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Outline of the talk

What can be done at somewhat smaller CM energies and higher luminosity?

Quarkonium production and propagation in Work of (or with) M. Durham, H. Li, X.

matter Li, Z. Liu, Y. Makris, P. Wong
Meson production, HERMES constraints
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Production of quarkonia at

Intermediate and high p+

# « Non-Relativistic QCD (NRQCD) -a particular Bodwinietat-|(1995)
type of effective theory (EFT) Cho et al. (1996)
B~ 1,1,1,1
mo Explores all regimes of bh: 02~ 0.1 Ultra-soft  Ps mqu(1,1,1,1)
aen cc: v?~0.3 ‘ Phs ~ mqv*(1,1,1,1)
D? D?
Perturbative Lxrqep = Liight + 9 (ZDO +3 M)l/l + X (ZDO 5 M)X

MQU g - =--cmcmmcn-- f f

Non-Perturbative | |
QCD without the  ultra-soft + heavy - soft interactions
Aqop heavy flavor at NLO

mQ’U
typical momentum if heavy quark: |PQ| ~ mQu % ﬁ
=

2
typical kinetic energy if heavy quark: Kq ~mqu

* NRQCD factorization formula. Short distance cross sections (perturbatively
calculable) and long distance matrix elements (fit to data, scaling relations)

do(a+b— Q+X) =) do(a+b— QQ(n) + X)(O2)
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Results in DIS and EIC specifics

M. Butenchoen etal.

* Data and photoproduction theory at HERA

(2010)
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* Good description of cross sections can can be achieved but still some tensions
remain in understanding polarization, especially at low pt

* At EIC we have lower CM energies than HERA, especially IR2. Production at
low ptcan probe gluon TMDs and universal Shape functions

do

o = oul(n) H(2mo. i) [ *KFyyp(x,10 Shiq ~ i fu)

Low transverse momentum gluon production S. Fleming et al. (2019)



NRQCD with Glauber Gluons

LNrQep, = £NrQeD + Lo-g/c (¥, A‘Z—J‘ac)
= Atthe level of the Lagrangian ¢ /C
, pib AR
Possible scaling for the virtual gluons interacting T ﬁg _G/ C( 4 4 / C) + Ll) D X
with the heavy quarks

pa~ (¥ AN fg~ (X% A1) 0123 +-1 Y. Makris et al. (2019)
g g (1) ga~ (A2 A0 ~ (202 A0),
6/qQ
2) 4c fv(/\2./\1./\1./\1)N(fz\l.)\l./\iL),, 0
= Calculated the leading power
- Glauber gluons - transverse to the direction and next to leadi ng power
of propagation contribution : : :
Prop=g o contributions 3 different ways
- Coulomb gluons - isotropic momentum
distribution
Z. Citron et al. (2018)
Background Perform a shift in the gluon field in the
field method NRQCD Lagr.angian then perform the ©) . ; .
power-counting L:Q—G/C'( AZ /C) Z Vbtqr ( — -‘7‘46'/0) Vp (collinear/static/soft).
P.d
Hybrid From the full QCD diagrams for single g
effective Glauber/Coulomb gluon perform 242 -P) —i|(PL xn)A%| - o
IEEE the corresponding power-counting, read Eg) L AR =g Z P+qT( ¢ [ - G} )Lf'p (collinear)
the Feynman rules Par 2m
Matching Full QCD diagrams describing the forward ES)—C(L" Aléva) -0 (.s‘f('lff(')
method scattering of incoming heavy quark and a ’
light quark or a gluon. We also derive the 2Ac-P+[P-Ac] — i[’P > AC] .o
tree level expressions of the effective 58) (¥, Aﬁé-a) =g Z C"L+q < 5 / ),;‘»p (soft)
B ’ ’ T m ‘ ’

fields in terms of the QCD ingredients Py



= Much better description of

Rual IV ]

Phenomenology with NRQCD

At the moment data exists in heavy ion collisions
(as far as nucleus A is involved)

= Correct hierarchy of excited

Lz fifpe] S ppestlon and ground state suppression

1.2 : ; . : : : :
1 0_— 00T PPy s =502 TeY i E. Chapon etal. (2021)
. | —— J/y Dissociation J 2.00 T T T T T T T T T T
@ ATLAS J/y 0-10%, EPJC 78 (2018) 762 B —— y(28) / J/y suppression, E-loss
0.8 — J/y E-loss ] 1.75 |— w(2S)/ Jny suppression, Dissociation =
1 — B < CMS data, PRL 118 (2017) 162301
0.6 | | 2 1.50 -
. = i Min. bias Pb+Pb  g=1.7-1.9 ]|
- . < 1.25F —
0.4 ] — 1.00} -
- . ¢ . % i i
0.2 il - S 075 .
< 0.50 + _
1 | 1 1 L 1 1 (am
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p; [GeV] L
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Work to extend this to e+A is under p, [GeV]
way. Cold nuclear matter vs QGP, [} Open quantum systems Y. Akamatsu et al.

lower transverse momenta (2011)
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Exotics states in e+A

4800F In addition to quarkonia, we have a large number
- ) = X(4700) .
T — of heavy quark exotic hadrons
:"" UES\)'(-H‘)H»—/ ;'_Xlﬁ““?"' o Pc(4450) . . .
T e S T = Questions remain about their nature
200E_ s T —tightly-bound quark states,
o T\ e e e molecules of hadrons, or hybrids
[ ’ T 2o (3900) T e X(3872) v, (ID)
3800F jjif" ] P =
t.(2S) _,T; o
se00E™ A1 L Use the nucleus as a pX(3872)  _x [ X
[ ; . A eA e
S filter and compare to < G = f
ROE — a known state Rea Ocal Oep
“o00F T. Skwarnickietal. (2028)
: 5 1
AR T N S A
3 - @ o ®
Weakly bound 8 < 08 -
>“W Py o o
S /T~
" 0.6/ ® o
" e, samples arge volume of nucleus. 0.4 °
: ® Compact X(3872)
i e 0.2F ® Molecular X(3872)
>VW'°_@\ o 1 [P B ‘ L Ll
@@ 0O 20 40 60 80 100 120 140 160 180 200 220
Nuclear target A

Tightly bound compact tetraquark has small radius,

could more easily escape nucleus unscathed M . D U rha m (2020)



Heavy meson production in e+p,

NLO corrections

] ] 5 GeVx40 GeV 10 GeVx100 GeV | 18 GeVx275 GeV
Factorization formula py [GeV] (231 | [5.6] [2.3] [5.6] [2.3] [5.6]
.| LO [53x10%| 24260 | 1.4x107 [ 3.0x 10° | 29x 107 | 9.6 x 10°
TINLO | 1.1x 107 | 69473 | 2.8x 107 | 6.1x 105 | 5.6x 107 | 1.9 x 106
d3 o tN—hX dx po | LO | L4x 106 | 3242 [8.6x10°| 89952 |[3.1x107 | 6.6x10°
Ej—— = — Z ’/N(x,,u) NLO | 3.7x 10 | 8536 |2.1x107 | 2.1x10° | 72x 107 | 1.5x 10°
d3 Py, 0 g | LO [37x10° | 1171 [24x10° [ 28413 [9.0x10° [ 2.0x10°
NLO | 1.1x10% | 3333 |6.2x10%| 72329 |2.1x107 | 47x 107
Dh/f(Z /J)[ 7 4 r)éfl ( ,,u) O'ylﬂf] Example of light, charm, and bottom hadron multiplicities at the
S+u -~ EIC in selected p; bins to lowest and next-to-leading order. We have
j integrated over the hadron pseudo-rapidity is the interval -2 <n <
10* e+Au,10+100 GeV 4 and used a typical one year integrated luminosity of 10 fb~1 in
e+p collisions
~ 1000 F -1<n<3
Q
% 100 \\\x - - .
T e The resolved photon contribution (with WW
bla ol 0000 TSNS : : :
P S photons) gives a large contribution - 40-50%
1 e .
BO (blue) and By (red) of the NLO correction
Oy 5% 5% 5 Generally production is at more forward
Pr rapidities. Most pronounced for pions.

The WW contribution not included
In the figure

Differences are attributed to parton
distributions



Heavy quarks in the vacuum and the

medium

= SCETy ¢ for massive quarks with Glauber gluon interactions
= You see the dead cone effects. You also see that it depends on the process — it
not simply xm? everywhere: x*m2, (2-x)>m? m?  Dokshitzer et al. (2001)

Locp = p(i) —m)p iDF = OH+gAF AF = AF + AF + AR
Result: SCETy,c=SCETy X SCET¢ | I. Rothstein (2003) F. Ringer et al . (2016)

There is a an easier/ more elegant way to derive
the in-medium splitting functions base on the

LCWF approach M. Sievert et al, (2019)

dNmed s dAz 2 1 drr(},’“‘d 14 (1—x)2 B,
k. = .—ocl-‘/—\/d U =P . R
dxd?k 0—Qg 272 Ag(2) oel d°q | a B7 +v?

x( _,B' _ QCL A,) (1 — cos[(£2; — 9)A2]) + ‘,C' (2 \,C' _ QAL :
B 112 C 112 Ci+v? \ Cl+v2 AT+
_%) (1 — cos[(Q1 — Q3)Az]) + BF; I/_).C",C"l — (1 — cos[(2s — ) A2)) In-medium splitting function
1 /= 1 A . . .
A, D A _ ™ D, derivation, evaluation, and
+— ( 5 T ) (1 - cos[uAz]) — —5——5-—5——5 (1 — cos[25Az]) : on i
Al +v? \Di+v? A7 +v° Al +v? DI +v? implementation is the most
1 B A B .
R — . — - — — 0S )] —(2.) A2
+;\"}7’ Bz + 2 <4i 4+ 12 Bi + 1/'3> (1 = cos{(fy —)A ])} Cha"englng part Of

L 1 calculations involving nuclei
3,2 . _ — eosl(Q1 — o)Al
+z°m |Bi 3 (B'i v Raes) +1/9) (1 — cos[(21 — 92)Az2]) + :|}



Have to take cues from the

modification of light hadrons

= Account for nuclear geometry, i.e. the L1f Epeam=27.6 GeV HERMES
production point and the path length of Lol
propagation of the hard parton, NLO 0of i
o 0 55 08 i [ t
N'(10*2) & ;1
Ne(0%) |4 07f
R5(v,0%7) = ————*~ 1
eA(V Q Z) Nn(v’QZZ’Z) 0.6 Theory
NeeY I o5 Kr m Data
0455 10 15 20
In-medium evolution of
. . v [GeV]
fragmentation functions . . .
e Nucleus . y "I Eoeam=27.6 GeV HERMES
Ahli _ az mnj (X
dln;ﬂD (x, ) Zjlﬂ p D (Z’/J) 1.0}
i
o X(Pias@)+ Pitem) O F R T ey
& o6} E s i
= We colnstra:cin a range of transport properties 04f Theory
to explore from HERMES o2l m  Data Kr
Transport 2 GeV? 0.0b—s , : ,
P 2”_ — 012 (vary x2,/2) 02 0.4 0.6 0.8

properties: g fm 7



Light flavor suppression at the

Electron lon Collider

2.0 T T T T
18 GeV(e) x 275 GeV(A) 7r+0 L
— - Y“ V&?{E § o Y & & .
b 2<n<0 1330 ] >W O >W’ T At
,a e
)
\é 1~0 [——=wwwww IIIIII..II...I'..II"'..... EEEEE—
= “emmmsssenst  Light pions show the largest nuclear suppression
05k at the EIC. However to differentiate models of
hadronization heavy flavor mesons are necessary
0.0 . . . . 20 T T T T
2 4 6 8 10 m* at 5 GeV (e) x 40 GeV (A)
prGeV] | 2GeV<pr<3 Gev — —2<n<0
| - 0<p<2
.. : : 2<n<4
= Thisis the figure that illustrates the ol 7

Rea(2)

usefulness of smaller CM energies and
forward rapidities.

This is to study in-medium evolution / energy
loss. Effects depend on the energy of the parton
in nuclear rest frame. Minimize the rapidity gap
between the nucleus and the parton

H. Liet al. (2020)



In-medium evolution of HF

fragmentation functions

= The modification of heavy flavor channels is very different than for light
channels

— DY DY = Very characteristic
"l — = 9CGeV enhancement at
— = 30GeV small and
moderate values
of z. Transition
from. Suppression

. z HD( R Taae z to enhancement is

Dy Dy, DYDY much steeper for B

v = 30GeV mesons

v =05GeV =  Gluon
fragmentation
pattern different

BBy T eoB However gluons give

z z minimal contribution

Ratio of in-medium evolution to vacuum-evolved FFs



Modification of heavy mesons vs

p; - rapidity, CM dependence

. . . . . 2.0 T T T T T
Normalization is important. Aimed at 5 GeVi(e) x 40 GeV(A) -
minimizing the initial-state PDF effects 0<<2 D

15F
BO
N™(pr.1.2) Normalized by inclusive =
R (pr.m,2) = NP1 le+Au large radius jet production. S0 T e
eA > Nh(PT,TI,Z) . . . < S o ——
— L To LO equivalent inclusive g |fpEeestsoommees L
ch(pTJ]) e+p . . oS F"——— ——————————————— =]
normalization PP PP
0.5 frmmmmmm e L )
= Observe suppression — large effects.
Suppression can be as large as a factor of 00 ,
2 3 4 5 6 7 8
2103 pr [GeV]
o [onc 2.0 T T T T T T
= Forward rapidities show the largest 5 GeVie) x 40 GeV(A) ot
effects. Higher CM energy, backward y — . 2<n<4 —- D°
“r 0
small effects B
= However, in many kinematic ranges the S
. - R A ———
modification of D, B mesons (or lack there & [T e
Oﬂ:) is ~1 0.5 ‘-'*---..,_:--__--_--' e ———— __.?\-7-‘5
::: ----------- Lo o LTI P ey ~~~"‘
00 2 3 4 g 6 7 8

H. Liet al. (2020)



A better observable

20

7+ at 5 GeV (e) x 40 GeV (A) = A more differential ratio vs the momentum
1sp 2GeV<pr<3 Gev — —2<n<0 fraction of the hadron
- 0<n<2
2<n<4

The difference in the suppression pattern of
pions and D, B mesons is characteristic of the
in-medium evolution/energy loss approach

10F

ReA (Z)

2.0
z [
ISP e e
[ ,—"‘—_‘ _-———::-\
2.0 T T r r ”_—’:——_—— __________ :\
E\ ,—” - \ N
DY at 5 GeV (e) x 40 GeV (A) = 10fszizs
s 2 GeV<pr<3 GeV — —2<n<0 S~
“T 0<n<2 | B? at 5 GeV (e) x 40 GeV (A)
05F 2 GeV<pr<3 GeV — —&<7
N —e= 0<<2 NN
< 2<n<4 1
== 0.0 . 1 1 1 .77 1
03 04 0.5 0.6 0.7 0.8 0.9

z

H. Liet al. (2020)

03 04 0.5 0.6 0.7 0.8 09

As | will show this modification can be measured with a
forward silicon tracker



Can this be measured?

Yes it can. Quite accurately on top of that

Differentially vs rapidity and momentum fraction

Nuclear modification factor Re A
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hadron momentum fraction z_ = ph/p_ .
je

X. Lietal.(2021)

Can constrain
the transport
properties to
about 30%

Based on
realistic
detector
concepts,
Full FungAll
framework
Geant

R. Abhdul Khalek et al . (2021)
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Inclusive heavy jet

production

* Jet production is one of the cornerstone processes of QCD. Light jets have been
studied for a long time. Recent advances based in SCET

scales

hg —

mq

hl 3 A - —i pj ~ pri
\

— Aqcp

hl -+ h,2 — Jet + X
dopp—itx _ 2pT /1 dz, /1 daxy
dprdn s ; ... Tale= ) Dy

min b
dz. Ao, (8. DT/ 20. M, 1L)
g / fafles et B ol 1) (e watanlBUR) mo. 1) |
! !

Ty
22 dvdz

min c




Heavy flavor jets at the EIC

2 To eliminate initial-state effects we take a
1 ;’1 da/dnde\e+A

Rea(R) = — double ratio
A f:f do /dndpr]|, ., 2.0 : : : : : :
N\
A 10 GeV(e) x 100 GeV(A) ---- R=0.3
* The physics of reconstructed | 2<n<4 --—-R=0.5
jet modification & R=0.8 |
S
Jet axis ~ ]l.Opnz=mmcsasasanasansssnsssnsssasasasssssssnsnsansnsnsnnananannns
f-\ --------
S i —————_———
\—/ o o
S T PEREE L
]
|
8o
Q: 0.0 M M M M M M
11 12 13 14 15 16 17 18
pr [GeV]
= Relative jet modification nearly a [rre——
factor of 2 for small radius jets EPBElEM!HﬁBﬂ
= Comparable to light jets b

Z. Liu et al. (2021)



Inverting the mas hierarchy of jet

quenching effects

Zg- min(pr1, pr2)
PT1 + P12

]\ vac,MLL (] N\ vac

- Z (([,‘jg(lﬁ

exp !

At lower 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

>j—>i?
1/2
/ (]9/

“~cut

([ g([H

dNVae
dzdf s

o

Sud'lkO\ Factor

Due to the smaller CM energies / pr at the EIC
we expect similar non-trivial effects in jet
substructure modification for heavy flavor

AuAu/pp

AuAu/pp
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Lo [Pt
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B C —>Cg

10<PTJ<30 GeV
SD: =0 z =0.1

|
(<]
{
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|
!

Ol v L1
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7035 04 045
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H. Lietal. (2017)



Conclusions

= Heavy flavor production is an essential Fart of the EIC science. For expert
level discussion of various experimental and theoretical aspects see
https://indico.bnl.gov/event/9273/

= Quarkonium production, as described by NRQCD, can be further
constrained at EIC. New developments are theories of quarkonium
production in matter (NRQCD¢,), low Py and gluon TMDs at the EIC. e+A
collisions can shed light on the structure of heavy exotics

= Open heavy flavor production has been calculated at NLO, in-medium
evolution of fragmentation understood. We have detailed and differential
predictions of D and B meson cross section modification, which can
differentiate between energy loss and hadron absorption

» Calculations of open heavy flavor jets are underway in e+A collisions.
They require more careful treatment of energy/mass scales. Preliminary
results are promising — Iarge suppression of c-jets. Heavy jet substructure
in reactions with nuclei exhibits unique features that could be studied at
the EIC (TBD)

= Lower CM energies/higher luminosity maximize nuclear effects



