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pP+p pQCD baseline for

Isolated photon spectra
— @ @ — / photon+jet topologies

p+A

4—
initial state effects

Iinitial state effects +
final-state energy-loss

A+A

—
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Photons in EM Barrel (|n| < 2.37) @
and EM Endcap (1.56 < |n| < 2.37)

Jets in calorimeter system (|n| < 4.9),
but typically |n| < 2.8 in Heavy lons,
or |n| < 2.1 for fragmentation functions (|| < 2.5)
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|solated photon Cross-sections
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measurements at 7 leV
8 TeV. 13 TeV (shown here)

e Early (7 TeV) data compatible w/ theory given large exp.

Theory/Data

Theory/Data
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uncertainties

e Newer data systematically higher than central JETPHOX (NLO pQCD)

= does not seem to be covered by “spread” of modern PDF sets


https://link.springer.com/article/10.1007/JHEP08(2016)005
https://www.sciencedirect.com/science/article/pii/S0370269317303465

Isolated photon Cross- sechons
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e Data /theory diff. larger at lower Er, outside nominal scale unc.

= no true NNLO photon+jets calculation, but can use for example
PeTeR (“NNLO-like")

e Data more precise than state-of-the-art in theory...
= mportant to have pp reference data for Hl measurements...


https://www.sciencedirect.com/science/article/pii/S0370269317303465
https://link.springer.com/article/10.1007/JHEP08(2016)005

Photon+multijet dynamics in pp

For HI measurements, large
difference in low-pr jet yield for

Inclusive vs. leading selection... =

= different g/g fraction,
different A distribution, etc.

= can complicate interpretation
of the data

(dN/dx JY)

Tests fundamental production &
radiation/hadronization dynamics

= handle on direct vs. fragmentation
processes (in an LO sense)

= color connection / coherence effects
between radiating partons

pYT =80-100 GeV, In'l <2
R=0.4 ;f’jt >20 GeV, 11 <2
IA$l > 77/8

inclusive leading
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Photon+multijet dynamics in pp

“‘Where is the 2nd jet most likely to be?”

' ' ' I
ATLAS

s =8 TeV, 20.2 fb™
pp —> v+ 2jets + X

i e

e Data
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A jet1 Jet2[ d
for larger pret2 / pr¥, it is
opposite the first jet...

Nucl. Phys. B 918 (2017) 257

for smaller pret2 / pr¥, it
IS near the first jet...
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https://dx.doi.org/10.1016/j.nuclphysb.2017.03.006

Photon+multijet dynamlcs IN pp
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For a second jet near the first jet:

= the two jets are more likely to be separated
separated along the ndirecton =~~~ """ "7 < in An

(have similar Adgy¥+iet) than along ¢ ...

Nucl. Phys. B 918 (2017) 257



https://dx.doi.org/10.1016/j.nuclphysb.2017.03.006

Photon+multijet event

p+Pb \/SyN = 8.16 TeV, 3" EFP = 33.1 GeV
photon: pt = 154 GeV, n =-2.07, ¢ = 2.96
jet1: pr =214 GeV, n =0.63, ¢ = 0.58
jet2: pr=110GeV, n =-0.54, ¢ =-2.05
jet3: pr =48 GeV,n =-0.72, ¢ =-1.58

ATLAS

EXPERIMENT

Run: 313100
Event: 231409476
2016-11-18 23:34:46 CEST



|solated photon cross-section in p+Pb
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e Broad measurement (pr = 20-500 GeV) of isolated photon production
= asin pp, under-prediction by NLO calculations (w/ nuclear effects)

e [n Preliminary results shown here, ~7% p+Pb luminosity uncertainty is
dominant in some kinematic regions!

= for final results (soon to appear), this has been reduced to ~2.5%
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|solated photon cross-section in p+Pb
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Event: 369734588
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Di-photon event

p+Pb \/syn = 8.16 TeV

pi 4 =36.7 GeV, n1 = 0.96, ¢1 = 0.21
pi, =34.2 GeV, n2 = 1.68, ¢ = -2.91
ST EFP =19.9 GeV

e Detailed reference

measurements at 8 TeV

e myy compared to DIPHOX,
RESBOX, NNLO, Sherpa

= should estimate nPDF
effects!

Phys. Rev. D 95 (2017) 112005
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https://dx.doi.org/10.1103/PhysRevD.95.112005

photon-tagged E£-10Ss In p+A’7

ATLAS-CONF-2017-006

l L] l I I I ) I 5\|_ LA L L B Y I B BB BB B B

[ Q - ATLAS Prellmlnary
[ 9<p <12GeV ' S b pePb |5,,=8.16 TeV, 171 nb”

’ 5'_ ] 0.1~ 0.5<p2<5 GeV .
- ATLAS OooOoOOOOOOO
- PRC 90 (2014)

0.05 i i { %i i} i

044906

1- |
- OBEMS IIIIIIIIIII PPPSﬂGTGX ; Zsppsfc;:\j\(/hzfé:rc:eljta::s;):
[ 185 < N2 < 250, -1.46<ycm<o.54<> 1 o0 750 200 250 300
i o D° - Nen
0.5 ofoes g 8 & b
~ oA o Q %
> -8 o 4 g =
ol 0.1 Dg% oo ¢ @ B
| l | - O ®
0 2 3 -6 ®  hep-ph/1804.09767
Ad o"'z'"'pi(G;V)"é"'é'
appreciable modulation of high-  collective behavior of HF decay
OT hadrons in <1% ,O+1Db /elol'ons & HF hadrons

o |f there is a QGP with fluid dynamics, can we constraint /
observe jet modification with photon-jet / photon+hadron?

= (0.5 M isolated photons in this data with pr¥ > 35-40 GeV
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Run: 286834
Event: 124877733
2015-11-28 01:15:42 CEST

Pb+Pb Vsnn = 5.02 TeV
photon + multijet event
> ErFCal = 4,06 TeV

ATLAS

EXPERIMENT

balancing
jet(s)?

17



Ratio to JETPHOX (pp)

Ratio to JETPHOX (pp)
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o -xpect > 20x statistics in 2018

Pb+Pb data

= can address recent questions

apbout
IN per

———

nard scattering biases
oheral events

—>

= |.e. does et quenching “turn
oft” sooner than expected...

RAA

Photon yields In
Run 1 (2.76 TeV)
Pb+Pb collisions

“‘triple differential”
In pr, N, centrality

Phys. Rev.C 93 , 034914 (2016)

1

o

o

B I I I I I I I I I I I I I I I I I I I I I |
- Pb-Pb, \s,,, =5.02 TeV, charged particles, In1<0.8 -

= ALICE data, 8 < p. < 20 GeV/c
- — HG-PYTHIA, PLB 773 (2017) 408

2

nucl-ex/1805.05212

U T T B T B

80 100
Centrality (%)

20 40 60


https://dx.doi.org/10.1103/PhysRevC.93.034914

What is the (absolute) amount of energy
lost in cone?

Photon + (inclusive) jet pr-balance
= Xpy = p7et / pr¥ (for Ap>7rn/8)

Phys. Lett. B 789 (2019) 167 ic



https://doi.org/10.1016/j.physletb.2018.12.023

Results are fully corrected (“unfolded”) for detector effects:
= “detector-free” data-theory comparisons

= data-data comparisons (LHC-LHC, LHC-RHIC, etc.)

= recover interesting features in data, e.qg. distributions of
F loss (Milhano & Zapp hep-ph/1512.08107, Hu, Peng & Wang nucl-th/1808.05310, etc.)
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dN/dx, )

h

(1/N,)

Ratio of (1/N,)(dN/dx, )

Photon+jet pr balance in pp

1 gE- P.=63.1-79.6 GeV  ATLAS JE
O Mt -
1 65 pp 5.02 TeV, 25 pb” E LS,
1.45_ —e— Data _E %
= fgu - Pythia8 A14 NNPDF23LO - =
1.2 pad —
1:_ m E -------- SherpaCT10 = §
0 85— ok Lﬁ’"”e t = Herwig H7UE MMHT2014i0 ~
“E *:L: =
0.6 P =
04 - 2

Ratio of (1/N,)(dN/dx,,)

02 04 06 08 1

1.2

Compare directly to MC generators at

particle-level: Pythia 8 Sherpa Herwig 7

unfolding recovers
sharp ,oeak

p? = 100-158 GeV

| /ATLAS |

pp 5.02 TeV, 25 pb’

—e— Data

=== Pythia8 A14 NNPDF23LO

SherpaCT10
+ Herwig H7UE MMHT2014lo

uuuuuuuuuuuuuuuuu

but note contribution
from FSR jets
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peak Zetgms :in Results: pr¥ =
50-80% Pb+Pb 63.1-79.6 GeV

| events

= 2F 3
%’ 1.8F - ATLAS
S 16F 3 pp 5.02 TeV, 25 pb
S E 3 Pb+Pb 5.02 TeV, 0.49 nb
3 3 pl. = 63.1-79.6 GeV
— 8-22- 3 =] pp (same each panel)

0.2F 3 ] Pb+Pb
~ 2_'—!"'l"'l"'l"'l"'l"'l"'l"'l"' R ] LI B B UL IR ILRLE IR I
318
< 14t -«
= 1.2F e
= I M
S ogh e o
= -

0:25_ | | | | I-.-EI

55040608 1 12141618 02040608 T 721416158 oéb4bébé”fﬁéﬁ41618
X X
J g

peaked structure destroyed in 0-10% |



50-80% Pb+Po

events compatible

W/th pp

(1/N,)(dN/dx )

OO0 =t N OO0OO0O0 4= DN

(1/N,)(dN/dx )

il\?l:lhll;oll;“ilﬁlil\?l:lhII;mII;“illylip i\) :h lm @ = iv :h -m & I\) I\)

Results: pr¥ =
100-158 GeV

e i T scs

W**

ATLAS
pp 5.02 TeV, 25 pb™
Pb+Pb 5.02 TeV, 0.49 nb™

p”; = 100-158 GeV
= pp (same each panel)
= Pb+Pb

P(Elost Iarge) >0 P(Elost 0) > 0
visible peak even in 0-10% Pb+Fb!



20-30% Pb+Pb centrality
pr = 63.1-79.6 GeV pr = 79.6-100 GeV pr = 100-158 GeV

—t b —h —h

(1/N,)(dN/dx )

ololele)

NRDONRDON

o IIIIIIIIIIIlllllllllllllllllllllllllll

o IIIIIIIIIIIlllllllllllllllllllllllllll

2040608 112141618 2040608 1 12141.618

X

02040608 1 121.4161.8
Jy Xy

Consider a picture of energy (2 | ATLAS anti-k, R=0.4jets, [5y=502TeV |
loss as arising from a few 1
discrete scatterings

= jets either lose no energy | N
(Raa =1) or a lot (Raa = 0), | SELIN
constrain from high-side talil | :mmimm

= this picture “underpredicts” 0.9

suppression in jet R <28 -
PP JEL RAA 2015 data: Pb+Pb 0.49 nb™", pp 25 pb-!  [£120 - 30%

: IIIII <T.AA.> elmld luminosity uncer.

= oresumably quarks less

guenched than gluons 40 60 100 200 300 500 900
p, [GeV]
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Direct comparisons to theory (no smearing)

pp 0-10% Pb+Pb

1.6 L B L B B AL BRI "%16 T
: n  ATLAS < : ATLAS
1.4 i i  5.02TeV,25pb" - 2 M4r 5.02 TeV, 0.49 nb™"
u " v - Y N
1.2F gy, Py=631-79.6 GeV 4 2 t12p + p! =63.1-79.6 GeV -
1F ST e pp 4z ¢ o1 Pb+Pb 0-10% ]
. S | L - JEWELPYTHIAL T F | N -+ JEWEL+PYTHIA 7
o BEFTLS e hybrid : N ;E]_: Fybrid :
i T 4 ...BDMPSZ - 0.6 : B?szg-é v )_:
- -yt " - - : q=2-8 GeV"/im) -
0.4E :}'5:1 .- SCET, : 0.4 : o SCET. :
021 T O E 0.2}~ : (g=2.022)
‘...|...|...|...|...|?'I'T":TWM R T BRI B R s Rt -
02 04 06 08 1 12 14 16 18 02 04 06 08 1 12 14 16 18
: : Xy , X
Test description of Can models describe
vacuum (pp) baseline centrality / pr¥ evolution?
Models with Pythia Difficult to describe
vacuum distribution (e.g. detailed shape! (
Hybrid) tend to do well... tends to do well...)
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Comparisons to (future) HI data @ RHIC

g 0_5:| T T T T T T | T T T | T T T | T T T | T T T | T T T T T |: ) . I
'c-% 0453_ * —# pp 200 GeV _f sPHENRIX il || ’I i | l
% 0 45_ Pythia vy +jet | _E 4 R I l \‘
S E * o pl >40GeV, R* =04 = | ‘
S 0.35F 3
i - 4 pp 5.02 Tev E ?uter HCal
g 0.3k - PLB 789 (2019) 167 - inner HCal solenoid
o 0.25F HEPDATA.85369 — = bk U
2 - » _ ] p— 8- o BN
= - pl>100 GeV, R* = 0.4 3 INTT & MVTX i iR EMCal
: e oo E @ D 2 ' TPC
O. 1 :_ 8 g _: ) ‘i’ \
- P = - —e— = p !2? B
005 __ -] e oy
- 0. I-' = —— . s - >
O_I T B L.l..|_|,.;!'| R B R B m_'lm — ‘ ]
0 02 04 06 0.8 1 12 14 16 1.8 2
_ i€t Y
Xy, =P 1Py

Major physics goal for the HI community: compare jets at RHIC & LHC
with similar “unquenched” kinematics / flavor / cone size

= one good opportunity for this: select jets with high-pr photons

= above: compare particle level y+inclusive-jet @ RHIC-sPHENIX to
unfolded y+leading-jet @ LHC-ATLAS



How IS the parton shower in cone
modified by medium?

photon _v
......... - D
fﬁ > (pr") or

jet jet D(z = pr" / pr€!)
particles

Photon-tagged frag. function

(with respect to the jet pr)
note: topological cuts select /leading jets only

ATLAS-CONF-2017-074
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y-tagged jet F- In pp

(1/N.o) (dN/dz)

ATLAS Preliminary

S
S
N
o
g
o)
o1
o
N
—
@
<

Data, y-tagged jets
—  PYTHIA 8 A14 NNPDF23LO SRR

Y-tagged let 102 #] Data, inclusive jet (pjTet =80-110 GeV) T
(quark jet-dominant) g 2 IS
O
Inclusive jet 3
(gluon jet-dominant) ¢
E
oC

Inclusive / y-tagged ratio
(also y-tagged Pythia/data ratio)
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Y-tagged jet FF In pp

102 OPAL 7§
A % hep-ex/9903027;
10 g
£ B
-§|-§ LE 9/‘10
— | Z 10'1;_ ’7 SN
o
10 &
_3§ — — AR-2
10 & -
S D I T D I A S DR IS

Sinc Jets
uds jets
Jetset 7.4
-, Herwig 5.9

Fragmentation

difference as expected

from, e.q. LEP

Inclusive / y-tagged ratio

/dz)

Ratio to y+jet Data

ATLAS Preliminary

-1
pp, 26 pb™, 5.02 TeV o
Data, y-tagged jets
PYTHIA 8 A14 NNPDF23LO SRERR
555555

0

Data, inclusive jet (pjTet = 80-110 GeV)

(also y-tagged Pythia/data ratio)

29



ratio of D(pT)

ratio of D(z)

30-80% Pb+Pb / pp

1.8 y tagged Jets 5 02 TeV_
1.6F \
- \
1,480 %
1. 28N % \\
CN \
L — S e 7
L . N\ Q .
0.8 e O -
- ATLAS Preliminary -
0.6~  30-80% Pb+Pb / pp ~
1 10 10°
p. [GeV]
b ] y-tagged jets 5.02 TeV -
i o]
1 .4_— §.§ N
[ N 1
1.2} S
\ N\
: N\
C
[ e S A\
0.8 . -
" ATLAS Preliminary
0.6~ 30-80% Pb+Pb / pp N
1072 107" 1

y-tagged jet FF In
30-80% Pb+Pb

: ¥~ rise at large-z / pr?

— less obvious here...
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ratio of D(pT)

ratio of D(z)

30-80% Pb+Pb / pp

0-30% Pb+Pb / PP

1.8 y tagged Jets 5 02 TeV_
1.6F \
- \
1,480 %%
1. 28N % \\
CN \ i
L — S T ”
L . N\ Q
0.8 e O -
- ATLAS Preliminary -
0.6~  30-80% Pb+Pb / pp ~
1 10 10°
p. [GeV]
b ] y-tagged jets 5.02 TeV -
i o]
1 .4_— §.§ N
[ N 1
1.2 S
N
: N\
o SRR
[ e S A\
0.8 . -
" ATLAS Preliminary
0.6~ 30-80% Pb+Pb / pp N

1072 107" 1
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55'_ 18l § v-tagged jets 5.02 TeV_
©
o 1-6\\\§ E
[CRN 1
1.4§\§ §
||.2\\ S0 %%
N
Q)
% --------------- S . Sk
.81 S
- ATLAS Preliminary -
0.6  0-30% Pb+Pb / pp ~
1 10 10°
p, [GeV]
’N\ T T T T T 1T | .I T T T T TT I_
2 16 \¥ v-tagged jets 5.02 TeV__
I\
§ 1.4_— Q N
- \\\\ Q :
121 \\ \% .
[ N N
e +
l ww Ny
[ N )
0.8 ) :
I ATLAS Preliminary
0.6 0-30% Pb+Pb / pp N
10°° 107 1



ratio of D(pT)

ratio of D(z)

30-80% Pb+Pb / PP |inclusive (gluon-

1.8E y tagged Jets 5.02 TeV_ a’om/nant) jets
1 .6: inclusive jets 2.76 T% :
I (30-40%)

y
\
1.4
R

1.2}

i S LeLeETTT -
0.8 S

ATLAS Preliminary

0.6  30-80% Pb+Pb / pp .

T o 1 | quantitatively similar
pr[GeY] modification. ..
o {"ytabged jets 5.02 ToV

% inclusive jets 2.76{TeV |
(30-40%) )
\\

—h
N
T | LI

—h
N
T LI

I ATLAS Preliminary il
0.6 30-80% Pb+Pb / pp ]

1072 107" 1



ratio of D(pT)

ratio of D(z)

30-80% Pb+Pb / pp

inclusive (gluon-

0-30% Pb+Pb / PP

18F y tagged Jets 5.02 TeV_ a’om/nant) jets § tagged Jets 5.02 TeV_
1.6/ inclusive jets 2.76 T%\ _g 1.6 % % inclusive jets 2.76 TeV -
i (30-40%) § = (0-10%)
1.4 A ?; 1.4 %
, 333:;%; N
1.28 % P 1.2 Sk
1_ ST ST ] TRy Q%“ """ \ """" L
L N p
0.8F - . 0.8 —a
- ATLAS Preliminary - ATLAS Preliminary -
0.6~ 30-80p~Rb.DRhlnn - 0.8 0-30% Pb+Pb/ pp N
: different modification 1 10 107
. / P, [GeV]
I_< /n Centra/ eventS. ~~ T T T T T T T I| T T T T L
165 W TAYUSUTETS 0-UZ TEV ] \S\\G‘ N\ y-tagged jets 5.02 TeV ]
I % inclusive jets 2.76{TeV | _g i \ % inclusive jets 2.76 TeV _
1.4 (30-40%) » g 14r v (0-10%) ]
i N % i \ '
1.2/ ‘ 1.21
: \ \ TN -
it S w o N\ - .
0.8 - - 0.8 e N
I ATLAS Préliminary il I ATLAS Preliminary
0.6 30-80% Pb-+Pb / pp N 0.6 0-30% Pb+Pb / pp N
1072 107 1 10°° 107 1
z z



ratio of D(pT)

ratio of D(z)

T L | T T T T T 1T
1.8F y-tagged jets 5.02 TeV_:
1 6:— % inclusive jets 2.76 TeV_:

i (0-10% / 30-40%)
1.4 .
i §§
1.2
1 &
0.8§
0.6
1
p, [GeV]

T L | T T T T T 1T

161 v-tagged jets 5.02 TeV ]
i % inclusive jets 2.76 TeV |

1_

1.4 \x\s ' (0-10% / 30-40%) |

1.2 %\\ %
- /

- CXXIKR

e 000

- RIS

XA

SXRKS

R 9. SIS

SIITRRK

% %%

e e

N

JRRRARKS

0.8

i ATLAS Preliminary
08 0-30% Pb+Pb /30-80% Pb+Pb

1072 10" 1

take 0-30% Pb+Pb /
30-80% Pb+Pb ratio

(like an “Rcp’)

weak centrality
dependence for
inclusive jets

photon-tagged
jets continue to be
modified with
centrality...
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ratio of D(z)

i I I I I T T | .I I I I L I_
1.6 s v-tagged jets 5.02 TeV__
I \ inclusive jets 2.76 TeV |
1.47 (0-10%)
1.2
t
0.8f
i ATLAS Preliminary |
0.6 0-30% Pb+Pb / pp N

1072 107"

how much of this can be
attributed just to flavor?

... . and how much to
selection effects?

(bias against strongly modified
jets w/ inclusive selection,
but not with photon tag?)
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Theory comparison: y-tagged

—k
()

ratio of D(z)
S &
I I I | I I I | I I I | I

—k
N

0.8

0.6

ATLAS Preliminary

0-30% Pb+Pb /| pp

glllull%/

T [ I| I I I I T 11
v-tagged jets 5.02 TeV ]

<
N}

1

107"

1

Z

ratio of D(z)

16 SCET, (g=2.0-2.2) -

[ Hybrid |

’ 4‘_ Hybrid (no back reaction) B

b — CoLBT-hydro T

- — - CoLBT-hydro (no jet-induced -

1 -2__ medium excitement) -

- 7]

0.8_— -

0.6_— -
L1 | |

1072 107 L

Z

Some models correctly describe the low-z enhancement
(CoLBT-hydro &

= particularly with back reaction / jet-induced medium effects...
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Theory comparlson Y- tagged & Inclusive

E i I I /N\ i I I T 11 | I I I L I_
5 1.6- s y tagged jets 5 02 TeV : S .6_— SCET, (g=2.0-2.2) -
8 ] \ % inclusive jets 2.76 TeV _ o v-tagged jets | ]
T 1.4- N (0-10%) — =1.4 Inclusive jets L —
| - - — CU L —
1.2} 1.2- -
1 e -
0.8+ 0.8~ -

i ATLAS Preliminary i
06 0-30% Pb+Pb / pp 1 0.6p | B
107 107 1 1072 107 > 1

Z

Simultaneous four-way data / theory / inclusive / y-tagged comparison

= SCETg captures the y-tagged vs. inclusive “ordering” for z < 0.1

— what physics in the calculation causes this?
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Nucl. Phys. B 918 (2017) 257
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