Photon-jet and Dijets from RHIC to the EIC

Joe Osborn

Oak Ridge National Laboratory

May 25, 2021

g‘(,OAK RIDGE

National Laboratory

BROOKHFAEN

NATIONAL LABORATORY



Photon-Jet and Dijet Physics

e A wide range of physics is accessible from photon-jets and dijets

Unpolarized PDFs and N"LO physics

Spin physics - AG, TMDs, transversity etc. (See Renee Fatemi's
talk)

Fragmentation and Hadronization - FFs, TMDFFs

Partonic energy loss

Diffractive structure functions

Possible effects from entanglement

e Disclaimer: Impossible to robustly cover all of these topics in 30

minutes. I'll only discuss some which have been most covered by

previous and upcoming RHIC measurements
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Jets

e Jet physics is a broad experimental
endeavor at RHIC and the LHC

e Enabled by more robust
comparisons that can be made
between theory and experiment
with recent jet finding algorithms D
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Jets

e Jet physics is a broad experimental
endeavor at RHIC and the LHC

e Enabled by more robust
comparisons that can be made
between theory and experiment
with recent jet finding algorithms p

e Jets are a proxy for partons, and

thus provide sensitivity to the

underlying partonic dynamics p
e Dijets and v-jets are an optimal

proxy for 2 — 2 scattering

kinematics in hadronic collisions
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e BUT - jets are still formed from
final-state hadrons!

e Nonperturbative elements of QCD
still important in understanding
perturbative jets
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Jets

e BUT - jets are still formed from
final-state hadrons!

e Nonperturbative elements of QCD
still important in understanding
perturbative jets

e We can use a perturbative object to
learn about nonperturbative physics D

e One of the fundamental questions
we are all trying to answer - how do .
the nonperturbative and p
perturbative aspects of QCD lead
to what we measure?

e Jets are inherently a multiscale
observable (making them
interesting)
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e What is on our wish list to robustly
study jet production?
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Jets: What do we want?

jet

e What is on our wish list to robustly
study jet production?

1. A way to connect the initial-state
parton to the final-state hadrons
e Jets, as a proxy for a parton,
are a tool to connect the
perturbative to

nonperturbative
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e What is on our wish list to robustly
study jet production?

1. A way to connect the initial-state
parton to the final-state hadrons
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are a tool to connect the
perturbative to
nonperturbative

2. A way to connect the flavors of
the initial-state parton to the
final-state hadrons

e Would allow for complete
characterization of
parton — hadron



Jets: What do we want?

e What is on our wish list to robustly

study jet production?
1. A way to connect the initial-state
parton to the final-state hadrons

e Jets, as a proxy for a parton,
are a tool to connect the
perturbative to

nonperturbative

2. A way to connect the flavors of
the initial-state parton to the
final-state hadrons

e Would allow for complete
characterization of
parton — hadron

3. Statistics to study
multi-differential correlations
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Jets: What do we want?

e What is on our wish list to robustly
study jet production?
1. A way to connect the initial-state
parton to the final-state hadrons
e Jets, as a proxy for a parton,
are a tool to connect the

perturbative to
nonperturbative

2. A way to connect the flavors of
Parton flavor studies the initial-state parton to the

e Resonance production (¢, J/v, T) final-state hadrons
e Would allow for complete

e Correlations (e.g. kinematic, characterization of
PlDed. . ) parton — hadron
° 3. Statistics to study

multi-differential correlations

What can we do before EIC?
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RHIC - the polarized collider
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Measurements for AG

e A host of new jet Ay,
measurements have recently been
published

e STAR dijet at 200 and 510 GeV

e Phys. Rev. D 100, 052005
(2019) (Run 12 @ 510 GeV)
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Measurements for AG

e A host of new jet Ay,
measurements have recently been
published

e STAR dijet at 200 and 510 GeV

e Phys. Rev. D 100, 052005

(2019) (Run 12 @ 510 GeV)
e arXiv:2103.05571
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Measurements for AG

e A host of new jet Ay,
measurements have recently been
published

e STAR dijet at 200 and 510 GeV

e Phys. Rev. D 100, 052005
(2019) (Run 12 @ 510 GeV)
e arXiv:2103.05571

e Also preliminary PHENIX inclusive

jet, direct photon A/,

Joe Osborn
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Measurements for AG

. F direct photon A
e A host of new jet A; 0.04 Lsolatid rect photon M
- p+p Vs =510 GeV, n| < 0.25
measurements have recently been i
published 0.02 T
. i T 1 DSSV14
e STAR dijet at 200 and 510 GeV [ J44 Lo
e Phys. Rev. D 100, 052005 <:" 0: LI
(010) (Run 120510 Gev) | damtiturceany o
e arXiv:2103.05571 ’ L: 6.6% scale uncertainty from
.. . . | polarization not included
o Also preliminary PHENIX inclusive  _g ggl-..-
- . b PH:<ENIX
jet, direct photon A/, : prellmlnary
e Impact of Run 13 /s = 510 GeV —O-GGEI-, — 10 — — 2‘0
data will be seen with latest results [GeV/c]
and STAR dijet results! Z. Ji, Dis2021
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IFF Measurements

g STAR Preliminary 2015 [ Radici et. al.
H S T+p — atn +Xat Vs=200GeV —— Run 15, Cone < 0.7
e New interference FF results from EE P

—e— Run 06, Cone <0.3

Run-15 STAR have much improved
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B. Pokhrel, DIS 2021
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IFF Measurements

& 10‘5
. NL" F STAR values span broad
e New interference FF results from > [| * stars=s00cev and overlapping regions
. O 10°=
Run-15 STAR have much improved o = F| # smr-2mow ok W K
. fte
precision 12| = werwes A
e |Important measurements to 0 [l compass s
E A
complement available SIDIS data Lo e
. . . r L 4 A "
e Cover similar x region but at high 1 o
2 g
) i ; T AL !
e Looking forward to EIC with 10 10°

broad x — Q? coverage
Phys. Lett. B 780, 332-339 (2018)
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TMD Related Measurements
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Particle jet P, [GeVic]

B. Pokhrel, DIS 2021

o New STAR Collins results with
PID(!)
e Should make the most use of PID

as possible towards EIC (e.g. at
STAR, ALICE, LHCb)

o See more in hadronization, later



Dijet Sivers

C —e- + tagging
[ -0 tagging
0.2 - — 0" tagging
C —e- - tagging
o 1: { e STAR has recently updated their
CLI [average] . .
s I : dijet Sivers measurement from 2006
S o | : { { }
Z 0 3 ; i . ] e Nonzero asymmetry when charge
01" tagging is employed at the jet level
T STAR Prelimi . ,
- 201242005 e See R. Fatemi's, Z. Kang's talks
_0'2; ;ilnfnc;'xb;ﬁf: Dijet pT > 6 GeV/c & 4 GeV/c earlier today
B b b b s byvaa b b Lo s b Laaas
4 = _

total
n
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QCD Color Effects

e QCD is unique due to non-abelian
nature - gluon self coupling

e Leads to fundamental predictions of =
the field theory §
e Sign change of PT odd £
TMDPDFs (e.g. Sivers, Boer =
Mulders) -§
e Factorization breaking of certain §
processes
e PHENIX measured direct v — h*
and 7% — h* correlations to provide
first measurements of TMD

factorization breaking predictions

e Calculations assuming
factorization for comparison
needed

Joe Osborn
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Phys. Rev. D 98, 072004 (2018)



QCD Color Effects

‘% 0-6:'"'I""I""I""|""|'"'|""|""|""|""E
Sossp  0.049,<007 | =
8 055 ©2.5<Q°<3.5 [GeV/c] 4 E
% 4'5§ l3-5<2QZ<6 [GeV/Cf = 3 e Towards EIC - what can we learn
>0.40F £ 6<Q°<10 [GeV/c]”_; = . .
045 [ L 3 from comparing available RHIC
A - —— =
E e o ? E data to current ep, ete™ data?
0.35 s =
0.3F L 4 e Emphasizes making measurements
E e E . .
0.25F e = that are as kinematically
0.2 - E comparable as possible for robust
0.15¢ 3 systems comparisons

JDO, 1806.07763
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SIDIS TMD Data

T H1 preliminary-|
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(e} L 0.2<y<0.7 ] & =
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o 101 10°

M. Aratia, DIs 2021 AT/Q

e HERA data being re-analyzed given new results from RHIC/LHC in
last decade

e Emphasizes reusability of RHIC data! What will we want to
re-analyze in the 2030s given new EIC information?
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RHIC - the jet factory
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STAR

Soft Drop

£ r T T T T T
i3 * E STAR
o °F Re02 E p+p Vs = 200 GeV
o 3 15<p <20 [GeVic] § anti-k, Jets, *'l+R<1.0
% e * Tojet F SoftDropz__ =0.1, =0 J
2 °F cut
Z £ E3 R=06 E
T 15<p,  <20[GeVic]
P F g E
Q E
2 sk ES
— o x E 3 * kKX *
T F *
E Lode 1 L Fe ok | ! !
} t T B
oF ES 1
o 8F ES Kang et al. E
o * STAR data
ke i3 * [ Sys. Uncert E
o e R=0.2 E3 E
Z & o« * s0<p  <dojGeve] i R=06 3
E=] et 0<p <40 [GeVic]
= 4 + d E
[¥
_Z;ﬁ 3f + * % E
- B 3 x * 1
= T Kxx e k|
L L L 1 1 ¥
02 0.4 06 02 0.4 06
Ry Ry
Phys. Lett. B 811, 135846 (2020)
Joe Osborn

New STAR results are first study at
RHIC of Soft Drop splittings
Highlight R, which shows need for
more robust theory calculations
relating fragmentation and
hadronization effects
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STAR Soft Drop

-
o

P - » 0<R;<0.15 STAR Preliminary b .
8 [* 015SR;<030  pupys=200GeV 1 e New STAR results are first study at
g 8% OR=R=00 anik+CAR=04 | RHIC of Soft Drop splittings
= [ SoftDrop z t=0.1,[3=0 ] PSP &
‘: 67 cut _ . . .
- . 0<p,  <2GeVe e Highlight R¢, which shows need for
4 ¥ ' . more robust theory calculations
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- x ¥ x ]
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N
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R. Elayavalli, DIS 2021
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Partonic Contributions

0.49 nb™ Pb+Pb

s 25 pb™ pp
——_, Y., s02Tev
——,
e Alter partonic contributions of R
el

=80-126 GeV, p = 63-144 GeV -~ —

v
-

3] 0-30% Pb+Pb (x10%), y-tag

underlying hard scattering processes

e ATLAS ~-jet compared to inclusive
jet FFs

B85 pp (x10%), y-tag
= pp, inclusive jets, p"f‘ =80-110 GeV

Q
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[e] =
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Phys. Rev. Lett. 123, 042001 (2019)
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Partonic Contributions

e Alter partonic contributions of

underlying hard scattering processes

e ATLAS ~-jet compared to inclusive

jet FFs

e LHCb 7/Z°jet compared to
inclusive jet TMD FFs

Joe Osborn
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Phys. Rev. Lett. 123, 232001 (2019)
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Partonic Contributions

CMS Preliminary <35.9 b (13 TeV)
G wf T ] g ——— Data
S B = 02fE FEL ] = b e 1 osf 4 L MG5+Pythia8
P oob = TG o] - —+s] T CUETPEMA
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e CMS ~/Z°%jet and inclusive jet
generalized angularities

CMS-SMP-20-010 (2021)
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Flavor Dependence - Heavy Quarks

6 (rad)
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Universality of FFs

e New results from ALICE challenging
universality of charm fragmentation
fractions!

e More measurements like this
needed, directly comparing
observables between collision
systems

e Can help guide EIC measurements

Joe Osborn
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LHC measurements — RHIC measurements

Joe Osborn
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sPHENIX at RHIC

T o = S

= E HETS 4r T T T E
'cg 4 SPHENIX Projection, Years 1-3 13 F SPHENIX Projection E
s 5 5: —=— 6.2 pbb;' str. P, 13 35 JEWEL 2.2.0, T = 260 Mev E
@ 350 —e— 21 nb ' rec. Au+Au, 9—10% ERRS 3F Years 1-3, p! > 30 GeV E
& o = STAR Au+Au,0-20%, PRL124 El F m62p0 samp. p+p E
=, 5; Tsinghua 1 2.5F o 32nb"samp. AutAu (0-10%) E
~E — Catania E E B
o —TAMU ] 2E E
L5 — PYTHIA8 E 15F ++++ 3
1t 3 1= - —— + =
E.. ] E —— B
0.5t S 05F -~ =
ot -
! } by e t ! f E, —arw—wi®% I | =

o 1 2 3 4 5 6 7 8 9 % 02 04 06 08 1 12 14
sPHENIX Beam-Use-Request, 2020 p; [GeV] Photon+Jet Xy,

e Much of this points to SPHENIX capabilities, which will have
dedicated y—jet, ¢ and b-jet (hadronization) studies

o | will not steal John's thunder, who will tell us about sSPHENIX in
the next talk!
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Jet Substructure at the EIC

The available PIDed (z, 1) phase space that could
be probed with Jet/HF PWG PID requirements

9F

§ b 18x275

i I p'>10 Gev

- E > 2 10*
7E Q%16 GeV/
6 Te-in-jet
5; Jet/HF Proposed PI| 10°
4

E 10°

&S
25 10
1

il I L L
01 02 03 04 05 06 07 08 09 1 1

JDO, EIC Yellow Report Fig. 8.49 z

e Jet substructure will play an important role in EIC physics

e See e.g. EIC Yellow Report, where jet substructure considerations
were important for guiding detector requirements
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Jet Substructure at the EIC

The available PIDed (z, 1) phase space that could The ratio of the PID detector matrix
be probed with Jet/HF PWG PID requirements requirements to Jet/HF PWG PID
9 9 1
O 8 §F1510 Gev o s 18x275 -
- B V] 2 10t < GE jet. 0.8
TE Q°>16 GeV' 7E p;>10 GeV
E TE-inet sE Q%16 GeV? 0.7
L Jet/HF Proposed Pl 10° £ TE-in-jet 0.6
E 0.5
4=
E 10° E 0.4
3 3E 0.3
25 10 25 0.2
1 1= 0.1
1 L L L E
01 02 03 04 05 06 07 08 09 1 * 0102 03 04 05 06 07 08 08 1 °
JDO, EIC Yellow Report Fig. 8.49 z z

e Jet substructure will play an important role in EIC physics

e See e.g. EIC Yellow Report, where jet substructure considerations
were important for guiding detector requirements
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RHIC - the heavy ion collider
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e RHIC is a versatile heavy ion machine (STAR has expanded this
even further!)
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Energy Loss and Gluon Saturation

N T T T T T
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Phys. Rev. C 99, 044912 (2019)
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Energy Loss and Gluon Saturation

e PHENIX measured nuclear
dependent charged hadron
azimuthal widths at midrapidity

e STAR has measured nuclear
dependence for di-m® production at
forward rapidity

e Maybe a small event activity
dependence? Note different
rapidities

e See Xiaoxuan's talk on Monday

Joe Osborn
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Relation to A dependent Ay?

0.27<xF<0.37
z
<004 PHENIX © E 2 STAR Fit to Ratio=A"
r . [Syy= 200 GeV . 1.8 )
0,03j p+p hY, 0.1<x <0.2 i 4 gE — P=-0.037:0.007 (Typel)
0.02 14<n<24 E 4.4F ~ T P=-0-026:40.008 (Type2)
: N
2
1.2
0.01— <
- p+Al
Gf p+Aul
-0.01- K
o a3y = Ay
_0027 f(A ) (A1/3)(X
| L1 \ \
1 2 3 1/34 ’ 1 1 1 1 1
A S 3

5
Log A
i i Phys. Rev. .D 103, 172005' (2021)
e Differences in nuclear dependence of transverse single spin

Phys. Rev. Lett. 123, 122001 (2019)

asymmetry also seen between charged/neutral and different rapidity
regimes. What is the underlying physics relation?

Joe Osborn
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Towards the EIC

1.6
1.4
1.2

1
0.8
0.6
0.4 mEPPSI6

EEPPS16+CB
0.2 | mEPPS16+CB+FI

(z,Q% =10 GeV?)
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u+d+3
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0 T N1 N T S R T T1 |
107* 1073 1072 107" 1
X
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16 T T T T T T T T T T T T
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g

R

0
107* 1072 1072 1071 1

xT

Phys. Rev. D 100, 014004 (2019)

e Utilize simultaneous observables to improve nPDF fits

o Reduces overall normalization

uncertainties in R,o measurements

e Utilize versatility of RHIC as a heavy ion collider
e RHIC future experiments (fSTAR and sPHENIX) will have the

capabilities to weigh in on this

Joe Osborn
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Towards the EIC

Joe Osborn

12 T T T T T T
b /5 = 200GV, 20 < M < 30 GeV

—

11F
)
=
= 1.0
)
=
0.9
I T EPPSI6
L 7777 nCTEQI5
0.8 1 1 1 1 1 1
-1.0 -0.5 0.0 05 10 15 20

Ydijet
| Helenius, J. Lajoie, JDO, P. Paakkinen, H. Paukkunen - Phys. Rev. D 100, 014004 (2019)
Utilize simultaneous observables to improve nPDF fits
e Reduces overall normalization uncertainties in R,a measurements
Utilize versatility of RHIC as a heavy ion collider
RHIC future experiments (fSTAR and sPHENIX) will have the
capabilities to weigh in on this
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Towards the EIC
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e sPHENIX and STAR will have robust p+A programs in the final

years of RHIC

e Still much more to come from both experiments in preparation for

EIC
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Looking towards the EIC

22



Conclusions

e Photon-jet and dijet probes have accessed a huge range of physics at
RHIC

e Unpolarized PDFs and cross sections
e Fundamental questions of QCD

e e.g. Sivers measurements, entanglement

e Spin - AG, TMDPDFs, TMDFFs, transversity. . .
o Nuclear modification of observables (or lack thereof...)

e e.g. dihadrons, Ay, FFs
e Much more to come from both STAR upgrades and sPHENIX! Input
from LHC will be important for guiding future measurements
e Emphasis towards EIC

e What must we measure now when we will no longer have a hadronic
collider operating in a similar /s regime?

e Data preservation - HERA/LEP data being reanalyzed now within
context of RHIC/LHC results! What will we want to come back to
when given the context of EIC data?
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Long Range Correlations

e Archived ALEPH data used to
compare long range correlation in
ete™ to hadronic collisions

e Importance of (again)

e Archiving data for later use (who
knows what we will discover)
e Comparison of different systems

Joe Osborn
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Nuclear Modification of Hadronization
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o PHENIX has measured the nuclear
modification of v — h* correlations

in d+Au and Au+Au
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Nuclear Modification of Hadronization
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