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Introduction

* The origin of mass and the role of

gluons

: * The internal landscape of nucleons and
nuclei, 3D tomography

= The phenomenon of gluon saturation

llustration of EIC C.Aidalaetal. (2020) Transport properties of large nuclei and
focus areas : : the physics of hadronization

Department of Energy

U.S. Department of Energy Selects

Brookhaven National Laboratory to Host
Major New Nuclear Physics Facility

JANUARY 9, 2020

Tim Hallman, Director or  Chris Fall - Director of Dan Brouilette,

CD-o and site selection Nuclear Physics at DOE's DO Office of Science Secretary of DOE
announced Jan_ 91 2020 Office of Science

The purpose of this talk: How can we address some of those questions with heavy
flavor — the theory, experimental measurements and detectors




HF theoretical underpinnings and
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Fixed flavor schemes - typically at low virtualities
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Variable flavor schemes — as one goes to higher
energies
= Some schemes proven to all orders (ACOT), order-by

order equivalence shown for the popular schemes
= Good description of HF data

( Experimental Data \ =

Data: HERA, Tevatron, LHC, r r \ 4
fixed target experiments
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Emphasizes the need for
flexible tools for PDF analysis

= Can take input from various
processes, notably DIS; can
produce not only PDFs but also
related alpha, values, heavy
quark masses

= Include LHC HF data
in the DIS analysis




Constraining the proton and

nuclear glue

« Charm can provide access to the « Charm F2 can dramatically reduce
gluon TMDs in unpolarized and the uncertainties in the large-x and
polarized reactions (e.g. Sievers, small-x
Boer-Mulders) « Give a handle on (nuclear-

enhanced) higher twist corrections
The expected effects are small. More

theoretical work is needed - higher order ' . e P e EES0D
calculations, higher twist effects S o with EIC F(charm)
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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’
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Heavy meson production in e+p

at EIC, fragmentation functions

Understand contributions at higher A3 tN—hX f dx dzf,-/N( )
el i) X,
orders H. Li et al. (2020) d3Py, 0 22 :
. . . . . e —t iy
The gluon contrlbutlon_at E.IC |s.smaII x Dh/f(z,,u)[ i—f +frg1 (—,u) & f]_
* Resolved photon contribution gives large s+ u -
SR * Use of heavy meson in jet data to

constrain fragmentation functions

Evaluate or extract FFs, understand fons
* Atthe LHC-large gluon contribution.

evolution
P dz . At the EIC we expect perhaps
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Parton showers in cold nuclear

matter

= Both energy loss calculations and full sets of splitting functions
exist for cold nuclear matter

Using the high twist approach, (D)GLV approach
BDMPS approach s E—q

X. Guo et al. (2001) F. Arleo (2003)
Using the SCET ) approach, Lightcone

e Nucleus

- N"(,0% %)
wavefunction approach R (v, 0. 7) = Ne(,0?) |a
Z.Kangetal. (2016) M. Sievertetal. (2028) " Mg i ¢
= We constrain a range of transport properties to T e ey HERMES
1.1F am =2 1.
explore from HERMES e )
10F
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Transport 22— 012 (vary x2,/2) "
properties: Ag fm ]

= Theoretical predictions are constrained by 0;_5_&//,//_//.
= Theory

HERMES and realistic osk
= Depend on parton energy in the A rest frame. 04k
Minimize the rapidity gap between A and meson v [GeV]




Cross section modification in e+A

Less differential distribution
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First calculation of meson modification N (prn.2)
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initial-state PDF effects

* Large effects on prdistributions at forward n and
lower CM energies. Factor of 2-3 suppression.

* More differential distributions vs momentum

fraction z. Clear difference between light and heavy

flavor. Characteristic transition —enhancement to

suppression for parton showers [ E-loss. Distinction

from hadron absorption models

2.0 T T T T
DY at 5 GeV (e) x 40 GeV (A)

2 GeV<pr<3 GeV — —2<1<0 d i Yz i (%
g Dt . — —=D /](_, )
O0<n<2 dln 2 (x40 Z;”ﬂ z s

2<n<4
X (Pji (z, @ W) + P (z,p)

-
-
-

H Li et al. (2020)




Experimental prospects for

energy loss and hadronization

Projected hadron R | vs z,
eA

* Extensive experimental simulations of open heavy flavor

* Full simulation / detector parameter— Fast simulation / full
reconstruction — physics projections

* Excellent statistics for E-loss and hadronization studies
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Jet production at the EIC

Resolved

Photon-Gluon Fusion & QCD-Compton
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NLO QCD
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contributions to | itacie Low

. 105 PGF & QCDC
be taken into Gas oIS
account — DIS, il “L‘*
resolved, etc wit | L PYTHIA

| |

B. Page etal. oL -
(2016) L T -

Jet Pt

A useful modern way semi-inclusive jet functions -
can include InR resummation

SZ/ daz/ 21/N T, )

x 6" (s,t,u, w)Js (2, prR, 1) ,

d30.lN—>jX

d3 Py

R. Boughezal et
al. (2018)

Li et al. (2020)

Has to be applied to inclusive jet production at EIC.
Progress toward heavy-flavor tagged jet application



Heavy jet production in e+A

0.5

= Medium contribution to jet functions Example from heavy ion
collisions  NENEETAINE018)
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Heavy flavor jet substructure

A tool to discriminate
between light and heavy
flavor jets

Jet substructure — jet shapes, splitting functions, fragment.
functions, charge ... can improve the understanding of the role

of heavy quark mass, dead cone effect, etc
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Detector developments

The asymmetric collisions nature at the EIC requires

: : SIS Tracking/vertexing also needed at
special focus on the forward going direction

backward rapidity. Also very

calorimetry

Beam pipe

LANL FST

Barrel
tracker

r + Sitracker eRD 2
MAPS tech. LGAD tech. HV-MAPS tech. Gas outer + Sitracke 5

Technologies of interest to HEP and
NP are being developed

- It is expected that in the future they will
improve — integration time, pixel pitch,
material budget, ...




Quarkonium production at the EIC

DIS- excellent laboratory to study quarkonia. Photo-
production (Q ~ o0 GeV) or lepto-production (Q> 1 GeV).
Resolved, diffractive/exclusive, and inclusive productions

1 1 ]
08 F helicity frame /,,’ ij
- NLO" ]
0.6 I/ polarizatic ”,’ L 3
e e NL :
04 ]
+ 4,/ ==== NLO" 1
02 - 3
2E - | | eme= NLO'F K
ol = 1
2 0 ; ]
== - =1 3 1 )| B
b ~
02¢ - \ 1 1
04 f S NLO Total i
0.6 *  CDFRunl =
08 *  CDFRunll -
E. ! PP R B : fd b
£ ! i of debate
s 10 15 0 30
pr (GeV)
dN ) tlvﬂ] — dooo
x 1+ Agcos™ ., Ag —_—
d cosf doqy, + dogg

doy,, Z/ll'\'l(l‘\'_..’f’: H, (X1, 1e )i m,(X2, l‘f('):.‘(lr?_f"f"‘.

ijn’

impact but interpretation subject

S
=
Q0
p/A

HERA data has had important

S
s
Flore et al . (2020)

Better constrain matrix
elements.

Possibility to use
quarkonia in jets

do/o

Constrain TMD shape functions. Exclusive quarkonium
production can be understood through the formalism of GPDs

and the Wigner functions

Cui et al. (2018) Chen et al

. (2019)

Example from LHCb
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Bain et al . (2017)



Quarkonium production in

reactions with nuclel

Excited Upsilon suppression e NRQCD with Glauber Gluons
S — S|m|Ia_rd|_ssoaat|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— =
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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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0.4( ®
- ® Compact X(3872)
0.2
L @® Molecular X(3872)
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Nuclear target A

Arleo et al., PRC, 61 054906 (2000)



Heavy flavor physics at the EIC provides unique ways to pin down
the structure of nucleons and nuclei, the nature of hadronization,
the transport of energy and matter in the nuclear environment

There has been tremendous pro%ress in the past several years on

all fronts theory, experiment, EIC hardware

Notable progress includes precision QCD, tools for PDF analysis,
fragmentation functions, heavy meson and jet calculations in e+p
and e+A, theory developments for quarkonia; experimental
simulations forthose processes, physics Erojections; detector
design and technology — specifically tracking/vertexing

This is a young, exciting and growing field of EIC science — join it!

Expert level discussion of heavy flavor and implications for EIC Organizers
] N\ Opportunities with Heavy Flavor at the EIC - a CFNS Ad . . .
< Center for Frontiers hOC WOTkShOp ChrlsFlan Welss
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eXuan Li

Link: https://indico.bnl.gov/event/9273/overview
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