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Trace anomaly Threshold production

GPDs and Wigner functions Exclusive production

In this talk

@on TMDs/production mechanisms Inelastic production at smqib/p}\

Hadronization of heavy quarks Inelastic production at moderate and Iargﬁ/p’T

@eractions of heavy quarks with nuclear medium In eA at moderatqu/p’T/

Gluon distributions of nuclel Coherent photoproduction



Production in DIS
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NRQCD and NRQCD factorization conjecture



NRQCD degrees of freedom

NRQCD = Non-Relativistic QCD

A bb: 2 ~ 0.1 bottomonium

cc: v2~0.3 charmonium

L—» Relative velocity of the heavy quark and

4 Perturbative antiquark in the quarkonium
oAVl - 1.5 GeV

v Non-Perturbative
AQCD
mQU2

typical momentum of heavy quark: [pgl~mgv  (soft)

typical kinetic energy of heavy quark: Kg ~mgv® (ultra-soft)




The Lagrangian

arXiv:hep-ph/9910209 (M. E. Luke,A.V. Manohar, |. Z. Rothstein)
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Factorization conjecture and LDMESs

a ) arXiv: hep-ph/9407339 (G.T. Bodwin, E. Braaten, G.P. Lepage)

QQ(n) - Q| n=7L7

do(a+b—Q+X) =) do(a+b—QQ(n)+ X)(O2)

v
doo(1 + asCr + aZCs + ...) <0(25+1L9»81)> 3 T2L+2E+4M

For 3S; : (J/w and" ) :
st 02 01! (Y x+ ox + 0l of
\ 221 g ™ ) X T

3 aBw T A8 T O = )T
(OFS5)7)) ~v O1557)) ~v 2 = VATX ultra-soft + soft




Factorization conjecture and LDMESs

arXiv: hep-ph/9407339 (G.T. Bodwin, E. Braaten, G.P. Lepage)

QQ(n) - Q n="LY

Perturbative expansion
In the strong coupling.
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Factorization conjecture and LDMESs

arXiv: hep-ph/9407339 (G.T. Bodwin, E. Braaten, G.P. Lepage)

QQ(n) - Q  n=7L7

do(a+b—Q+X) =) do(a+b—QQ(n)+ X)(O2)

Perturbative expansion
In the strong coupling.
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Transverse momentum spectrum

Quarkonium spectrum vs EFT regions

Fragmentation

E Functions
TMD Region NRQCD (NRQCD)
: : ————— >
T
mov mQ
Expansion iry and ih | Expansion in the
| = g M relative velocity

will properly incorporate | Note: it is possible to probe TMDs in this region as well but the additional
q“af""”'“m recc_)lll_ng measurement introduces a new soft scale which changes the factorizatiol
against soft radiation .
e.g., TMD fragmentation
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NRQCD and NRQCD factorization conjecture

Large-moderate,/p; puzzle

The smalp,/p;. puzzle

Interaction with nuclear medium



Production at HERA

arXiv:0909.2798 (M. Butenschoen,!B.A. Kniehl)
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Production at HERA (revisit)

arXiv:0909.2798 (M Butenschoen,!B.A. Knlehl)
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L] -0

—num rlh[u\‘ EPIC 58, 401 (2010)] H@= 5

H1 data: HERAZ2 [EPIC 68, 401 (2010] ) (b - |/ subtracted) +®

Prompt CSQCD LO 275

Prompt CS QED LO 737

' JAp+e 1O VENS (52

Prompt CS QCD NLO*® 2
Prompr CS (CCRNTO* + | A= LOVINS + QUD 1)) T2

—— ' v
ISRW—!—!

AC-Onia 2.5.0

-nr
-

s i daie
///z// Ki_i} Rle an! IF = g = M7
______ E&l-.---. - m.= 15 GeV
s / CTHINLO
= / £ 320 {Sis
/’ ‘_,-’ } ! i
_______ /" 7 j?'mwm
/-/__ 2w el
e 20% FD (g'= /) 7 s
- (1) . s ey '\
L <02 = 1.45 GeVv3 P
. "J { P
% e
0¥ L o i i R
E - » hp",q A ":"w.<1 1
L - .,é- "j";fv{'_-r\*v
[ Vs =319 GeV Py
" Q* « 25 GeV= e WA:L E
- P> 1GeV & e
D3<2z<09 5"
60 G .“; < \ V < 24‘0 bt\’ b < “7‘,\-1‘ R oS
E ¥ g ..'..'::'i
2 M 1 — g-=-32X - SR

HE



Universality of LDMEs

arXiv:1509.07904 (G.T. Bodwin, K.-T. Chao, H.S. Chung, U-R. Kim, J. Lee, and Y.-Q. Ma)

, —_— roes
—~ Prompt .J /1) = LPANLO, LHC [o] < 1.2
> ] (’+ r V - E.. 1 ———— l.)-.I,J
8 + CMS data x 10, |y| < 1.2 ';\:' . 'S 4T
~ ] W '—}—4 CMS data, |y| < 0.9 < "\_\
Q =1 e . -~ 1077 -
:-5 0= r ——— —$-+ CDF data. |y| < 0.6 1 -
b| & —— v
—a—
SRS . 1 X
-~
—— = . ‘
X - [ als
3 ) B LP+NLO x 20, LHC |y < 1.2 - 00 DlreCt J:’ l_u 4 N
—Q |_n— - . . .
= W07 = LPNLO, LHC |y <09 ’ = e = s o
as B LP4NLO, Tevatron |y| < 0.6 ' T ‘ h -
i 5 - - - : : : pr (GeV)
1.5 ] o . ‘ ey
1.0 WHEM o] 10 ' Prompt cross-section _i
e , ATLAS ly |<0.75 1 o
" = Spin-alignment envelope | >¢
o — 1 pin-alignment e'nve pe = >_<
1.5 T_ = : —— Colour Evaporation Model 3 <
= = ' g0k \ 203 NLO Colour Singlet 4P
= 10 = - . == = NG ¢ 2 2 NNLO"* Colour Singlat 18
- ol " -
D + 0 L T S 10-2-__ ‘,,\ :b
) “b = - w
o8 , ) ) B S
Y K B10%k ' S
. ’ .=. f NS ~
+ - = “~ -
1.0 —% ?—10-4_ ATLAS D s >
- \s=7TeV . —
0.5 < a5k ’ “Hing 5
. . . , . . =10 det:ZZ po 2 7
- (o8] - ~
1O 15 20 30 50 70 100 NP I IR TN TP T T
0 10 20 30 40 50 ?0 70
pr (GeV) P, [GeV]

O1



New observables (In-jet quarkonia)

arXiv:1702.05525 ( R. Bain,Y. Makris, T. Mehen, L. Dai and A.K. Leik
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New observables (In-jet quarkonia)
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Ge

New observables (In-jet quarkonia)
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NRQCD and NRQCD factorization conjecture

Large-moderate,/p;. puzzle

The smalp;/p;. puzzle

Interaction with nuclear medium



Color-octet photon-gluon fusion

(S—Wave octet: 1568) )
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Factorization and the shape-functions

- Half the rapidity divergences

@wmlﬁﬂuuﬁ an&ﬂmj

- CO associated logarithms

n

_ - No operator mixing at NLL
The shape functions

, - No LDMEs
Sgtsetof!)

Q+XXQ+X

_ [n] oba obe
SQQ[’”]%Q ~ Z <O2 Sv Sn
X

Quarkonium TMD-shape functions* encode both soft and non-perturbative quarkonium related effects. Furtf
factorization is not possible due to Coulomb-like interactions:

<P — heavy quark/antiquark

§

]lfr\./ m(UQ,U,U,U) *See:

ey e SOTE gluon arXiv:1907.06494 (M. Echevarria)
_ arXiv:1910.03586 (S. FlemitygMakrigT. Mehen)
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Shape-functions@NLO

- Half the rapidity divergences

GwmjﬁHuﬂ» an&ﬂm] | |
- CO associated logarithms

n

- No operator mixing at NLL

The shape functions

_ n] oba obe
SQQ[n]—>Q ~ Z <02 S5,
X

aC v T
A {4ln <—)£o((ﬁ, p?) = 2L41(q7, %) — 2Lo(q7 , p*) — 55(”(%)}) +0O(a?)

sgtssiol’

Q+XXQ+X

' oMx)1 1 K (x)

4] /
| |
| |
|
' 4 ' 4
|
Vv | 1 2
; 2 92 I3 2
, L (g7, p*) = 222 lZ In(qi2/p )L

(@) (+ mirror diagram )
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Consistency check

- Half the rapidity divergences

[da ~ fu(z,b)  Hy, X S,,f(b)]

n

- CO associated logarithms

_ - No operator mixing at NLL
The shape functions

C e n f
Sgtsetof!)

Q+XXQ+X

Soqum—a ~ D {OFlsest
X

= (0910 (6 (q,) + 24 {aﬁn () cota uﬂ 2£1(¢2 . 1%) fc()(qi, @ - 50P(q1)}) +0(a?)

The hard functions

2 2

Hy =14+ 5 o) - T () | o (1) - T ()} + 0t

larXivhep-ph/9708349 (F. Maltgivl. L. Mangan@andA. Petrelll)
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Color-singlet: multiple operators

aQ %] bW, ea[x 'J L

/li = /f— bt

coﬁ\ wA2 MY IIA“Y‘

(S—Wave singlet: 3S§1) )

collinear-collineaarxivhep-ph/0211303S.
Flemin¢and!A K. Leibovich)

O (w:?s1)) = g?Bie [5(w —n-P)B; (1] (1) o*x) collinear-sofipresented here for the brst time
35
e . B®)i- | z
Oi:’_é'g\_u 35[1 ) = (2[(7?5 Zs) [o(w —n T’)BEU_] (o) 3.00 V5 = 10 GeV _
7 25 —— NRQCD (LO) -

----- Singular (LO) _

N
o
T

The color singlet operators are

do /dg3 (y-integrated)
= =
Qo d

suppr_essed in the power 1,10 (3 g1 ol
counting but enhanced inthe %71 21/ ~ Alog gr + B ool
relative velocity,v. dar - lar—o T |

In progress: (S. Fleming,Y. Makris, T. Mehen, and J. Lieffe
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The color-singlet OfactorizedO cross section

do(cc-1) ~ Hypo (M, 1) ® B (2,6, M, ) x (*Si') do(*S{") <{ do(ce-1))+ do(es-1) + do(cs-2)
7 - f‘_te_v...:\.\/

\/m::;;-‘@w ?.?‘

BYY” ~ Tm|(PIT(BLS By («+,07,a ) BYY ByS (0)]|P)]

Note: the factorization for the cc-1 term
does not involve any shape or soft function,
only the standard quarkonium LDME.

For perturbative values of transverse momentum
we can match onto the collinear PDF.

1—=z2
Bi(z,M,p) =/ dy C\V(y, z, z) ® fq/p(T, 1)
0

Leading order
contributions suffer from rapidity divergences which
cancel in the sum of all operators
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Quarkonium TMD fragmentatio? # my,
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arXiv: 2007.05547 (M.G. Echevarria,Y. Makris, I. Scimemi)
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NRQCD and NRQCD factorization conjecture

Large-moderatg,/p; puzzle

The smalp;/p;. puzzle

Interaction with nuclear medium



eAS Jly+ X @QEIC
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(Energy per nucleon)
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Interactions with nuclear matter

( Q0C+)

/o

Interactions can be incorporated

arXiv:1906.04186 (Y. Makris, |.Vitev)
Leading contributions

Eg.ic e, Agje) = 3 d’;‘nmr( - QA?:/C) Pp (collinear/static/soft)

Pty

First sub-leading contributions

2A%(n - P) i [(‘P L X n)Ag] o

2m

£8i(,.(fw. A ) =g Z w{, | q(

P .-QT

)?Z'p (collinear)

,CE;:) (;'(1/'% Aé’a) =0 (slalic)

2Ac-P+[P-ch—i[PXAC] - o

into the NRQCD Lagrangian (0 @ AE) =g 3 U e )ep (sort)
PsAQr
»CNRQCD — ENRQCD + »C(O) + ﬁ(l) + -
This approach has been successfully applied for arXiv:1103.1074 (G. Ovanesyan and I.Vitev)
jet in-medium propagation (SCET-G): arXiv:1405.4293 (Y.-T. Chien and 1.Vitev)
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Interactions with nuclear matter

arXiv:1906.04186 (Y. Makris, |.Vitev)

a0c+) Leading contributions

Eg.ic 1e(1, A’cl;';'c:' = Z 7/";|:+qr( — g A?:/C) Yp (collinear/statie/soft)

Pty

First sub-leading contributions

2A2%(m-P) i [(1>l X n;-Ag] o

2m

Lo @, A" =03 ¥h i, ( Jup (collincar)

P .-QT

,CS) oA, AG") = 0 (slalic)
Interactions can be incorporated

- - | 24P +[P-Ac]—i|P x Ac| o
() ) pthay A (e P
iInto the NRQCD Lagrangian £ o, AL )_yp%: wm%( e )% (so/1)
Lxrqep — Lnraep + L9 + 0 4.
Open guantum systems: In principle adaptable to arXiv:2009.10559, arXiv:1403.5783 (Y. Akamatsu)
cold nuclear matter arXiv:1711.04515!(N. Brambilla, M. A. Escobedo, J. Soto, and A.Vairo )
- No adaptations (currently) for EIC arXiv:1811.07027, arXiv:2009.02408 (X.Yao and T. Mehen)
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Closing comments

Lepton-nucleon/nucleus collisions constitute an excellent laboratory for the
studies of quarkonium production (it is simpliPed and cleaner environment
compared to hadronic colliders, yet far richer than in the electron-positron
annihilation)

The various production channels can be disentangled by considering different
Kinematic regimes, establishing this way DIS as a prime framework for the
study quarkonium production channels.

The study of nuclear effects in quarkonium production itOs an emerging Peld
of nuclear physics where EIC measurements are expected to play a major
role in our understudying of these effects.
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Energy fraction spectrum
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arXiv: hep-ph/0607121 (S. Fleming, A.K. Leibovich, T. Mehen)
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