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Outline of the talk

= Opportunities for heavy
flavor studies in DIS with
nuclei

= Status of open heavy
flavor theory in nuclear
matter

= Status of quarkonium
theory in nuclear matter

m Conclusions

Thanks to the organizers for the opportunity to discuss this
type of physics

| have relied for illustration on the following experimental / theoretical reviews
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A new era of high-energy nuclear

physics at the EIC

LRP recommendations

* Werecommend a high-energy high-luminosity polarized EIC as
the highest priority for new facility construction following the
completion of FRIB

LONG RANGE PLAN
for NUCLEAR SCIENCE

NAS: Extensive list of findings
L0 R

* Torealize fully the scientific opportunities an EIC would enable, a
theory program will be required to predict and interpret the
experimental results within the context of QCD and, furthermore, to
glean the fundamental insights into QCD that an EIC can reveal.

Critical gaps in the EIC program



Modification of hadron and jet

observables in nuclear matter

In heavy ion collisions medium-modified
parton showers are the cornerstone of

high-p; physics. These are the most

significant effects and are not related to

nPDFs and small-x physics
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Hadron and jet production at the

EIC — interest from HEP

SIDIS has played a key role in pushing the boundaries of QCD, nucleon
structure, the TMD approach, and QCD in reactions with nuclei

Ip—j+X EIC inclusive jet production
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= Thereis arenewed interest in precision calculations of hadron and jet
production at the EIC —wide range of applications. At present — light
hadrons and jets — but can be extended to heavy flavor, especially in the
ZMVEFNS



Status of calculations of particles

and jets in large nuclel

Jets and heavy flavor physics is seriously underdeveloped. Realized by EIC
working group and the broader community
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* The two topics mentioned are: (1) the possibility of hadronization in nuclei
and (2) energy loss in nuclear matter. Circa 2000 physics which has a lot of
merit but needs to be updated and extended



Status of in-medium

modlﬁcatlon of open heavy
flavor o




Need to better understand heavy

meson production
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Global analysis including semi-inclusive annihilation, inclusive
hadron production and hadrons in jets, no SIDIS data
Need to better understand heavy flavor production in SIDIS, jets D. Anderle et al. (2017)



First studies of heavy flavor enerqgy

loss — gluon bremsstrahlung

= First studies, and a lot of studies till now, focus Y. Dokshitzer et al. (2001)
on parton energy loss (this is a very specific Racio
limit where energy is lost in small quanta) Charm to light quark

0.8} radiation intensity

The “dead cone” effect — argued by extrapolation

from the vacuum case

a, Cp dw ki dlfi O = M
T w (]173-}-(,,:298)2' "= E 0.2 0.4 0.6 0.8 1"

dP =

A more detailed look was taken in the opacity expansion approach,

1z rlier massl rivation
generalizing earlier massless derivatio M. Gyulassy et al. (2003)
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= |[nitial results for p; integrated non-photonic decay electrons showed
no significant suppression — they were badly misinterpreted



Collisional energy losses

= With radiative energy loss tuned to be as little
as possible — models were challenged by p+
differential measurements
J. Bjorken. (1990)

Renewed interest in collisional energy losses
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Done exclusively in thermal medium.
Estimates very form collisional energy losses
comparable to radiative to being only 10%
correction

» These calculations have not been done
for cold nuclear matter. Also some
trouble still remains
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Transport approaches

= At low transverse momenta there ¢
has been development of
Langevin, Fokker-Plank and
Boltzman transport approaches.

Van Hees et al. (2004)

G. Moore et al. (2005)

Zf = F(z) +n(t) ) = As(t —t')
P d 1. 02

Note that to get close to the data the

perturbative cross sections were multiplied

by a factor of 5
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s Often times the results are presented in terms of Diffusion
coefficient, message is the same. Difficult to extend to DIS for now



In-medium hadronization and

dissociation
Takes us to phenomenologlcal work in semi-inclusive DIS
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The physics of in-medium

Interactions

If a hadron is formed in the medium NI EEREEE
it does not mean it does not interaci - = e
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Can be matched to energy loss at high p;  Easy to generalize to DIS



In-medium parton shower

= Traditional energy loss approach, J e
phenomenologically successful but . ¢t
cannot be systematically improved, ‘e nal / Jy o
higher orders and resummation e » |
= We demonstrate how HEP parton _'p Al —~————
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Full QCD evolution and validation

against Hermes data

= Description of 1.6 ]
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Jet production in SIDIS

Inclusive Jet p+: Q2 = 10-100 GeV? . Resolved

Diffractive / Low Pt

p.P

W T B. Page etal. (2016)

o Note —the

107 simulations
ol were done
s w s s w s o s o  With light jets

= Modern SCET techniques to calculate
heavy jet modification. Applicable to EIC
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Jet substructure — hadron
distributions and splitting functions

= Semi-inclusive fragmenting jet L8 |
functions 1.6 |
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Opportunities with open heavy

flavor at EIC

Theory of nuclear modification as a
function of momentum transfer v,
virtuality Q - constrained kinematics
& B- and D-mesons (mass) to vary
formation times

Stopping power of matter for charged
particles is a
In QED X (min) ~ mm

Determination of the production

mechanisms for open heavy flavor in
SIDIS. Global analysis

A whole class of new observables to
be added — jets and jet substructure
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= Test unique predictions of QCD
= Determine the cross sections for
heavy jet suppression
m

Pinpoint the heavy quark mass
effect in parton showers



Status of in-medium
modifications of quarkonia




Quarkonium production from low

= Use NRQCD, expansion in the small velocity
between the heavy quarks

do(J /) = do(QQ([?

+ do(QQ(]
+do(QQ(]

s,
351]s Q([*S
3P1]8_))<O(QQ([3P1

[s){(O(QQ([*S1]:
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Quarkonium properties and the

QGP

= Quarkonia (e.g. J/Y,Y), bound states of the heaviest elementary particles, long
considered standard candle to characterize QGP properties. Most sensitive to the
space-time temperature profile
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Evolution of quarkonium

dissociation models
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Energy loss for quarkonia in nuclel

and co-mover dissociation

d, = 0.075 GeV%im

= Another radiative energy loss approach I IS S B b
- . LI e et i e 1
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Quarkonia as probes of the QGP

= Suppression puzzle - similar dissociation behavior observed in small system,
p+A and even in p+p (where QGP is not expected), as a function of the
number of hadrons.

Excited Upsilon suppression

& 05— . Suggeststhat an effective field
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Chatrachyan et al. (2014)



Toward an EFT for quarkonia

In matter

- Dissociation time — incudes thermal wavefunction effects and
collisional broadening (can be generally applicable to different media)

S. Aronson et al. (2017) Lar— ! T ! ]
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Energy loss picture not yet supported at
Momentum space picture these p;s



Opportunities with quarkonia at

the EIC

= Historically J/Q used to determine gluon densities at HERA. Suitable for
studies of shadowing and gluon saturation physics at the the EIC

® Variety of presumed production mechanisms:
Diffractive/elastic o
Gluon-gluon-fusion, photon-gluon-fusion

"Resolved photon"-gluon/quark-fusion

¢
¢
¢ Gluon fragmentation
¢
¢ + decays

!\ )
./. Y ‘(}_.)"r

YYyy
/

A. Mayer (2002)

= Using J/Y to study the saturation limit and determine

T. Rogers (2003)
the proximity to black body limit in DIS

= |t could be interesting to add a program that focuses on the ground and
excited charmonim and bottomonium states and their dissociation in
nuclear matter to the EIC program.



Conclusions

= There are tremendous opportunities for heavy flavor physics, both open
heavy flavor and quarkonia, in ep and eA collisions that are not fully explored
at the EIC

=  On the experimental side one can leverage the more precise kinematic
constraints in DIS (relative to pp) and select different species (D-mesons, B-
mesons) and quarkonium families (J/Y and Y') to compare and contrast
different production pictures and nuclear modification paradigms. A multi-
year physics program

= On the formal side we now have to relate heavy flavor to full in-medium
parton showers. Construct novel EFTs without loss of generality that describe
heavy flavor in a variety of nuclear media.

= Putting theory and experiment together we can determine the transport
properties of large nuclei and radiation lengths in nuclear matter, in addition
to the more traditional use of heavy flavor to determine gluon densities

=  Need numerical tools (implementation) for jet and heavy flavor simulations
in reactions with nuclei at the EIC to check which channels are feasible



Transparency or lack thereof

We haven't see transparency -1z 7l
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Comparison of EIC to RHIC and LHC

jet production

» Medium-induced parton shower modification is evaluated in
the rest frame of the medium

Pion, Kaon and Proton suppression

J
J Zﬂ‘éf.,:ﬁ = %
3’3) ot 3%
3 NQGP jg’
J

vin the range pr/ Erinthe range
(5 GeV — 200 GeV) (5 GeV - 200 GeV)

= EIC will cover jet energy ranges where the bulk of the jet
quenching phenomena are at RHIC and LHC



