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Outline of the talk

» The physics of HF hadronization and
current status

=  Open heavy flavor and production in
elementary collisions

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

= Quarkonium EFTs - in the vacuum and
in nuclear matter. Phenomenology

s  Conclusions and future directions

Open HF at the EIC: https://indico.bnl.gov/event/9273/
Quarkonia at the EIC: https://indico.bnl.gov/event/1289g/

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.
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Heavy flavor in elementary collisions
and hadronization




Hadronization

Change the order a little bit and discuss this first | 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



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



Light and heavy flavor

fragmentation and evolution

.. L _wMT
Another heavy flavor FF parametrization D(z) = z717M1(1 — 2)% =
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Constraints on fragmentation from

heavy mesons In jets

25 GeV < pl¥l< 30 GeV 30 GeV < plec 40 Gev 40 GeV < pfl< 50 GeV Using a new formalism of semi-inclusive
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ZMVFS open heavy flavor at NLO
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Hadronization in Monte Carlo models

String fragmentation Cluster hadronization
PYTHIA et al. HERWIG et al. s
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model string cluster
= This picture allows to derive the energy—momentum picture powerful simple
_ ) 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



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 for heavy jets (e.g. b) based in SCET
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Evolution between scales

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

functions
The SiJFs Evolve according to DGLAP-like equations scales
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The integrated perturbative The integrated parton fragmentation
kernel at the jet typical scale function from parton [ to parton

C. Bauver et al. (2013) L. Dai et al. (2016) (2018)



B-jet production in pp

collisions

10°— p+p S =7 TeV . T = lyl<0 T 3
* ik, R=05 W05 (x625) 0.04F ¥-a-.,-—___
, N‘ Ant.l‘kq' R=0.5 - 054}|<1 (x 125) 0. 02 - 1'*._’_:*#—‘- E
10 A 1<lyl<1.5 (x 25) TV Ak, Re0S NLO -
- 0 1.5«lyl<2 (x5) ] 0OF —, s ' ]
= - +  2<lyl<22 — 0. 04_— . 0.5<lyl<1 " |
0.02 E‘_. ‘ l :
N 10°1 - NLO+LL
2 i 2 0 _: —
= — g - A l<IyI<l S5 ;
g v 0.04F i
) S 0.02F Seie =
o10° £ +
] ?0 O,
5 s E e 1.5<lyl<2 -
® 2 0.04 -
0.02= 'é Pio e —O—W
10? NLO 0 EE‘ =
NLO+LL F - 2<| 22
Y
- 0.04
0.02 H-_-F{-* +==F “*"H—-u-‘..,
1 %l | | | | | ‘ 0 ; d 1 1 1
20 30 40 50 60 70 100 200 20 30 40 50 50 70 100 200
b-jet P, (GeV) b-jet P, (GeV)

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



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




Example of successful EFT in matter

M. Gyulassy et al. (1993) Energy loss approach E
B. Zakharov (1995)

R. Baier et al. (1997) .: p, Al SCET
J
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time 3 i
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p, Al ; Medium
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= Factorization, with modified J (jet), Ovanesyan et al. (2011)

B (beam), S (soft) functions Z.Kang et al. (2016)
= Accomplished for light partons. | will n
: : Tr(HS)o[[Bio []J; t
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Heavy quarks in the vacuum

SCET), c—for massive quarks with Glauber gluon interactions
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Feynman rules depend on the scaling of m. The key choice is m/p* ~A

|. Rothstein (2003) A. Leibovich et al. (2003)

With the field scaling in the covariant gauge for the Glauber field there is no
room for interplay with mass in the LO Lagrangian
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Heavy quarks splitting functions in

the medium
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Differential branching spectra
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Implications for A+A Collisions

Full in-medium parton showers require Y60 e Pt o D! =60 @ Diine
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A different set of fragmentation

functions

dDg/l 4

Oln QZ

W. Ke et al. (2022)

Large systems and
applications of in-medium
evolution

Theoretical results agree with existing light
hadron and D meson measurements at
RHIC and LHC. True for both central and
peripheral collisions

There is tension with the B meson
production (or non-prompt J/psi).
Combination with the May be dissociation?
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One slide on the EIC

Long Range Plan recommendations

*  Werecommend a high-energy high-luminosity polarized L
Electron-lon Collider (EIC) as the highest priority for new ) {\x[_\({f[l<\\];g;‘5‘11’{;\.§

facility construction following the completion of Facility for 0d
Rare Isotope Beams (FRIB)
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. CD-o and site CD-1 approval * The non-linear physics of strong color fields —
U.S. Department of Energy Selects selection inJul. 2021 gluo.n saturation
Brookhaven National Laboratory to Host announced * Theinternal landscape of nucleons and the
Major New Nuclear Physics Facility Jan. 2020 CD-2 expected origin of mass

JANUARY 8,2020

InJan. 2024 CD-4 expected in Jul. 2031



The space-time picture of

hadronization

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

for e+A Y N he
» Competing physics explanations of HERMES hadron suppression >MW M“
data based on energy loss and absorption

X.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

LIt R . Sassot et al. (2009) P.Zurita etal. (2021)
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Heavy meson tomography
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Differences between AA and eA

=  AAand 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)



ReA(pT)

Rea(z)

Light and heavy flavor

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

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



Corrections in A+A collisions

Let us now focus on the jet function and final-state modification in the QGP

do 2 dq
AA>J+X _ 4PT Z/ ma,ﬂ)/ ——fb(a:b,u) — CNM effects

dprdn pmin

a,b,c

1
dz. dTgb—selS, cy 'l R
x/ Ze A0 gp (s pT/z ] M)JJ/C(ZC’U,J tan( ’/2),mQ,u)

- dvdz

min

The short-distance hard part Encodes the effects when the jet
remains the same evolving in the QCD medium
The jet function receives medium contributions from

collisional energy loss and in-medium branching gmed _ ymed,(0) | ymed,(1)

Jo/i — YJs/i Jo /i
processes Q/ e/
I3 =
Vacuum jet function: ’
Medium corrections: »
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corrections to the LO jet

function O(a, x %) © Medium induced corrections
to the NLO jet function



Heavy flavor jets in matter

The semi-inclusive jet function theory can 15 PbiPb  (sc2.76 TeV
be generalized to heavy jet production in ] g=20

matter. Medium corrections to the NLO jet '
function are written in terms of integrals
over splitting functions. 15

I

T

Rm\
o

%))
[TTTT 11

b I e b I Tl e

Data NLO+LL

NTI'NIY

0-10% Anti-k; R=03 Ini<2

AA

o
(%))
T T T T

H. Li et al. (2018) Z.Livetal. (2021) o

After summing over all diagrams 1.(5) i r
" L 30-50% '
d,(1 g 1
JSIE;/Q( )(vaTRamau) = / quPgéd(ZamﬂL) < 1 7
2(1-2)prR + n - #i% .
% 051 -
med, (1) 8 med 8 med - 1
JJS/g (Z’pTRama,u’) = qu_PQg (Za m, qL) + qu.PQg (Zama QJ_) (o] = o ‘ =
A=z 4 AR 100 150 200 250

b-jet p_(GeV)

Slightly less dependence on the centrality when compared to the well-known light jet
modification

Theoretical results agree well with the data for both the inclusive cross sections and the
nuclear modification factors



g:

min(pr1, pra)

Heavy flavor jet substructure In

A+A and DIS

SD: B=0 Zcut=0'1

pr1+ P12
P>
\\\rg = AR12
\pT1
A. Larkoski et al. (2014)
H. Li et al. (2028) Z. Liuetal. (2021)
1.4~ Sun=200 GeV g=2+0.1 MLL -
1 oF ant-k, R=0.4 R b if)gg E
&
Z
2 r
0.8~ ]
06 .., | | | 5
: 10<P, <30 GeV B g > cC |
1ar ; g >bb ]

AuAu/pp

o

©
,o\\‘\\\
(&)}

025 03 035 04 045

o
LT T T T T T W
o
ok
(6]
o
N

Related to the modification of jet cross
sections is the modification of jet substructure.
Example - Soft dropped momentum sharing
distributions

dz,db, dz,d, ) .. Splitting functions

1 1/2 d N vac

dNyeMEL ( dNvac ) Provides access to the
i J

7
-

Sudakov Factor

12 T
b—bg
5
&
=
5
< o8} pT=25 E=94 GeV
Y —
pT=40 _
0.7F — pT=60 R=0.4
— pT=80
0.6 . . .
0.1 0.2 0.3 0.4 0.5



Heavy flavor jets at EIC

Z. Liu et al. (2021)

A key question — will benefit both nPDF extraction 20 ' '

and understanding hadronization / nuclear matter 10 GeV(e) x 100 GeV(A) R=0.3

transport properties - how to separate initial-state & 15} 2<n<d ., " R=05

and final-state effects? S . 4

Leveraging the vacuum and in-medium shower Ei/ 1 —

differences. Define the ratio of modifications for 2 Qi@ 42 anmr s e s s s ana e wransznzatzansiiIiIInIITITN)

radii (it is a double ratio) S b :

e ]
RR=Rled (R)[ Ried (#=0.8) c jet  Results are similar for b-jets ,
0.0 2 1

= Effectively eliminates initial-state effects 8 10 12 14 16 18

=  Final-state interactions can be almost a pr [GeV]

factor of 2 for small radii. Remarkable as it y y y y y " y
h itud b dinh 1.4F 10 GeV(e) x 100 GeV(A) ---- R=0.3
f'approa.c .es magnitudes observed in heavy R pr.> 8 GeV - R—05
ion collisions (QGP) xR 12}
T
=
- 1.0 = s RN e s e T T
Nucleus Jet & r'"""_‘__------------....______._..".‘ ???? —— TSl
. Do = T - ey, ]
Q;qﬁ 0.8} \’;:.,.
Electron . \\\\.
0.6} cjet R
—(;.5 OTO Oj5 le 1?5 2?0 2?5




Quarkonia

"I'm firmly convinced that behind every

great man is a great computer.”




Production of quarkonia

# e Non-Relativistic QCD (NRQCD) -a particular Bodwin et al. (1995)
type of effective theory (EFT) Cho et al. (1996)
b 1,1,1,1
mg Explores all regimes of B w201 Ulracsoft Ps ~meu(1,1,1,1)
aeb CcC : 1)2 ~ 0.3 pﬁs ~ mQU2(17 1a 1a 1)
D? D?
- — I t(; Lo t(:n D
Perturbative Lxrqep = Liight + 9 (ZDO +3 M)l/i + X (%Do 5 M)X

mqQu R R —— f

Non-Perturbative B} i i
QCD without the  Ulira-soft + heavy - soft interactions

AQCD2 heavy flavor at NLO
Qv typical momentum if heavy quark: |pQ| ~ va2
typical kinetic energy if heavy quark: Kq ~mqu
e
pNRQCD  N. Brambilla et al. (2000) VNRQCD | M. Luke et al. (2000)

* 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)



NRQCD in a background medium

m Take acloserlook atthe NRQCD
Lagrangian below

Scales in the problem
p* ~mgu(1,1,1,1) soft ~ A

P, ~mgu?(1,1,1,1)  ultrasoft ~ A2

= Ultrasoft gluons included in
covariant derivatives

1 v v v 2 . p_ZD ?
L=~ F FMV—{—g’p“Ap—p Al +§pj¢;f,{zD0—( ) }wp

= Soft gluons are included 2m
explicitl 1
phicitly —dra, Y {Fp; (49,42 4,
o 2,4'P;p’
Double soft gluon emission L9 —p+p) — g (a—p+p) + 9" (g~ Q/)O'IPT 4] }
) 2 ’ /4 P
Heavy quark-antiquark potential (' - P) N
+p e x, ToT
. . . 4 s . _
(can also be interaction with soft T LT VN LR

particles) pa (P—q)



Allowed interactions in the medium

LNrqep, = £8rqep + Lo-c/o (V. Ag)c)
+ Eg G/C( 4“ b 4’27(-.) + ) ——x

- Energy component must always be
suppressed

- Glauber gluons - transverse to the
direction of propagation contribution

- Coulomb gluons - isotropic momentum
distribution

= Atthe level of the Lagrangian

Possible scaling for the virtual gluons interacting
with the heavy quarks
012 3 + - 1
(1) 4gc~ (A2 AN ~ (A2 050,

po ~ (A, M\ 0) lo ~ (A2, A\ ))

= ~ =

aG/qQ
@) o~ (AL ~ (AL AL A,

= (Calculated the leading power and next to leading power
contributions 3 different ways

Background field Perform a shift in the gluon field in the NRQCD Lagrangian then perform the
method power-counting

Hybrid method From the full QCD diagrams for single effective Glauber/Coulomb gluon
perform the corresponding power-counting, read the Feynman rules

Matching method Full QCD diagrams describing the forward scattering of incoming heavy
quark and a light quark or a gluon. We also derive the tree level expressions

of the effective fields in terms of the QCD ingredients



Example of the background field

method

Perform the label momentum representation and field

substitution (u.s. -> u.s. + Glauber)

zc)t — g~1( — g~10
~ ,\2
—(i8 + gAy + gnA%) + O(\®) ,
NVAQ

ZD(

iD= _P
~ A

E=0,(Ay +Ag) + (8 +iP)(AY, + AL) + gTefP2(AY, + AL (Ay + Ag)®

=P AL +O\Y
\W—/
~ A3
B=—-(0+iP)x (Av+ Ag) +
= — (1P, x n) AL +O(\Y) .
N — —

~ A3
Results: Leading
depend on medium
the type of corrections

the source of
scattering in
the medium

Sub-leading
medium
corrections

gTC fP(Av + Ac)"(Au + Ag)"

b(z) = ) dpl(a)
P

iDyy — P+ 0 — g(Afy + A%, )

Example for a collinear
source (note results depend
on the type of source)

Substitute, expand and
collect terms up to order A3

£8) 610 Atc) = 3 Uhrap( — 94%c) i (collinearstatic/sof).
p.ar
2A2(n-P) —i|(PL xn)AZ| - o
E ) ALY = g Z Lp+q7( £m ] )q‘p (collinear)
p.ar

Y (0, A4 =0 (static)

Q_C Ly 4 C — P -

2Ac-P+[P-Ac]—i|PxAc|-o

(1) o f

EQ (4, A% =9 Z I)+(1T( 2m [ } )L‘JP (sof?)

P.ar



The QCD forward scattering

diagram expansion

= Looking at t-channel scattering we can also extract the form of the Glauber/
Coulomb fields in terms of QCD ingredients (and recover Lagrangian)

]) > > 1)/
{‘ p— 9 z J—
coll. _ 9 N, tg—coll. = é ; ; ; ; ; S
Pn g g Pr pn

Glauber field for collinear source

(0)

tg coll.

(1)
+ 1 eon. t+ O(A\?)

A = S Eotar 6T
Ag — & Snb—qp o\ Sn,t . .
aF 4 a2 Glauber field for collinear source

Coulomb field for soft source abe T b(0) 0
‘42_1' - f ’ 2 Z [’ P n(J_( qr Bn(_l_)l’)}

R ,
A" = 32 de-ar (T oe
q 2[: Coulomb field for soft source

Y. Makris et al. (2019) A‘é:“‘zf“bc g Z{[P“ [ q Bgf?))] —2(B§(?) [’P)Bg‘[bg] 2(B§f?1q. [P)Bg‘;f(o)]}
¢l

= Note that for the gluon the last 2 diagrams are necessary for gauge
invariance but the first diagram the leading forward scattering contribution
= Inthe medium the momentum exchange can get dressed ~ Debye screening



Effects of the medium

= Typical time for the onset of oI RN
interactions - take it to be O(2 fm) VAL &Y a
NN | |
» Dissociation time - incudes thermal .., C—— u |
wavefunction effect and collisional || | n \‘
. =i = — <= fe—
broadening
Adil et al. (2006) Sharma et al. (2012)
) 1 oy e . ’
Preibipt, 1) = 2(2r)3 /dhkd‘r vilak )k, o) Following feeddown

. / i S - contributions taken, others small

» ~ ~ . _.rl‘l—.rl.\ll'."' > le_'rl‘\;i
2om)? dxz NormsNorm; me e l

2 $(2S): Br|w(25) = T/ + X] = 61.4+0.6%
y _

2[xz(1 — z)A(T)?|[xp% € + x(1 — z)AE]
[z(1 — 2)A(T)?] + [xp3 € + =(1 — 2)AZ)

Xe1 @ Br —\,31 — J/+ ~] =343+ 1.0%

Dissociation 1 1 dPs—i(xpH§,T) xe2: Brixee = J/¥+ ] = 1004£05%

time taiss.  Prei(xp3&,T) dt

Incorporated in rate equations S. Aronson et al. (2017)



Centrality and p;- dependence

1.4 T T [ T I
= In caIcuIatmﬁ the min bias results we oL — Oy dosaiaionTom.+Cot. | ]
I 1 - m ALICE prompt J/y, p-=4.5-10 GeV
found that the result is dominated by —~ 10f VS po v s e 520 6o |
the first few centrality bins 5 gl 1
Z Ve o Pb+Pb, s"%=2.76 TeV ]
E 0.6 g=1.85, E=1-2 -
o o4f ]
. . P [2- II"I' bi max ’
RAR " (pr) = 2 Raallbo) W, = / Noop,(b) 7 b db 02F *
Zi’ II b . bi min OO I I } I } I 1
1.2 B Jhy dissociation Term. + Coll. ]
1.2 T I T I T I ' H A ATLAS inclusive Jy, p,>6.5 GeV | -
I --- Y(1S)s" Therm. + Coll. | | e Lor + ]
1.0 . 1/2 7 = 0.8 + .
. L Min. bias Pb+Pb Y(2S) s~ Therm. + Coll. ] = 06 8 + i
— | g=1.85, £=1-2 ® CMSY(1S)s"=2.76 Tev| _ SR |
o 0.8 e o4l b
c - [Edt, =1-15fm| ® CMSY(2S) s=276 TeV| - L
E: 0.6 ' 0.2 tom = 1-1.51m -
e _ - . l l l i
f:( 0.4 ¢ O'OO 100 200 300 400
as L Npart
0.2
i ; S. Aronson et al. (2017)
0.0 :
0

Uncertainties are related to the onset of the

interactions



Some basic study for EIC

Dissociation from collisional interactions in cold nuclear matter is 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.

10 T — — J/y QGP (Therm. + coll.) 3
F 0-10% Pb+Pb — - Jiy CNM (Coll) .
C Min. bias e+Au — y(25) QGP (Therm. + coll.) | 1
_ [ — . y(2S) CNM (Coll.)
o 0 — %, QGP (Therm. + coll.)
?} 10 F — - %, CNM (Coll.) E
o - ]
‘& i T ________CZ
= 10‘1 e e e e e e = — —|
m< - = ]
-2 | — :
107 10 20 30 40
E [GeV]

|. Olivant et al. (2021)

IO1 3 T — Y(1S) QGP (Therm. + coll.) 3
F 0-10% Pb+Pb — - Y(1S) CNM (Coll.) .
[ Min. bias e+Au — Y(2S) QGP (Therm. + coll.) | 7
i — - Y(2S) CNM (Coll.) ]
0 — Y(3S) QGP (Therm. + coll.)
10°F — - Y(3S) CNM (Coll.) =
10 }—f ______ =
E , - .
B Ve
R Ve
-2 g I | |
10 10 20 30 40
E [GeV]

For full EIC predictions we need to explore feed down corrections, combine with prompt state
cross sections, and explore the effect of the interaction onset.



Conclusions

= Flavor production, charm & beauty, has motivated important
developmentsin 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 QCD 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



Jet results at the EIC

H. Li et al. (2020)

1 J,) do/dndpr|,, 4 RR=Rled (R)] Ried (R=1)

A 2
A f:1 da/d??de|e+p - 10 GeV x 100 GeV e+Au .

ReA(R) =

1.0)

R,RR (R
o
e
) > ‘

I\)AH \lHH‘HH‘HH’HHl\
T

0.8~ [ | Ful 0.6/— /

E l:l Initial Only I~ ‘ ‘ ‘ ‘ 18 GeV x27‘5 GeV e‘+Au‘
0.7 Final only PDF: nCTEQ15 — oo _
= A T B B a B -
5 10 15 20 5 T .
Jet P, (GeV) 5{ B |
& 08— —
Two types of nuclear effect play a role = 0 eos
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 Jetpy (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!



Opportunities in e+p at the EIC

Singlet contribution | S.Flemingetal (2022) | M. Baumgartetal. (2014) | | Y.Maet al. (2014)

LO NLO NLO NNLO
3 S£8] 1 558], 3 P58] / 0+ X'
»* Q v“Q ’L
] ) single) Parton \ A
~ ~ fragmentation
Pl Pl

process | / \X
J

LO NLO

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



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

©
Trets e, prR,m,p) = / dg, PG (2,m, 1)
z(1-2)prR

+

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

m
+/ dg PG (z,m, q.)
z

+ (liz)pTR

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
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Heavy flavor jet substructure In

7, minpripra) <_AR1‘2>3
9% Tpri+rm

Related to the modification of jet cross
sections is the modification of jet substructure.
=AR,, Example - Soft dropped momentum sharing
distributions

\pT1
A. Larkoski et al. (2014) A (dN ) Provides access to the
dzydf, — \dzydb, ) ;3 splitting functions
1 1/2 d N vac
Illustrative study: DIS will : eXp [_/ de/ dZZ < dzd0 ) , ]
: Z. Liu et al. (2021) b Jrzew j—ii
cover a very different - —— =
. . . . . udakov Factor
kinematic regime than HIC Realistic example
12 T T T . T T T e .
bosbg - e « Modification of both c-
1 — oo jets and b-jets
~ ~ __ b=bg . :
< R - substructure in e+Ais
= = oo} relatively small
S 5 10 x 100 GeV _ :
< osf pT=25 E=94 GeV < 03 04 Rel 1 * Itisdominated by
= pT=40 2 =2 R ..
o7k — pT=60 R=04 07 pr=10 GeV _ limited phase space
— pT=80
06 : : : 06 L L L
0.1 0.2 0.3 0.4 0.5 0.1 0.2 03 04 0.5

g



Collisional interactions of heavy

meson states in matter

= Momentum transfers q follow
Glauber gluons scaling

dp': ' < -
sz [} : il E f'] ‘r'f‘—j'—f‘" r)n n ]
N NEE EREE Qi
M1 ‘_' ',‘ ' i J'.‘l V" 133 V |L ! (K, Ak Z n! / H ' Uel d? q:
=== = , - n=0
A1) “‘5 : ) ‘_} : ‘ \ ‘U ‘: UI ‘,.‘ | \_‘I
p—_ b= <= | n ((’—qn-vAk _ i)] |C"O(K- Ak)‘Q .

Adil et al. (2006)
= Resum in impact parameter space, make
Gaussian approximation

. _LQ)_
Heavy meson acoplanarity 0 & A0P = | | TNom? #(1 — 2)A2
. . . Amxp?é xp2€ + x(l —x)A2
» Distortion of the light cone . .
. 2 m{(l—z)+msx
wave function (meson decay) oo T e S vy ]

= Reduced transition probability psuw_(%sz):‘ [k, %,




Energy loss for quarkonia in nuclel

and co-mover dissociation

d, = 0.075 GeV2/fm

= Another radiative energy loss approach N SRR AR AR RRRARORE
— Radiation qff of a heavy qugrk. The RISEEE: Fiiiteg, Pos
Bertsch-Gunion spectrum is integrated #oer ~1 T LT
. . 04 - 404
from M to the cumulative broadening t } 1
. . L NA3 Vs=194 GeV 1 NA3 Vs =167 GeV (n beam) |
Scale. Itis SUppressed by MT at hlgh pT' 0 __'__'_'_’_'_'_'__’_'j\_'_’_'_'__';'__'_'_’_'_'_/[!_'_'_'_’_'_'“':0
F. Arleo et al. (2012) Amosf—”"i»-;,,} ; ':;HHEE}; N Jos
Zoof $ N R
AFE = ; 1 dr N ¢, — A B = oaf }—f’— Pty
| T Jo Hw '(_u," \f_»f 1 e s :\[ ; 02,_ NA3 Vs =19.4 GeV (v beam) | NAS3 s =229 GeV (r beam) __0'2
OOIIIO{2IIIO?AIIIO?SIIIOIII0?2IIIO{4IIIO?6IIIOAE?
.% 4- d;ll'&u ;s—,w:Izoo GleV lly|[<0-:°»5 -
P . j’ 4 = Co-mover dissociation model—
- m J/ . o .
1 ! phenomenological cross section to break up
08 quarkonia in a co-moving hadron gas.
0.6 E. Ferreiro (2014)
0.4 dp?
0.2 { T 5 (b,s,y) = =0 pb,s,y) p’(b,s,y)
' T

| \CO l S,V
Nea  Sy'(b.5.y) = exp {“TCO‘%w(b, 5,9) In [H_“)]}
ppp(,\’)



Determination of the LDMEs

* Perform LO NRQCD fit. Color singlet matrix elements can the related to the
square of the wavefunction at the origin and its derivatives
([*So]1) = J/)) = 1.2 GeV?3 .

3S1]1) = J/v)) = 3(O(ee(|
J1 2([*So)1) — ¥(29)))

O(ce([*S1]1) — ¥(25))) = 3( O( ce = 0.76 GeV? |
P 1)—» \ 3(1P)) = 3(O(ce(PPi]1) = Xe1(1P))) = .
f [ R) 1 — \d)( )), — :347\‘}_1.;1_“{ 7271":”” = 0. 03-—1777‘:}1 arm CJC\F:; .

* Octet elements determined by fit to data

(O(ce([*S1]s) — J/¥)) = (0.0013 +0.0013) GeV? ,

(O(ce([*Sols) — J/1)) = (0.018 % 0.0087) GeV? , * Approximate scaling with
— (O(cE([PPo]s) — J/1b))/(m3,) . VElocity and mass

« Note that excited states

such as x have different

expansion and different

LDMEs

25))) = (0.0033 £ 0.00021) GeV? ,
(25))) = (0.0080 + 0.00067) GeV? |
= (O(ce([*Pols) = J/¥))/ (MZarm) »
(O(ce([PPrls) = J/¥)) = 3 x (O(ce([*Pols) = J/¥))
(O(ce([PP2]s) = J/¥)) =5 x (O(ce([* Pols) = J/¥)) ,
(O(ez([*S1]s) = Xeo(1P))) = (0.00187 + 0.00025) GeV? , Sharma et al. (2012)



Example of charmonium production

« Limit of applicability p; > 3-5 GeV. Same is true for other fixed order

calculations, e.g. NLO
Sharma et al. (2012)

—~~
oo
~
~
(@)
~

T 10° ¢ CDF prompt J/v, "% =1.96 TeV 102 © ATLAS prompt J/y, s =7 Tev
c\?’ § _ NRQCD prompt J/y (Singlet+Octet) S = \|— NRQCD prompt J/y (Singlet+Octet) 3
= 10 (=) g 10F
= s
2 10'F : < 10’
Q &
< oL . i 10'1;— =
o f B af
2 10'E 2107
© E = F
FGE of % o 3
210°F = p=(m, /2, 2my) S :
= [ ] A4 | . | . | . ! .
107 o0 30 0010 20 30 40 50
pT(GeV) p(GeV)

* Note, NLO fits exist mostly quarkonia by several groups, also include
photoproduction. Tensions still remain with quarkonium polarization

Butenchoen etal. (2012)



Collisional interactions of heavy

meson states in matter

ol = Resum in impact parameter space,
A & & make Gaussian approximation

KQ

e 4xpZe

x(1 — x)A?
Y12€ + (1 — x)A2

v (K, AK)|? = { [Noer

Amxp®€

2

C‘:: c;:b G‘ = _ Ak2 _m%(l—r)%—m%m
X e 4(xpuetz(1-z)A%) o z(1—z)A2

Adil et al. (2006) Sharma et al. (2012)
2

W )
. . . P LE | =| [dxd* Ak, p*, (x, Ak )y, (x, Ak,
Heavy meson acoplanarity & distortion of ( A 5) ‘ Jdd N,y (x, Ak (x, Ak, )

the light cone wave function (meson decay)

Momentum space picture - may be counter
intuitive (note that broadening in configuration
space is narrowing in momentum space)

* |nitial wavefunction ~ vacuum

* Collisional broadening

S. Aronson et al. (2017) * Thermal narrowing



Min bias and excited to ground

state ratios
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We wee differences in suppression of Upsilon(2S)

= Good separation the
suppression of the ground and
excited

and Upsilon(3S). Latest measurements don’t seem
to see that (quite puzzling)



