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| understood the request as the the direct RHIC -> EIC evolution. There is another line
RHIC <-> LHC with complementarity of physics and measurements. | did not
understand this to be the charge for the talk — few LHC examples




|. Theoretical underpinnings
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“I think you should be more explicit here in
step two.




Production of hard probes

Based on QCD / SCET factorization. Calculations at next-to-leading order (and

resummation where

applicable) are standard. Calculations at NNLO also exist

but still time consuming
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Interaction of hard probes in matter

» QCD inthe medium remains a Ovanesyan et al. (2011)

multi-scale problem. I will
. . QCD
focus on x+A reactions ] E V
“1
¢t
u
u p, A SCET
® Jo
time 3 i
Aad et al. (2010) p, Al e ] Medium
3
-
Medium | Hp

= Factorization, with modified J
(jet), B (beam), S (soft) functions
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SCET y;, cand LCWF

G. Ovanesyan et al . (2012)

Z.Kang et al . (2016)

In-medium splitting functions necessary
for higher order and resumed calculations

Develop specific EFTs for particle
propagation in matter

M. Sievert et al . (2018)

OZO ;1
dN(tot) dN(vac.) dN(med.) i
dxd’k,  dxd’k,  dxd’k,
= Factorize form the
hard part
= Gauge-invariant (z26) =gl

= Dependonthe

Often used in saturation calculations.
Can get on one shot massless and
massive splitting functions
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Differential branching spectra
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Effect of medium motion and

Inhomogeneities

= Inthe QGP - transverse and longitudinal expansion, rotation at non-zero impact
parameter, fluctuations

= Cold nuclear matter — orbital motion of nucleons, breakup of the nucleus, color charge
fluctuations

Effects on i e
—-> broadening %‘%Q/ | iy
" andradiation y@& o
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= Several selected results Scattering (p.) = 3(1 U )i %ln E
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|. Hadron production

“I think you should be more explicit here in
step two.




Hadron suppression and

PN
= d+Au min. bias

correlations
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Discovery of
jet quenching

= Inclusive hadron production and di-hadron
correlations has played a definitive role in the
discovery and verification of jet quenching

Accounting for multiple

gluon emission

P(e)=) Pule), Po(e)=e N5(e),

Effective modification of
fragmentation

1

P,(e) = — aNy

de’

/ de' Pp_1(e — €)

n Jo

(€ =w/E)

[Facro-1. [acrio—(25)

Dh/c(z) = /O_ZdeP(e)

1
dN?9

de ——
+/z  de

(e) =

1 1 Ll i 1111 1
- —— dN%dy=200-350
SPS —— dN%/dy=800-1200
= PHENIX 7’ (130 AGeV)
—— dN%dy=2000-3500
¥ PHENIX =° (200 AGeV)
#* STAR h* (200 AGeV)

T,.dc™

AA

[ Au+Au at s'?=17, 200, 5500 AGeV
0.01 Y

®WA98 1’ (17.4 AGeV)

-

-

T rrrrrir 1

2
p, [GeV]

Energy loss approaches
Zakharov (1995)
Baier et al. (1997)
Gyulassy et al. (2000)

Guo et al. (2001)

Alford et al. (2003)

T rmrrrrra

100



QCD evolution in the soft gluon

energy loss limit

dfCI(xaQ)
dln @

dfg(iU,Q)
din (@

Advancesin
/ understanding in-
| medium parton
showers. Beyond
energy loss
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G Ovanesyan et aI (2012)

no recail, analyScs
recoil, small x approximation, analytics ~

recoil, ru h
recoil, small x approximation, numerics

merics

= |faconnection isto be found between the energy loss and the
evolution approach, it is in the soft gluon limit

Analytic solution to DGLAP pmed. ( Q)£= Dy /ol2 Q)e—[n(z)—1]<

evolution

h/c

= The main result: direct relation between the evolution and energy loss
approaches first established here

Z.Kang et al. (2014)



Comparison of energy loss and QCD

evolution approaches

= Thein-medium QCD evolution approach works over a wide variety of
energies. This is, of course, expected because we have an analytic proof
of the relation between QCD evolution and energy loss
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Differences between AA and eA

= AA and eA collisions are very different. Due to the LPM
effect the “energy loss” decreases rapidly. The kinematics
to look for in-medium interactions / effects on
hadronization very different

Pion, Kaon and Proton suppression J
; tmngly interacting J)
J Quark-Gluon Plasma
j Jet energy loss
and absorptmn

» Jets at any rapidity roughly in the » Jets are on the nuclear rest frame.
co-moving plasma frame (Only~ Longitudinal momentum matters
transverse motion at any rapidity) * Largest effects are at forward

* Largest effects at midrapidity rapidities

* Higher C.M. energies correspond to * Smaller C.M. energies (larger only

larger plasma densities increase the rapidity gap)



Modification of light hadrons at

HERMES

= Account for nuclear geometry, i.e. the
production point and the path length of
propagation of the hard parton, NLO
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In-medium evolution of
fragmentation functions
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= We constrain a range of transport properties
to explore from HERMES

Gel/?

q — hat(g) = 0.12 (vary X2,/2)

Transport
properties: q — hat(q) = 0.05
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Light flavor suppression at the

EIC
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1. Jet production

"WRAT 1F WE SPEAID ALL THESE SILLIONS AND
TERE JUST ARENT ANY MORE PARTICES To gD 7°




Jets — the next step In

understanding the QCD with nuclel

= One can leverage the differences between the vacuum et J R

parton showers, the medium-induced showers and the _IB

medium response to jets to experimental signatures of
arton interaction in matter
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Dijets and gamma-jets

® ATLAS Pb-Pb 10-20%| |
—— PYTHIA
=== PYTHIA + medium

® ATLAS Pb-Pb0-10%
—— PYTHIA
== PYTHIA + medium

First measurements of jet modification were
not of inclusive jets but di-jet correlations
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Jet substructure modification
Direct access to the characteristics of the

in-medium parton showers. LHC has led

: 8
: _ min(pry, pra) ARyo
the way. It will be very useful to measure Zg= n > zeut | —p
. . . PT1 T PT2 0
jet shapes and fragmentation functions .
=200 GeV —m— AuAu Data :
at RHIC 5 }{{i)il Jet 1e0<PT‘].<20 GeV PP a1
o _g’“’ - Soft-Drop p=0 zcm=0.l ,E pp MLL ]
T T T T T T T T T = - 7
B - = \/acuum Jet axis { Ay Jetradius a E 4: _
e—— Medium Au+Au R,(j) R(1 — 2;g,=,2i0'1 .. :’i ]
gl —— Medium CusCu e R(1) = STAR Preliminary Data B
o = ‘ : : : : : : —
= T I,\\ L s 7 1_5i Recoil Jet 10<P, <20 GeV E ?ﬁﬁt i
g 6L Vs min oy S ] - -
E} [ l \ Il’; (2) i_ :% 1?# — :
T \ A AV ERE -
= 41\ R=o04 5] 05 =
S Il \ Quarkjet, E,=30 GeV . = ‘ -
5l \ - 1.5 =
AN S -
_} 44////\—1——-@\\‘ 3 N S E
L 1 | Tl e T S T = - .
% 0.2 0.4 0.6 0.8 I “o05F —=
r/R - =
01 015 02 025 03 035 04 045 05
, ET O(r — (R; t )i Ze
Uing(r; R) ZZ( )i (Bjer):) 3 \7vac,MLL vac
> (ET)iO(R — (Rjet)i) dN; ¥ <(L\ >
A (7"; R) dzedf, dzgdg ) ;5

(i R) = ————.

dr 1 1/2 JNvac
- 16 1z
exp /gg ¢ /Zcut ‘ z; < dzdo >j—>i7

There is also modelling effort to include “medium response” ~

Sudakov Factor

7




Jet production

Z. Kang et al. (2016) L. Dai et al. (2016)

A useful modern way (though not unique) ¢ P~ e +jet(DH) +X e” +Aum e +jet(D*) +X

to calculate jet cross sections
Factorization formula

/ dx/ fz/NfBM

X O-l_)f(sa t,u, M)Jf (zapTRa /.L) s

d3 lN—)jX

E
T BP,

R
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2 cosh

In-medium jet functions

I
]mcd (1)( wR. N) — [/
z(1—2z)w tan(R/2)

I
g
z(l—z)wtan(R/2)

= Stable in numerical implementation

ququ(—‘«'-qL)]

dq1 Pgq(z,q1) -

= Similarly for gluon jets  H. Li et al. (2020)

Cross section
contribution

Jet med
9PbPb

Z (7 ]l-med
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Jet results at the EIC

* The physics of reconstructed
jet modification
H. Li et al. (2020)

1 Jyy do/dndpr], ,
— A 2
A [ do/dndpr|,,

Rea(R)

Jet axis

Two types of nuclear effect play a role

Initial-state effects parametrized in nuclear
parton distribution functions or nPDFs
Final-state effects from the interaction of
the jet and the nuclear medium —in-
medium parton showers and jet energy loss

e+Au Anti-k, 2<n<4 R=0.5

] Full

[ | Initial only
Final only PDF: nCTEQI15

[ Full EPPS16

NI IIII|IIII|IIII|I

(63}

L | L L L
15 20
Jet P, (GeV)

—5

Net modification 20-30% even at
the highest CM energy

E-loss has larger role at lower p-.
The EMC effect at larger p+



Separating initial-state from

final-state effects at EIC

A key question — will benefit both nPDF - | 0GEY <IWGeVeraw :
extraction and understanding
hadronization / nuclear matter transport
properties - how to separate initial-state
and final-state effects?

1.0)

R, (R/R (R
o
oo}
)

Define the ratio of modifications for 2 radii o A b
(it is a double ratio) N B

Rr = Rea(R)/ Rea(R = 1)

= Jet energy loss effects are larger at
smaller center of mass energies

I
—
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Q
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n
Q
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R, (R/R (R=1.0)
o
(oo}

R=08
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Anti-k, 2<n<d [ r=0s
(electron-nuclear beam combinations) os- e EElR-ea
= Effects can be almost a factor of 2 for ° U e 2
L) . T
small radii. Remarkable as it approaches
magnitudes observed in heavy ion H. Li et al. (2020)

collisions (QGP)

Initial-state effects are successfully
eliminated



Jet charge in e+A at the EIC

The jet charge R.Field et al. (1978) SCET approach
. 7o (B.R ) D. Krohn et al. (2012)
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9 g 22 |, ( ) 0 Kz 17 (@) H. Li et al. (2020)

First calculation of the jet charge at EIC -
understand medium-induced scaling violations
and isospin symmetry braking in nuclei

= Medium-induced scaling violation of the
individual flavor and average jet charge



l1l. Heavy flavor production
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Transport approaches and

hadronization

= Where heavy flavor/heavy quarks come into their own is by providing a
mass scale and in the physics of hadronization

Transport
approaches
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Van Hees et al. (2004)
G. Moore et al. (2005)
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a2

0-10% — UrQMD
— Nantes
- Catania
= L BL-CCNU

Duke Langevin
= POWLANG
PHSD

i Pb-Pb, \s,,=2.76 TeV, c quark ]

— TAMU -

CUJET —

2“

30-50%

F 1sf ]
o6l I 1
04: I /\ ]

i i AT~ ]
02/ - 1

" \Y/\F'":/V

P, (GeV)

2 4 6 8 10 12 14 16 18 20
p, (GeV)

: scales
Perturbative
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Inverting the mass hierarchy of jet

quenching effects

sPHENIX will heave excellent reach to
measure heavy flavor jets. It will be very

important to complement such measurements

with heavy flavor jet substructure

pg;)ng(zg) Pﬁéz(zg) 1 pfnjc?Q(zg) .
0Qg "~ 520 ity o gQ@Q, y - COnst:
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At RHIC jet energies, and at lower jet
energies at the LHC there is a unique
reversal of the mass hierarchy effecets
onb>c>=u,d. (Single B,D meson tag)



Dijet mass modification

Great way to study the effect of mas

on parton energy loss

m%z = m% -+ m% +2 [mlegTCOSh(A’I]) — plTpgTCOS(A(b)]

* (alculations shown in the energy loss
limit. Full in-medium parton showers
implemented in SCET calculations. First

1 on the example of LHC b-jets
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= | 1= g =2 =
-1 | b-dijet 3 - .
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Heavy flavor at the EIC

Multiple uses of s e P
heavy flavor 0
= Constraingluonand = ° >~&M4\, :
c/b distributions. e
Look for intrinsic o K0 ", I
charm R. Ball et al. (2016) ”5F8Tatac EEE%%E%%:i
= Constrain the transport properties of cold : Y: . o]
nuclear matter L :
= Shed light on the picture of hadronization, 80 B
differentiate between energy loss and hadron §ome =2-TTo .
absorption oo, e
= Go beyond energy loss phenomenology at the R I 1 . R R

Hadron momentum fraction z,

X. Li et al. (2020)

EIC



Modification of heavy flavor FFs
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PRELIMINARY

———

Z. Liu et al. (2021)

Heavy flavor jets at EIC
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Intrinsic charm and strangeness at

the EIC

EIC will finally have the precision to answer long standing
questions about large-x structure — strangeness and intrinsic
charm

10

F. <x> = 0.0035
2 <x>=0.001
— extrinsic

| NLO DGLAP

« Intrinsic charm — genuine non-perturbative 107}
contribution to the proton wave function —can
affect HQ schemes, masses, global fits

- Strangeness — can be accessed via CC reactions.

Q’ =20 GeV’

Requires high statistics, can look for enhanced ,}
strangeness 10 0.2 o4 0.6
n T. Hobbs et al . (2017)
Charged
Current \%
e \‘.\._W (q) 2.00 - T T T T T T 7T T T T -
Q2 F Stat. Uncertainty [CT1I8NNLO, Rs = 2s/(U + d) = 0.325 (suppressed)]
/X 1-75? =  CT18ZNNLO with enhanced strangeness, R, = 25/(T + d) = 0.863 5
P 1.50% o e —
1.25F o
1.00 =
0.750- =

M. Arratia et al . (2020)

0.25E B
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Conclusions

= |mportant progress has been made in the theory of hard probes (QCD, SCET, NRQCD) — precise
high order and resumed calculations standard. X+A collisions provide new opportunities to study
many-body QCD, emergence of EFTs in matter. Progress toward medium motion effects,
gradient corrections —[eading subeikonal effects

= Hadron production has been instrumental instrumental in the discovery of jet quenchin%and jet
tomography. Modern QCD [/ SCET techniques in matter Evolution NLO) first developedhere.
The mix of nuclear matter effects more pronounced at. RHIC. At EIC hadrons are the first line of
study for cold nuclear matter tomo?frap y and to check the fundamental theoretical
understanding of nuclear effects. Effects are large and measurable

= Jet production and substructure are the next step in jet quenching studies (with predictions just
like for hadrons before exp. measurements). Requiré precise theoretical control on parton
showers. Novel SCET techniques developed for both cross sections and substructure (which can
be understood from first principles). Inclusive and tagged jet theory can be improved at RHIC in
anticipation of upcoming measurements. EIC results already available with strategies developed
how to separate initial nPDF effects form CNM parton showers and how to use jet substructure to
address emerging questions such as isospin symmetry violation at large Bjorken-x

= Heavy flavor comes in its own right by providing a new mass scale (“"dead cone effect”, extraction
of diffusion coefficients in transport models) and the h;(]sics of hadronization. Predictions for
heavy flavor jets quenching exist, but more importantly heavy jet substructure modification
(momentum sharing distributions) can show different mass hierarchy of nuclear effects at
moderate p+ . Dijet mass calculations have shown that this observable can enhance more subtle
et quenching effects. At the EIC heavy meson production can shed light on the physics of

ardonization / differentiate between competing paradigms of DIS nuclear attenuation. Heavy

flavor jets calculations are underway

= There are also important developments in the theory of quarkonium production, stochastic
equations for evolution from oEen_quantum systems and the formulation of NRéCD_ in matter.
Upsilon measurements at RHIC will help constrain theory and the EIC relative contribution of
collisional breakup vs thermal dissociation. In eA provide clean constraints on NRQCD LDMEs



Quarkonium production in

reactions with nuclel

Excited Upsilon suppression e NRQCD with Glauber Gluons
S — S|m|Ia_rd|_ssouat|on
E0.4sf_pp\ser:2.76TeV PPD Y5y = 5.02TeV PbPb {3, =276 TeV S bEhaVIOr In A+A, C—‘— /_4_
g 0A4E O lyg,l <1.93 ® |y, l<1.93 WY, <24 é p+A and even in 4
oasf M0 Nawetheory 1o | PP (where QGP is 5
osf | is) 4 hot expected)
0.252— =
0.2F E
: . ARG
o1sf E G Lnrqep, = £NrQep + Lo-c/o(V:. AgG)e)
01 cms E ' b AMa
0.05;— Suppressed ratio ‘%% —; + EQ_C’/C( 4 4C/C) + \‘IJ D X
obed v v W
10 102N:1§i: 10° Eg)) C/C‘( 4?;%.) Z QCL*’”QT ( - gA%/C)‘I, p (collinear/static/soft).

P.qr
Microscopic description of dissociation

The EIC will also offer the
opportunity to observe quarkonium
production in eA collisions where
one can study the interactions with
nuclear matter and the formation of H=Hs+Hp+H, ¥
quarkonia in a nuclear medium.

Y. Makris et al . (2019)

Open quantum systems

int)
t)

— —i[H™ (1), pm0) (4)
(lf {H(E), p (t)]

Akamatsu et al . (2014) Yaoetal. (2020)



Heavy exotic states at the EIC

Many exotic states — mesons (tetraquarks)
and baryons (pentaquarks) being observed

S.Olsen et al., RMP(2018)

Loosely — bound pentaquark Tighly — bound pentaquark

D° or D*° : t —
% R E a" TN

£

= |/ (c€)p(uud) suppressed (P* narrow) - ]/ (cc)p(uud) easier (P wider)
Masses expected near D'} thresholds

Tightly bound Weakly bound

>”W“"-‘@\ >M“ '\o\.

Use the nucleus as a “filter” for the
heavy states

New physics observables
Structure and formation process of new
exotic hadrons, e.g. X(3872) can be
explored by measuring their suppression
in e+A collisions.

Relative modification of X(3872)/ ¥ (2S)
projection at Vs = 63.2GeV
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