ T + A} T +
1 X a
S i -
10.1 E E e
1l " " 1 " " " " 1 " " 1 " 1 N
0 10 20 30
p@*.‘iel (GeVic) e (GeV/c)
ALICE: JHEP 09 (2015) 170 Helen Caines - ANPC - July 2019 12
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Lost energy of a recoll /et

'TA 1 E T T I T
Q) z Au+Au \IsNN_ZOO GeV
% a0 90<p < 30.0 GeV/c
o 10F Ay >0.05, R =0.2
— - anti-k
£10° R=0.2
:
£ 10* E mm goo/%)lg(o@/o
% - —PYTHIA
5| —-de Florian NLO
~= 107 —stat. error 5
z*= - ....8yst. uncertainty =
- 406l |
= 1 0 ? } } } } 4 } l J } i l J J I 4 E
1E \ : o ' E
o o ]
- C ]
107 £
1l N L 1 N N N ! " L L N 1 ]
0 10 20 30
(GeV/c)

RHIC: Jet pr 10.20 GeV

R=0.2: ptshift~

R=0.5: prshift~

ALICE: JHEP 09 (2015) 170
STAR: PRC 96, 024905 (2017)

-44+02+1
-28+0.51

dnju) (GeVic)'

ch
T jet

(IN, ) N, /(dp

ke

2 GeV
2 GeV

1

. — —a A —
S © © o o
i) » w n -

oA
=
&

.
Q

Au+Au \'3N~=200 GeV
90<p ?<30.0 GeVic
A,,, >065R=05

anti- k,
R=0.5"

—.de Florian NLO
—stat. error
... 8yst. uncertainty

} 4 — P | — I |
t t t

lll L1l lll | l“llll

| lllllll

By
TTTIT

16 20 30
(GeV/ic)
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Lost energy of a recoill jet

< 18T RN R s RS LN AR RN ] = 15 ~Auv+A;J..sN;‘=2'OO'Ge'V'1
E% 1.63— OA-I;(I)E’iaI__TIDb-Pb VSun = 2.76 TeV —f % 10° 9.0<p’7'°\<30.0GeV."c;
a8 Anti-k; charged jets, R =0.5 ] ) s, A > 0685 R =05 =
g 1'4:_ T - Ap<0.6 _: % 10_2:’,' anti-k, :
£% 120 TH2050}-TT8%  R=02 | § = R=0.5 -
& 1 &5 109%C
B | b - a =
1 - % 7] = . 0%
I 1 g 107 ;863/%)':
- S b . : :
<0y = + T e 10%E TSt o -
04 £ e ALICE data 4 z —-FYSL. Unoerwinty
0.oF 5 Shape uncertainty = = 4
- | § : | | (] Correlated unclertain;[y ]
oo bvv o bvv o b b g IIIIIIIIIII IIIIIIIIIIII 1
00 10 20 30 40 50 60 70 80 90 100 o
ph (GeV/c)
v i T,je 1
o 10 20 30 0 10 20 30
p"  (GeVic) p‘;"‘im (GeVic)
RHIC: Jet pr =10-20 GeV
' Energy almost recovered at
R=0.2: prshit~ -4.4+£0.2x+1.2GeV
R=05: 58+05412GeV moderate angles at RHIC
O Prshit™ 2.0 = U0 % 1. but not at LHC

LHC: Jet pt =60-100 GeV
R=0.5: pr1shit~ -8 £ 2GeV

ALICE: JHEP 09 (2015) 170 ines - i
AR PG 96 52490)5 017) Helen Caines - ANPC - July 2019 12




Lost energy of a recoll je

1.8 10— T —
% B : AILICEI T T T T ] §
; g 1.6:— 0-10.% Pb-Pb \/s_NN = ?.76 TeV —: 8 10!
o @ - Anti-k; charged jets, R =0.5 ] ~
< ME 2-Ap<06 ERRs T
£ § 1o TT{20,50} - TT{8,9} R=0.2 ] £
o) C ] e
0'49 1___ __________________________________________________________________ 1 f’a'-. 10
. b E 1 5
_< 08:_ § i = 10
ol = -
< 0.65 g SEI + + + - e 10
0.41 =5 e ALICE data -4 €
0_2:_ g Shape uncertainty = —
- £ [] Correlated uncertainty -
_I 111 I 1111 : 111 I 1111 I 1111 I 1111 I 1111 I 1111 I 1111 I 111 I_
00 10 20 30 40 50 60 70 80 90 100 o
ph (GeV/c)
T,je
A N R C
0 10 20 30

h
p§ o (GeVlic)

RHIC: Jet pt =10-20 GeV
R=0.2: prshit~ -4.4+£0.2x+1.2GeV
R=0.5: prshit~ -2.8 + 0.5+ 1.2 GeV

LHC: Jet pt =60-100 GeV
R=0.5: pr1shit~ -8 £ 2GeV

t

n

w

3 Au+AU, |5,,=200 GeV
9.0 <p,” <30.0 GeVic |
Ay >065R=05 3

jet
anti-k; -

R=0.5 -

—.de Florian NLO '
E stat. error =
... 8yst. uncertainty

0 10 20 30

p‘;f‘im (GeV/c)

Energy almost recovered at
moderate angles at RHIC
but not at LHC

How to look event-by-event?

ALICE: JHEP 09 (2015) 170
STAR: PRC 96, 024905 (2017)
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Dijet energy (im)balance: Ay or Xy

Lead SubLead
A pTea — p3
J = p%ead +p§ubLead

B pgubLead

L.J

|deally Ayj=0 or xy =1

¢2 pTSubLeé»c‘im o Helen Caines - ANPC - July 2019
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Dijet energy (im)balance: A, or Xy

¢1 pTLead

b2 pTSubLeadm

Lead SublLead
A pTea _pTu ea
J = p%ead +p§ubLead

B pgubLead

L J
|deally Ayj=0 or xy =1
Using jet finder some energy missed
Even for p+p this is not observed

In A+A collisions energy loss to QGP
will enhance imbalance

Compare imbalance in p+p and A+A
for different thresholds, radii, partons

Helen Caines - ANPC - July 2019 13




Individual dijets are imbalanced

S 2FTTTTTTTT T T T T o
g 2F i 50-80%3F ATLAS Prellmlnary_1
s 18 3 - pp 5.02 TeV, 25 pb
S 1.4 3 +- Pb+Pb, 0.49 nb™
= 1.2F 3 f_‘
< é 2 ' =100-158 GeV
= 08f * = b, ?ﬁ B Py
0.6f 3 f=] pp (same each panel)
o2 Me 3 ™o = PbiPb
2.2 -
3 1% 3 3 0-10%
Z 16 = -
2 14 o -  t =
= 0.8
o3 ol
0.2F 3 ==

X

Jy

Fix trigger photon pt= 100-158 GeV

J

Imbalance clearly increases with centrality - more Eoss Of recoil jet

Helen Caines - ANPC - July 2019 14



Dijets are not deflected

Examine A¢ - azimuthal angle between dijets

Leading order expectation: A ~1r

¥ 0%-10%

= PYTHIA® ME
—_ scaled
B 0.04+
=
2
"e‘ -
0.02

STAR

Au+Au,ys,, =200 GeV -

R=0.3

9<pf|°f°“<13 GeVic .

PAQP)

Little to no azimuthal de-correlation observed

Partons lose energy but are not deflected from original path

ALICE: JHEP 09 (2015) 170
STAR: PRC 96, 024905 (2017)

O_1I T | T T I T 17T I T I T T I T 17T I T T
. ALICE
| 0-10% Pb-Pb |5, =2.76 TeV
| Anti-ky charged jets, R = 0.4
40 < p’e°° " < 60 GeV/c
- TT{20, 50} TT{8,9}
0.05—
- @ Pb-Pb: 0 =0.173+0.031(stat)+0.005(sys)
- M PYTHIA + Pb-Pb: 0 = 0.164+0.015(stat)
0 {x#iﬁi ---------------------- ]
B Statistical errors only |
Il 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1
16 18 2 22 24 26 28 3
Ag
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Which partons loose enerqgy?

2 -
3l

1—|2

25.8 pb™ (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

4 (e e e 04 L ]
IE T T T T T N > 500 GeV 0.04 - ‘C‘MS .
3.5 antik, R =0.4jets, {5y, =276 TeV 0.02 Preliminary -
v of 7] — i
3 Ol i :
55 --Pb+Pb o 002 7
“E 4pp 1 T -0o04F o -
2 1 X '-006f — + 3
'+' ] O C ]
1.5 +_T 4 & -o08f =
'+' 1 o - .
1 o= = 01 o b dijets E
05 _E -0.12 ;_ e Inclusive dijets _;
I E _0.14 :I_I | L1111 | | | | | | | | | | | | | | | | | I .| | L1 II_:
2 O 3 04 0. 5 0.6 O. 7 0. 8 0. 9 1 0 50 100 150 200 250 300 350 400
X (N__)(N__-weighted)
. part coll .
Fractional Eoss For all centrality
decreases with pt inclusive ~ di-b
pr> 200 GeV Inclusive: g and g
Pb+Pb approaches p+p di-b: g

Probing parton flavor energy loss with ever enhancing precision
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Changes in fragmentation functions

dijet: 2 5ATLASC

Central - enhancement at 'ZT-

high and low z 1 e 1 o4
Peripheral - p+p like : i

T V<21

5 jet T
0.5F 126 <py <158 GeV L anti-k, R=0.4 jets

Fhys. Hev. C 98, U24908 (2018)
™T-rTrrTy —r-rrrre

—

Pb+Pb, s, = 5.02 TeV

0.49 nb™
pp, s =5,02 TeV

1072 10~ 1 107 10 1 107? 10~ 1
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Changes in fragmentation functions

Fhys. Hev. C 98, U24908 (2018)

dijet:

Central - enhancementat | T-
high and low z

@

60-80%

30-40%

—

[ ..bf' [
Peripheral - p+p like : i

5 jet T
0.5 126 <py <158 GeV L anti-k, R=0.4 jets

Pb+Pb, s, = 5.02 TeV

0.49 nb™
pp, s =5,02 TeV

T V<21

1'0—2 16—1
VSuy = 5.02 TeV pp 27.4 pb™', PbPb 404 pb™

'CMS Cent.10-30% | Cent. 0-10% |
- Supplementary JESCET, .
I . | =— CoLBT-hydro ]
. 'm Data Low pr particle 1 Hybrig

& 1 I w/o back reaction
| w/ back reaction +

— Pb+Pb/pp
' N

&)

2 3 4 2 .3
S S

Different selection of quark vs gluon jets?
Flavor dependence of quenching?

1 107 10 1 107? 10~ 1

V4 V4 V4

photon-jet:

Peripheral - p+p like

Central - Enhancement at low z
No clear enhancement

at high z
Helen Caines - ANPC - July 2019 17



So what’s happening?

Jet quenching = Gluon radiation:

Multiple final-state gluon radiation off
of produced hard parton induced by
traversed dense colored medium ~ Production
“Gluon Bremsstrahlung”

Jet in vacuum

Jet
EVacuum

Hard

Modification of Jet Structure

Jet in medium

Jet Jet
EMedium=EVacuum

P

e
............................................

Medium

Jet broadening

~
3

" Suppression of

Jet quenching/
gluon radiation in QGP

high-pr particles

Enhancement of
low-pr particles

Helen Caines - ANPC - July 2019 18



What has all this taught us?

Different initial conditions and e MARTIN o _Zﬁﬁ‘iﬁfg
Aevolutionary paths: R |
q=QzL Q- mtm transfer to medium : - ' E
L - path length R ’ :
<" i i .
30 >
q(t= 12+0.3 T=370 MeV , | |
t=0.6fm/c) ~ GeV2/fm 2 ¢ ,
x ) 1.9+0.7 T=470 MeV o AutAu at RHIC, k
N er Pb+Pb at LHC,
Probes behave differently at o o s
RHIC and LHC T (GeV)
Helen Caines - ANPC - July 2019 19
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What has all this taught us?

Different initial conditions and =~ MARTINy ~ — McGill-AMY
evolutionary paths: i R
a - Q2L Q- mtm transfer to medium ’ ; ]
L - path length 4 1

< i i ‘ ]

3 o

a(t=0.6fm/c) _1.2+03 GeVvz/im 1=370 MeV ;|

1.9+0.7 T=470 MeV - Au+Au at RHIC,
I 1q/T(DI ! ]
: L Pb+Pb at LHC, |
Probes behave differently at 0 S0
RHIC and LHC T (GeV)
5; ““““““““““ C “““““ ] 10
. . ] i “RHIC” scenario || i « » .
Different virtuality =~ ¢ | 2em t | 1_s00Gev | s T oo
evolutions: % 3E 4§ Parton Er = 30 GeV § > Parton Er = 200 GeV |-
=N e 1O ]
= 2F medium dominated | - ; 4L
S =S
How/when does ¥ S >
parton become oL oL
“ ” . 0 1 2 3 4 5 6 0 1 2 3 4 5 6
aware” of medium t [fm/c] t [fmyc]
Helen Caines - ANPC - July 2019 19
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Summary

All “jet” results reveal consistent picture:
Strong energy loss of hard scattered patrons
Lost energy re-emerges as soft (low pr) particles

Lost energy re-emerges as large angles to initial parton direction
Core of jet remains unmodified

For jet observables peripheral A-A collisions behave a lot like p-p collisions
Small/no energy lost to medium in small systems

Differences between QGP properties at RHIC and LHC emerging
Informing about QCD at high T

Qualitatively consistent picture of partonic energy loss emerging

Starting to explore jet substructure and geometry engineering to learn
more about how interactions with QGP modify fragmentation

New detectors, sPHENIX and STAR Forward at RHIC; ALICE streaming TPC
readout at LHC come on line in next couple of years.

High statistics measurements of rare probes coming soon

Helen Caines - ANPC - July 2019 20




But jet mass does not change

ALICE: mass from charged particles

1702.00804
S\ -I T T T I T T T T I
8 : 100 < Pt o ot < 120 GeV/c
. 0.2F -
2 [ @ 0-10%Pb-Pbys,, =2.76 Te
° [ ]
2| S - pPb\s,, =5.02 TeV |
Sl | N ]
O [ ]
—| 20-1F S - .
2 : ..A'l- - - :
[ _ - :
[ L - |
[ Ve _ ]
O 1;-:, | 1 1 e ,_.!
0 10 20

<
<
o

ATLAS: mass from calorimeter towers
ATLAS-CONF-2018-014

o ATLAS Preliminary -

L Pb+Pb 0-10% :
15F 126 <p <158 GeV |
s — = = = = = =~ — — —
05;_. ] L [ [ Y ° _;

0 005 01 015 02
m/p

T

no significant mass modification observed in PbPb within the uncertainties
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Di-jet imbalance A, Au+Au 0-20% R=0.2

0.25 ;
- B pﬁ“‘>2 GeV/c: p?“‘>0.2 GeV/c, Matched:
-% B O p+p HT ® Au+Au MB O p+p HT ® Au+Au MB
£ 0.2~ o AutAuHT + = Au+Au HT
§ i Au+Au, 0-20%
T 0151 —o— + Anti-k., R=0.2
| + pThard const> 2 GeV/c
B Pr eac>20 GeV/c
0' 1 __ _+_—+— pT,sublead>1 0 GeVic
- -
0.05/— 0.2 _'i';'_
i —
O ' 1 1 Il l 1 1 ‘
0.4 0.6 0

A — PT1 — P12
P11+ PT2
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Di-jet imbalance A, Au+Au 0-20% R=0.2

0.25 ;
- B p?“t>2 GeV/c: p?“‘>0.2 GeV/c, Matched:
'% B o p+p HT © Au+Au MB o p+p HT @ Au+Au MB
£ 02~ e AutAUHT + =  Au+Au HT
5 i Au+Au, 0-20%
D 915 —o- + Antik,, R=0.2
— : + pThard const> 2 GeV/c
— — u P; fea d>2() GeV/c
0' 1 __ _+_—+— pT,sublead>10 GeVic
- -
0.05- 0.2 +
i : -
0 —‘_' *-?- 1 1 | 1 1 1 | 1 1 | | 1 1 '
0.2 0 0.2 0.4 0.6 0.
AJ
Matched Au+Au Ay # p+p Asfor R=0.2
Ay = PTIZ P2 — (recoil) Jet broadening in 0.2 — 0.4

©pT1+ P2
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Our Long Range Plan

DoE and international support for our plan

RHIC / LHC Timeline

1 Month lon Running
11/2015, 11/2016, 6/2018

1 Month lon Running
11/2020, 11/2021, 12/2022

End of
LHC Long Shutdown 1 Long Shutdown 2
7/18-12/19
2015 2020 >2025

Stochastic e-Cooling LS2

sPHENIX

7

Chiral Magnetic
Effect Confirmation
/ Install LEReC
R H l C 2014-2017 2019-2020

Heavy Flavor Beam Energy
Probes of QGP Scan ||
Origin of Proton
Spin

l ! !
Electron-lon Collider
(Notional BNL Plan)

Installation
Shutdown 2021

2022-2025
Precision jets
and quarkonia

OOOOOOOOOOOO Oﬁ'lce Of

ENERGY Science

RHIC User Meeting

June 9, 2016

23

LONG RANGE PLAN
for NUCLEAR SCIENCE

Y

New detectors
being designed
and built NOW!

New accelerator
being designed
NOW!

At RHIC BES-II, followed by forward phyS|cs foIIowed by sPHENIX

At LHC upgrades being install
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Backup



Got to bite the bullet and jet find

xpenment §

Even visible by eye in event
displays

Jet 1, pt: 70.0 GeV

205.1 GeV

Jet 0, pt

25
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Can we select spe

cific jet geometries?

Can we affect path-length of
recoil jet?

Trigger \

particle/jet

recoil jet

More energy loss of recoil jet

T. Renk, PRC87 (2013) 024905
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Can we select specific jet geometries?

Trigger \ P
Can we affect path-length of . ticlefjet A
recoil jet?

More energy loss of recoil jet

Hadron Trigger Jet + Track P, Cut Trigger Ideal Jet Trigger

——me— S e——— e ee——

T Renk, PRCS7 (2013) 024905 Helen Caines - ANPC - July 2019 26



CMS-PAS-HIN-16-003

p-Pb : Constraining gluon (n)PDFs

Precision measurements of ngiet = (N1+N2)/2 < 0.5 log(Xp/Xps) + Ncm

Ndgiet 1heoretically:  can be calculated in pQCD
Experimentally: “avoid” fragmentation and hadronization effects
ptave Access to Q2

N —I LI I rrnri I rrri I LI I rrnri I LI
- pp CMS 1 4 B DSSz o pr
04 — Exp. Uncer - Prelim. - 1 EPS09 i
m MMHT14 - NnCTEQ15 Exp. Uncer.
Sl %= CT14 1.2F c = ]
Q Anti-shadowing
5| £0.3F =
= — w D_ - '
T 250'2 s a i
E 3 08 ™ CMS . Shadowing
01F — [ Preliminaiy ]
o 115 <p™® < 150 GeV 0.6F 115 < p° < 150 GeV -
II._Ij1IIIlllll-lrllllllllllll_l""' —||||||||||||||i|-| ||||||||||||-
2 1 0 1 2 2 1 0 1 2
M et

Neither PDFs nor nPDFs gives good fit across whole range

Evidence of gluon modification in EMC region x>0.3

Helen Caines - ANPC - July 2019
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Are all di-jets balancable?

—
(@) U.20
; STAR Preliminary  * Au+AuHT
(D) § 0.2 | == =  p+p HT ® Au+Au MB
@ 0-20% central
~ Q +¢ matched A,
45 ) 0.15 :|:+ prmatched const > 0.2 GeV/c
S o
— N\ 0.1 ==
+— = = o
(= UL
4; Q - STAR Preliminary e AusAuHT
CC) > 0.2 " p+p HT ® Au+Au MB
O 8 — 0-20% central
C_ — matched A,
8 _ 0.15 ;I-++*+ prmatched const > 0.2 GeV/c
S A oqf -~
[ — Tk -
© o C —
ru - - L ]
(o] 0.05 —
I - -
L L L L Mewr " E——
00 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.¢

A,

Always imbalanced when low pt constituents not included

Imbalance persists for small radii
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Are all di-jets balancable?

R=0.2

R=0.3

R=0.4

—

(@) .25 [
; w STAR Preliminary ¢ Au+AuHT -_.§TAR Preliminary e Au+AuHT STAR Preliminary ¢ Au+AuHT

D) ; 0.2 = " p+p HT ® Au+Au MB H " p+p HT ® Au+Au MB = p+p HT ® Au+Au MB
O 0-20% central 1
Rl (D) _I_:I: matched A, ] - 0-20% central +* 0-20% central

i) ) 0.15 t prmatched const > 0.2 GeV/c || + matched A, matched A,

3 m + * meatched const s 0.2 GeV/c + meatched const > 0.2 GeV/c

(®)

= A O B - %, +
Q- Q|__ = — + — i
q) — L [~ =
: L

fy V.25 — n =

4; Q - STARPreliminary = . o STAR Preliminary . AusAuHT - STAR Preliminary =~ = .

CC) > 0.2 " p+p HT ® Au+Au MB = p+pHT@®Au+AuMB |[ * p+p HT ® Au+Au MB

() = C

(@) — 0-20% central — 0-20% central - 0-20% central

) O 0.15F +— = matched A, [ matched A, matched A,

o — o T e prmatched const > 0.2 GeV/c L prmatched const > 0.2 GeV/c — prmatched const > 0.2 GeV/c

@) C - — ]

) A 01 — =

1 - . —_— i —

© o C : - [

[l n ' —

© 0.05F ] -

. N f— — —
I : - -_ S e——
0

001 02 03 040506 070808 01020304 050607 0803 0102 030405 0607 08 0
A

Always imbalanced when low pt constituents not included

Imbalance persists for small radii

Balance identified for large jet R
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Di-jet variation scorecard

0-20% central

Starting with imbalanced di-jets priead > 16 GeV/c

) = prsublead > 8 GeV/c
with R=0.2 ~ anti-kr algorithm

o ‘nv

Radial modification is relatively S ol
iIndependent of prhard const & of
= Of

e QN

S Al

: . v 0]

But can find combinations were lost g +}
= .

energy recovered o ol
Al \

Broadening of jet structure can be related to matched jet radlus

diffusion of medium-induced soft gluon
radiation in QGP
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Rho and JES

Events/(0.60 GeV/(c sr))

SE/ME

-
o
S

—_
o
w

—_
o
N

1.5

0.5

L L L L
Au+Au, 0%-10% .
Vspn=200 GeV i
«=SE
—~ME =
—ME (60 MeV shift) .
60%-80% i

] o EL
- ¢ ]
'_ s': - o {’ _:
e eeeeeeen— .- oqo;:w::oi’o’ ..... _.:
0 10 20 30 40
p (GeV/(c sr))

counts (arb. unit)

O 6 __pT=5.0 GeV/c,&pT/pT=

PYTHIA det. level |

10% R=0.3,0%-10%

. p,=10.0 GeV/c,5p /p,= 6%

pT=1 5.0 GeV/c,d pT/pT= 5%

pT=20.0 GeV/c,d pT/pT= 5%
pT=30.O GeV/c,b pT/pT= 8%

O/K%LLLL \ !
0

40

20
pi"]tefh (GeV/c)
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Discussion: RHIC vs LHC

CMS, PRC 84, 024906 (2011)

<A.> @evio)
o

-20

-40

[ CMS0-30%
40—
- JL dt = 6.7 ub”
20

Pb+Pb Vs, =2.76 TeV

In-Cone |
AR<0.8 |

Out-of-Cone |
AR>0.8

i

. 4

The momentum difference in
the di-jets is balanced by low pr

particles at large angles relative

to the away side jet axis
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Discussion: RHIC vs LHC

CMS, PRC 84, 024906 (2011)

Fo T e J @ econe ]
wf e e T o The momentum difference in
- 2F 1 il the di-jets is balanced by low pr
8 of IS: > ' particles at large angles relative
5 ok ] to the away side jet axis
_40:— -
— I0I1I - IO!ZI - IOI3I - IO.I4 IIIIIIII 0?1I = IO|2I = I0?3I = I0.I4I =
AJ
120 GeV gluon jet LHC:
R Larger energy loss at early times

10—

dE/dx [GeV/fm]

X [fm]

— more diffusion in medium
— larger angles
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Discussion: RHIC vs LHC

> (GeV/c)

I
T

<

dE/dx [GeV/fm]

CMS, PRC 84, 024906 (2011)

o e T@ T Gugtcone |
s oz T o The momentum difference in
20 u . the di-jets is balanced by low pr
ob = ' particles at large angles relative
ok ] to the away side jet axis
_40:_ .

— I0I1I - IO!ZI - IOI3I - IO.I4 IIIIIIII 0?1I = I0|2I = I0?3I = I0.I4I -
AJ
120 GeV gluon jet LHC

L = 5.8 fm, hydrodynamical medium, YaJEM-DE

10—

X [fm]

Larger energy loss at early times
— more diffusion in medium
— larger angles

RHIC:

Quenched energy closer to initial
parton/jet direction. Can utilize biases
for systematic exploration.

— (easier) to study soft gluon radiation

Helen Caines - ANPC - July 2019
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v-hadron

T[rrrrrrrrrrrrs

PHENIX Au+Au 0-20% 5<p“m<15 GeVic x 0.5<pn<7 GeVic

PHENIX p+p 5<p_m°<15 GeVic x 1<pn<10 GeV/c PhysRevD.82.072001
MLLA in medium E_ =7 GeV x 10"

TASSO datayE=14 GeV x 10"

Preliminary
Direct y-h
+ 8% p+p Global Scale Uncertainty

[T correlated systematic error

Lo v by by by

+ 8.8% Au+Au Global Scale Uncertainty

L1

:I T I T
g [ .
> [
T qE *

2 E
2
S [

10

102

10°

10 Ll 1 1 I Ll
-1 -0.5

0

1 1.5 2 25

PRL 111,032301 (2013)

Y - Energy calibration

Unbiased recaoil jet
highly modified
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?v-hadron

PRL 111,032301 (2013)

Y - Energy calibration

- T ] L ] L I L I T T 1 7T ] L I L I L ] L I:
)
~ — Y PHENIX Au+Au 0-20% 5<pmls<15 GeVic x 0.5<pm<7 GeVic —
% 1 :_ . PHENIX p+p 5<pmn<15 GeVic x 1<pm<10 GeVic PhysRovD.82.012901 ! _: U n b i ased re CO i | j et
2 F———— MLULAInmediumE_ =7 GeV x 10" __i——%-“‘ = . .
Z o mssosmme AS A | NE highly modified
- B _L
10" =
u g . -t <
102 PH ENIX = |A(P TE| /2
= Preliminary 3
B Direct y-h n
sl . _| Y
107 E + 8.8% Au+Au Global Scale Uncertainty 3
= + 8% p+p Global Scale Uncertainty -
N [ correlated systematic error ]
10.4 Ll 1l | Ll I Ll Ll I Ll 1l | Ll 1l I L1l I Ll J_ Ll
1 05 0 05 1 15 2 25 3 35
g

Iaa as function of “cone R”

E correlated to jet axis but at
large angles and soft

--- BW-MLLA in medium Ejet=7 GeV

, === YaJEM 9-12 GeVic E

= E E

:E i3 _,_,,:_W:.:.'_é
I 1= . - S SR [ T
0.5 P ; -—-—_-—’-;-:;‘;‘—""z' E
o?——-""’@— - global sys =+ 6% (b) -

05 1 15 2
&=In(1iz )

low z;
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?v-hadron

PRL 111,032301 (2013)

Y - Energy calibration

B F ) blewxavasamsa, cscevicxose rove
z B 1+ < .82. n L L] L]
£l 1 | Py PHENIX p+p 5<pmu<15 GeVic x 1<p_ <10 GeVic PhysRevD.82 01(21_‘1017 i _ U n b I ased re CO I | J et
2 ————————  MLLAIn medium E_, =7 GeV x 10" ; ‘_,.i——%-—“_\ 3 . . .
- = . . ] . —
< % TASSOdatays=14 GeVx 10" ‘TJ LTJ—*" - ‘x\— h Ig h Iy mOd Ifled
- B _l
107 =
02k '} e _ |4(Pl-n| <7/6 |A.([?.-7t| <n/3 |A¢-n|<m/2
B Direct y-h n
10° = + 8.8% Au+Au Global Scale Uncertainty = Y Y ¥
= + 8% p+p Global Scale Uncertainty -
N [ correlated systematic error ]
10.4 ) - | Ll 1 I Ll 1l | Ll 1l I L1l I Ll Ll
-1 -05 1 15 2 25 3 3.5
g

Iaa as function of “cone R”

E correlated to jet axis but at
large angles and soft

In narrow cone

(|Agp-T11| < 11/6 (R~0.5)):
high-z; hadrons “lost”, no
corresponding “gain” at low z;

2.5 5<p' <9GeV/cx0.5<p"<7 GeVic
~ o |A0-T|<T/2 5< p, < 9 GeVicx05< pFT)I<_I7EC[5\TI\;I<c :
2 E_ - IAQ)'T[I<TEI3 0-40% Au+Au _E
2(1 -5;— A|Ad-Tt|<n/6 —;
o1 . -
TP i -
= H -global sys =+ 6% (a)_—

0 0.5 1 1.5 2 2.5

high z; & low z;
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High pt at RHIC — a calibrated probe?

10
-
1
(2
o - Jet |nj<1
5 e Ldt =19pb " £8%
i‘°2 s
° -
E Ry
© 10° e
O STAR Run! QPreImlnry
o bl i g
10‘4 + Anti-kt R=0.6 run9 STAR unfolding
= Anti-kt R=0.6 CT10 w/ UE Corr. w
10'5 *+~Am4‘ R=0.6 NNPDF3.0 w/ UE Corr.
|:|Syammni
06|||||||||||||||||||||||||
10 20 40
p (GeV/c)

STAR 2009 Di-jet Cross Section

=

TR
& |

fered
2ogoe
cocpees
e

T |||1II||

TT IIIIIIl

pp @ \s=200GeV
Anti-k;, R=0.6, |111,n2| <0.8

d’c/dMdn dn, [ub/(GeV/c?)]

J. Ldt =18.6pb™ + 8.8%

IIlII||| T I|II||||

% NLO pQCD CT10 + UEH

§ UEH Systematic Uncertainty

(Data-Theory)/Theory

30 40 50 60 70 8Q
Di-jet Invariant Mass [GeV/c"]

Ed’s / d°p (mbGeV2c?)

10?
10
1
10™
10

107

< s (n+n*)/2 p+p 200 GeV
L ]
'.. ® (p+P)/2 p+p 200 GeV
\i —NLO pQCD AKK FF
§
1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 [ 1 1 1 |
0 2 4 6 8 10

Transverse Momentum P, (GeV/c)

e Jet and di-jet cross-section in p+p is well described by NLO
pPQCD calculations over 6 orders of magnitude

e Minimum bias particle production in p+p also well modeled.

Jet and high pr particle spectra well calculated by pQCD

STAR : PLB 637 (2006) 161, PRD 95 (2017) 7, 071103

S. Albino et al, NPB 725 (2005) 181
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Early conditions: Temperature

Initial temperature well above T even at Vsnn =39 GeV

T, [MeV/c]
TN
o
o

w
(o))
o

300
250
200
T80
100

50

ALICE \s,,, = 2760 GeV, 0-20%

:_ PHENIX \?NN =200 GeV, 0-94% Fit range P, €[0.9 GeV, 2.1 GeV]
— Fit range p_<[1.0 GeV, 5.0 GeV] Pb+Pb T, =297 + 12 = 41 MeV/c
— Cu+Cu T, =288 = 49 + 50 MeV/c Phys. Lett. B 754, 235 (2016)
- PHENIX |s,, = 62.4 GeV, 0-86% é
— Fit range P, €[0.5 GeV, 2.0 GeV] @
= AutAu T, =211+ 24 + 44 MeV/c
- ® PHENIX |s, = 200 GeV, 0-92%
— | Fit range P €[0.6 GeV, 2.0 GeV]
—PHENIX \'s,, = 39 GeV, 0-86% Au+Au T, =242 + 28 = 7 MeV/c
—Fit range <N €[0.5 GeV, 2.0 GeV] Phys. Rev. C 91, 064904 (2015)
Au+Au T, =177 = 31+ 68 MeV/c
- —— 2760 GeV Pb+Pb:y  subtracted
— N E NIX 200 GeV Au+Au: Y orompt subtracted
— PH///\\\ 200 GeV Cu+Cu:y rompt subtracted
— P relimina ry 62.4 GeV Au+Au:y Zm , unsubtracted
— 39 GeV Au+Au: Y orompt unsubtracted
-I- | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII

2 3 .
1 10 10 10 \/SNN

T from direct photon pr spectra
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Initial Conditions: Energy density

2200 T o ALICE

2000 AMPT
== UrQMD

1800
1600~
1400~
1200~
1000~
800- ./ 48
600,725, o e
; o

ch

dN /dn

In central events:

dNch/dn ~ 1600
( pT) ~ 650 MeV

R~7fm

Radius of Time it takes to
medium thermalize system

To ~ 1fm
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Initial Conditions: Energy density

2200 g aLice

2000~ AMPT
- - UrQMD

1800
1600
1400
1200
1000
800-{ .,
S o e
600,775 4w 8®
AT
40044
200

ch

dN _ /dn

In central events:

dNcn/dn ~ 1600
( p1) ~ 650 MeV

R~7fm

To ~ 1fm

0 T T T T T T T T T T
-6 -5 4 3 -2 -1 0 I 2 3 4

Radius of Time it takes to
medium thermalize system

~75 times normal
nuclear density
=~ 15 tlmes > 8critical

(lattice QCD)
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10 GeV/fm3. Is that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

100 x 10"°BTU x

1060J

leV

X
BTU 1.6x10°1%J

At 10 GeV/fm3, this would fit in a volume of:

6.0 X |

038

10 x 1

09

— 6.6 x 10°® fm?

— 6.6 x 10°%eV
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10 GeV/Im3. Is

that a lot?

In a year, the U.S. uses ~100 quadrillion BTUs of energy
(1 BTU = 1 burnt match):

100 x 10"°BTU x

1060 leV
‘ — 6.6 x 10°%V

X
BTU 1.6x10°1%J

At 10 GeV/fm3, this would fit in a volume of:

6.0 X |

038
— = 6.6 x 10°® fm?

10 x 1

Or, in other words, in

09

a box of the following dimensions:

3/6.6 x 1028 fm3 = 4 x 10° fm = 4um
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