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Outline of the talk

= Open heavy flavor and quarkonia
production in elementary collisions

= Heavy flavor in nuclei — Glauber gluons,
energy loss and in-medium showers

= The physics of hadronization and
current status

= Heavy flavor observables at the EIC
and connection to hadronization

m  Conclusions and future directions

Open HF at the EIC: https://indico.bnl.gov/event/q273/
Quarkonia at the EIC: https://indico.bnl.gov/event/12899/

Bottom line up front: Heavy Flavor is an
underexplored area at the intersections of
hadronic, heavy ion, and EIC science. it
provides tremendous theory
advancement opportunities. Investment
in heavy flavor physics is urgently needed

For complementary discussion for jets and heavy flavor in relation to TMDs, non-perturbative
analysis, nuclear PDFs, exotics, precision physics, small-x ... see other talks in the workshop
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Heavy flavor in elementary collisions

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




Heavy flavor schemes and effects

on PDF extraction

Treatment of charm, beauty, and top in perturbative S.Alekhin etal . (2020)
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New developments in intrinsic

charm

- Machine learning applications for subtle signals NNPDF Collab. (2022)
in hadron structure. New analysis adds to hints  « Extraction of intrinsic charm
from baseline dataset compared to models

» Effect of EMC and LHCb Z+c jet
- data on IC statistical
" ‘ R significance (30)
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Intrinsic charm can be reflected in the nuclear modification of
J/V at forward rapidity/xg/x. Example of p+A reactions with R. Vogt. (2021)
0.1%, 0.3%, and 1% intrinsic charm



Charm and beauty jet

production

poO

* Recent advances are based in SCET —
precision theory for small radius jets
and heavy flavor jets based on semi- —
inclusive jet functions
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B-jet production — example

from pp collisions

dZG/dedy (pb/GeV)
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So far tested in pp. Data are consistent with the theoretical predictions

For the ratio b-jets to inclusive jets the difference between NLO+LL and
NLO can be traced also to the differences in the inclusive jet cross section

H. Liet al. (2018) For spin see talk by Z. Kang



Heavy flavor jet substructure

- Heavy quarks (large mass) provide the opportunity to

| : S C.Leeetal.
develop tailored EFTs for ultimate precision in substructure SSE )

calculations
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: H(E) E
eg‘*)|e+67 = Z 2;2j(0i5)" eéa)\pp=%i§€:JPTIPTJR%v Cc“’nearsm @\ ‘ [ ’
i<jed ‘ g~ [c,_] ultra-collinear { SG(ZMEJ) ‘ Z“”E
Subject to soft drop grooming a }m b
— LS b ultracollinear
T
min{E;, E;} 65\°  min{pri, pr;} 0i\° E, .
E; + E; > Feut ( R) W . (Ej) Heavy quark Heavy quark J”’(z“‘"ez ’m) Jq(eg"),m) | {t(m) ”(1
B ega) }_‘l‘ me [T;]
The HQ mass, definition of observable and grooming - B
introduce multiple scales that must be treated in a new EFT Z O
E, =75GeV
5 ~01 sl ————— Massless NLL :
W Massive NLL | EEC exhibit non-trivial
1 do oo [0 NLU matched | 1 do T | E,=150Gev { Structure. Can be
o, de;” 0o de” 4f 321 1 used to discriminate
| “==__ 1 light and heavy flavor
jets
ega) 0.00 0.05 0.10 Oe‘!za) 0.20 0.25 0 ‘30



Production of quarkonia and NRQCD

# « Non-Relativistic QCD (NRQCD) -a particular Bodwinietat-|(1995)
type of effective theory (EFT) Cho et al. (1996)
Explores all regimes of D? D?
mg L = L T(-D _) T(-D __)
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Perturbative ¢¢: V-~ 0.3 withoutthe  ultra-soft . \|
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* NRQCD factorization formula.

Short distance cross sections .
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Strong tensions remain in the EIC relevant

do(a+b— Q+X) =) do(a+b— QQ(n)+ X)(O2) small to moderate py region



Opportunities in e+p at the EIC
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At small-x we have NRQCD + CGC | See talk by R.Venugopalan M. Echevarria et al. (2007)



Heavy flavor in nuclei — energy loss
and in-medium showers




(

Heavy flavor propagation in

matter

Formation time of the (soft) gluon att

Vacuum MEdium
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d:chkL>Q_>Qg TP eme x TR+ e2m? = |nthis case future interactions can affect
this formation time (This is a quantum
coherent effect.)
: = Energy loss formalisms developed and
ol connections explored
[ S @€ M. Djordjevic et al. (2003)  B.Zhang et al. (2003)
Dead-cone effect
. ::!(:;11801_1 ;:lf)?r(\ﬂsodinxidun cone N Armesto et al (2003) Y Mehta r_TanI et al (2019)
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ALICE Collab. (2021 i . .. .
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Parton propagation in SCET,

= There are no parton-matter interactions in SCET. Still a multiscale
problem, but needs extension (new modes, Glauber gluons)

C. Bauveretal. (2001) M .Beneke et al. (2002)
modes = (4, —, 1) p? fields
collinear NI 1,0 QENZ &, AF
| A s o A. Idilbi et al. (2008)
soft ( (A, \ A) (;) A ds- 44(\ ’ QCD
J '
‘ V ~E, G. Ovanesyan et al.
¢ 2011
o2 14| SCET ( )
® Jo
time P ~k.q.  V.Vaidya etal. (2021)
A S Medi :
n.4l 7 - Glaubersin a
¢ ~T,gT,..  different context
Medium M A
~ fXocp

. : S. Fleming et al. (2015)
m Factorization, with

ng N
modified J, B, S o = Tr(HS) IJ A I;[ |. Rothstein et al. (2016)



Heavy flavor showers in matter

= Full massless and massive in- SCETw,capproach [Z. Kang et al.(2016)

medium splitting functions LCWF approach M. Sievertet al. (2018)
now available to first order in
opacity

» SCET-based effective theories
and lightcone wavefunction
approach give the same result

Representative example

o Direct sum of vacuum and medium contributions
1
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medium
Different dead cone effect for
different splittings

. 1 1 1
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Done of course for all splitting functions



Differential branching spectra

B.Yoon et al. (2019)

In-medium parton showers are softer and broader than the ones in the
vacuum. There is even more soft gluon emission — medium induced scaling

violations, enhancement of soft branching There us also more
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NRQCD in the nuclear medium

= Atthe Lagrangian level Y. Makris et al. (2019)

Lnrqep, = £nrqep + Lo-c/o(V: AgG)eo)
+[’g C/C(”1 pob ”UCL*/C) + L|J<——>X

- Glauber gluons - transverse to the direction of propagation contribution
- Coulomb gluons - isotropic momentum distribution

C(Q) C/C( —1?761) Z L;"';;+qT ( — gA%/C)L"‘p (collinear /static/soft).
2A%(n-P) — ‘i[('Pl X 11):1’&} o

= Results: depend on the LD 0 A5 = 9 Y U L Yoo (collinear)
type of the source of FO ey
. . . Q_C(L;'.AC ) =0 (static)
scattering in the medium she- PP Al [P Ao
E(l) ALY =g Z Lp+q7< i 2;” : )Ly"p (soft)
P.qr

Transport and open quantum system approaches in nuclear
matter have been developed. Typically applied to hot QCD
but can be generalized to cold QCD Probe

Y. Akamatsu et al. (2015) N. Brambilla et al. (2022) Medium




The physics of hadronization




Hadronization

Special request to cover this in more detail T. Sjostrand (2015)

* Hadronization is the inherently non-perturbative process where energy is
converted to matter and the fundamentally unobservable in isolation
degrees of freedom of QCD (quarks and gluons) form the elementary
particles that we can measure

Note, fragmentation is not the
same as hadronization.
Fragmentation (and there are
different varieties) is a model of
hadronization

" Hadronizationis a long-
distance, late-stage
phenomenon. We have no first
principles understanding yet of
the timescales involved



Independent fragmentation

Well defined matrix elements. DGLAP evolution

1
2z(27)°

X 3 treotor 3 trpwac {¥ (Ol (x)aa (P, 0)aa(P", 0)(0)|0)}

— 42 +x ——1 )
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J. Collins et al. (1981) Examp|e of SIA
e 1 R I e T,
do"(z,Q?) = | Z /I dz do* (% % :2%.(15(;12)) Dgl(:.;zz)
1:—nf
h . . .
o = Fp(2,Q%) + FL(2,Q?) = F}(z,Q?)
h arady 2 h o cS h o oS h o oNS
Fe—r,L,2 = —g3 (") {Dz ®Ck,q tnfDg ®Cy 5+ DNs @ Ck.q}

= Explicitly does not account for global energy
flow, higher twist corrections, ...

= Even with excellent x?and fits, independent
fragmentation cannot describe global
particle flow in the event

See talk by N. Sato
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Heavy quark fragmentation in HQET

Heavy quarks introduce a mass scale that allows the fragmentation function
shape to be computed perturbatively.

Chang et al. (1992) Braaten et al. (1995)
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R. Sharma et al. (2009)

= Still depends on non-perturbative parameters r = m,/Mq the square of the
wavefunction in the origin. Fitted to data



1/0je; do/dzy,

data / theory

1/6je; do/dz,

data / theory

Constraints on fragmentation from

heavy mesons in jets

25 GeV < plfl 30 GeV

30 GeV < pilc 40 Gev

40 GeV < plf 50 GeV
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D. Anderle et al. (2017)

Using a new formalism of semi-inclusive
fragmenting jet functions
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Significant enhancement of the gluon fragmentation
component at small and intermediate z
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Hadronization in Monte Carlo models

String fragmentation Cluster hadronization

PYTHIA et al. HERWIG et al. R

g

g

c / g ‘I
1 bm?
fF(2)x =(1—2z)? exp | ———
Z Z program PYTHIA HERWIG
model string cluster
= This picture allows to derive the energy—momentum picture powerful simple
i : predictive unpredictive
form of fragmentation functions parameters few many
(not as genera|) but comes from a flavour composition messy simple

unpredictive in-between
model parameters many few



The space-time picture of

hadronization

» The space-time picture of hadronization is unknown, but critical

for e+A Y
« Competing physics explanations of HERMES hadron suppression >MM Mh
data based on energy loss and absorption \

W. Wang et al. (2002) B. Kopeliovich et al. (2003) > r P *

Light hadron measurements cannot differentiate
between competing mechanisms

|deas to parametrize nFFs assuming universality.

A. Accardi et al. (2009) Effect of 10 fb-1 EIC data

1 =y . R . Sassot et al. (2009) P.Zurita et al. (2021)
- f- . 2.0 T " T
B 5 LIKEn 90% CL
£=0.8 — 16k re-weighted L Q%=1 GeV?
e ) )
B i T 1.2t utu - u
-6 I” HERMES . & 08 i i
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| ——— energy loss i 0.4r r -
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Heavy flavor observables at the EIC
and connection to hadronization




Heavy meson tomography

3 T | T | T | T | T .
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N — ememenmos| . differentiate between energy loss and absorption
25 — Pions, absorption —
[ " omemaemen |- models. Allows to develop e+A theory further.
< P y
9225+ — B meson, absorption  |—|

[7] 2-fold variation in
nuclear opacity

i The larger CM energies imply partonic interactions.
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ReA(pT)

Rea(z)

Light and heavy flavor

suppression at the EIC
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e+p

Light pions show the largest nuclear suppression
at the EIC. However, to differentiate models of
hadronization heavy flavor mesons are necessary

Z.Livetal. (2020)
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EIC theory will provide clear new insights into hadronization from light+heavy flavor



Heavy flavor jets in matter

The semi-inclusive jet function theory can
be generalized to heavy jet production in
matter. Medium corrections to the NLO jet
function are written in terms of integrals
over splitting functions. :
P J H. Li et al. (2018)

Z.Liu et al. (2021)
After summing over all diagrams

W
Treis e, prR,m,p) = { / dq, PG (2,m,q1)

(I-z)prR

+

m
+/ dg 1 PG (z,m, qu)
z

(1-z)prR

W
Jzﬁ(l)(z,pTR, m, p) = / quPén;d(z’m’ q)
z(1-2)prR

4_

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

Observable:

1.4
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Heavy flavor jets at EIC

A key question — will benefit both nPDF extraction and Jet axis
understanding hadronization / nuclear matter transport

properties - how to separate initial-state and final-state

effects?

Leveraging the vacuum and in-medium shower
differences. Define the ratio of modifications for 2 radii 7/ ] @™ (1)
(it is a double ratio) 7

Rr = Rea(R)/ Rea(R = 0.8)

2.0 T T T T
: L - 10 GeV(e) x 100 GeV(A) ---- R=0.3
= Effectively eliminates initial-state | 2<n<a - R=05
effects =
= Final-state interactions can be almost a n
factor of 2 for small radii. Remarkable as mﬁ 0 I IIIITTTToTTTToTTm——eTTT T
it approaches magnitudes observed in R N
heavy ion collisions (QGP) e S
C jet
0.0 L
8 10 12 14 16 18

Results are similar for b-jets  'Z ¥y et al. (2021) pr [GeV]



Heavy flavor jet substructure in

Related to the modification of jet cross

pT1+ P12
P sections is the modification of jet substructure.
, rg=AR;,  Example - Soft dropped momentum sharing
\ distributions

A. Larkoski et al. (2014) dnye ( N2 ) Provides access to the
P j—ii

z _ min(pry,pra) _ <AR1‘2>3

_ splitting functions

dz,db, dz,db,
1 1/2 d N vac
Illustrative study: DIS will : exp [—/ d9/ dz ( ) ]
e Z. Liu et al. (2021) 0, Jzew Z dzdf ] ;5
cover a very different - ~ ~
. . . . . Sudakov Factor
kinematic regime than HIC Realistic example t
T b ' ' - ' ' e « Modification of both c-
1 e jets and b-jets
< R - substructure in e+A is
= < oo relatively small
= 5 10 x 100 GeV : :
3 osf pT=25 E=94 GeV < s} 4=2.4, R=1 | * Itisdominated by
pT=40 ot =am R= ..
07— pT=60 R=04 1 ol pr=10 GeV _ limited phase space
— pT=80
06 : : : 0.6 L L L
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Charmonia and bottomonia in

cold QCD vs hot QCD matter

= Dissociation from collisional interactions in cold nuclear matter is very large. For
the very weakly bound states the QGP suppression is larger but the CNM one is
still a factor of 5 -10. For the tightly bound states suppression is comparable —

sometimes slightly smaller, sometimes slightly larger. . Olivant et al. (2021)

10 E T T — — Jy QGP (Therm. + coll.) 3 101: T ] —

T QGP (Therm. + coll.) 5

Y(1S) 3
E 0-10% Pb+Pb — - Jiy CNM (Coll.) ] E 0-10% Pb+Pb - Y(1S) CNM (Coll.) 3 For fU" EIC
C M f —_ 2S) QGP (Th .+ coll.)| T R i " — Y(2S) QGP (Th . +coll. i . .
_  Min. bias exAu —. xgzs; CNM ECoTIr;n _r _ pinbias exAY - Ygzs; CNM((CO(IT;T] o ] predictions we need
= — % QGP (Therm. + coll.) = — Y(3S) QGP (Therm. + coll.)
g ok T ramen N H S 0k ~ vesonmcol) to explore feed down
c ] © | ommmmmmooooooo oo : corrections, combine
g f IITIDITIICIIZZICIICIIIE d p semmmmmmmmmmmmmomoo : with prompt state
I R (O = S0 e ininie = cross sections, and
7 : explore the effect of
S ] o007 0 ] the interaction onset
10-q 10 20 30 40 10 10 20 30 40
E [GeV] E [GeV]

Transport and open quantum system approaches in nuclear
matter have been developed. Typically applied to hot QCD
but can be generalized to cold QCD [N Heetal. (2022) Frone

Y. Akamatsu et al. (2015) N. Brambilla et al. (2022) Medium




Conclusions

= Flavor production, charm & beauty, has motivated important
developments in QCD. Still, many open theoretical questions remain —
form the flavor number schemes, to the relevant EFTs in multi-scale
problems, to the non-perturbative hadronization into charm and beauty

mesons. These must be resolved to fully utilize the EIC capabilities and
we view this as an opportunity

» There are tremendous intellectual communalities in heavy flavor theory
applied to hadronic, heavy ion, and DIS reactions. It is a natural point of
convergence for the broa QCh community in the US and beyond. Now
is an opportune time for a focused theory effort and investment to
answer the most pressing HF puzzles and lay the groundwork for the EIC

= Atthe EIC, heavy flavor will provide unique probes of hadronization
energy loss and the transport properties of cold nuclear matter, the TMD
stricture of nucleons/nuclei, small-x saturation physics, parton
distributions

. Heav?/ flavor theory, both open and quarkonia, is a key component of the
the EIC theory initiative that we propose. We emphasize the need for
analytic advancements and precision phenomenology



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

| e <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 i 0.2 o4 0.6
- T. Hobbs et al . (2017)
Charged
Current \%
e ~.W(q) 2.00f e — ———————
Q2 F Stat. Uncertainty [CT18NNLO, R, = 25/(U + d) = 0.325 (suppressed)] |
/X 1.75 = CT18ZNNLO with enhanced strangeness, Rs = 2s/(U+d) =0.863
P 1.50F i =
1.251 A
1.00 =
0.75)- =
M. Arratia et al . (2020) f
0.25E =
0.00 g5 3 30 40 50 60

Double charm jet NC event Reconstructed Jet pr [GeV]



Heavy flavor in polarized

reactions at the EIC

The EIC s a polarized machine — will constrain
precisely the spin content of nucleons and nuclei and
their 3D landscape

Hadrons (DD-bar) L.Zheng et al. 2018

do¥T(Sr)
dQ?dyd*qrdy d*pr

Hh Hj . Hes _ _
_/ b o (as)—2/ 7 i (as)—/ 9 (Fesa (a,) + T°00 (a))
Hbx K Fbx K Hby K

. * p2db Lf
= sin(¢q — ¢s) H(Q,y, 01, Y7, 1) ; E‘Jl(bQT)flT,g/N(m’ﬂb*)

X exp

xexp | ~Sp(b,Qon-py)| - Jets Z. Kang et al. 2020

EIC 20 GeV x 250 GeV, charm jets

Rather significant
asymmetries.

Hadronization reduced the

0.08 0.15}

] asymmetry. Experimental
feasibility studies have also
been performed (on charm
meson)
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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
; Strongly interacting J)
J Quark-Gluon Plasma
’ Jet energy loss
and absorption
q
q_k

» 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)



Strangeness production in DIS
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N. Chang et al. (2014)

* One calculation finds enhancement of K-
at large values of z. However this could be
flavor specific differences and isospin
effects in e+A

5K
N

DMed / DVac

We find larger enhancement at small z relative
to pions. The large z behavior has to be further
explored



Light and heavy flavor

suppression at the EIC
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Jet results at the EIC

H. Li et al. (2020)

1 Jor do/dndpr|,, 4 Rr = Reg(R)/ Rea(R =1)
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0.7 Final only PDF: nCTEQ15 T _
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Jet P, (GeV) =3 L i
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Two types of nuclear effect play a role =T s
L. . . = Anti-k, 2<n<4 [ rR=05 i
- Initial-state effects parametrized in nuclear 0.6 PDF: nCTEQIS B R-03 |
parton distribution functions or nPDFs 5 10 5 20 25

- Final-state effects from the interaction of the jet Jetp, (GeV)

and the nuclear medium — in-medium parton

showers and jet energy loss = Jetenergy loss effects are larger at

smaller C.M. energies
How to separate them? Define the ratio of = Remarkably, effects can be almost a
modifications for 2 radii (it is a double ratio) factor of 2!



Heavy flavor jets at EIC

Z. Liu et al. (2021)

10 GeV(e) x 100 GeV(A) - R=0.3 * The modification of heavy flavor jets in eA
15 —2<n<0 —- R=05" is significant
R=0.8 : L
= * Thereis much larger sensitivity to the
= -:::::‘:;:;:zt'z-‘-?_s_._ . . . o ags
= Lo R gluon distributions but initial-state and
= R - final-state effects can still be separated
h et Tl * There is a pronounced rapidity dependence
. ] of the heavy flavor jet suppression
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We have also done the calculation for b-jets and slightly smaller, but still significant
modification



Use of LHC data to constrain heavy

favor PDFs — PROSA collaboration

O. Zenaiev et al . (2018)

= Adding LHCb and ALICE data to the heavy flavor data from
HERA
Inclusion of heavy flavor reduces PDF uncertainties

for sea quarks and gluons at small x, especially
FFNS
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Opportunities in e+p at the EIC

Singlet contribution S.Fleming et al. (2022) M. Baumgartetal. (2014) Y. Maetal. (2014)

LO NLO NLO NNLO
3S£8] 1558], 3P£8] / 0+ X'
»* Q "‘Q ’L
1 ) single) Parton \ A
~ o~ fragmentation
Pl Pl

Process | / \ .
J

LO NLO

Octet contribution | Only a subset of contributions survive, now
interpretable as parton fragmentation in quarkonia



