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Review of Quarkonium Production Theory

vNRQCD, vNRQCD w/ Soft Wilson Lines

RPI and P-wave operators

pt Quarkonium Shape Functions

Summary/Outlook




Color-Singlet Model (pre-1995)

olpp — J/Yv + X) = fa/p © Jg/p
20(gg — ce(*S1V) 4+ X] [10ee(0)?

cc pair produced with same quantum numbers as |/

Predictive Formalism

olgg — CE(SS?)) + X| calculable in QCD perturbation theory
|¢65(O)|2 fixed by T'[J /1) — €707 ]

Suffers from theoretical inconsistencies when applied to XcJ

[[xcs — hadrons] = [¢//.(0)[ o (cc(*PS"”) — gg)) «— Not IR Safe




(nb/GeV)

do/dpq

J/Y production at Tevatron (1996)

CSM badly underpredicts J/\p and P’ production at large pt
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Non-Relativistic QCD (NRQCD) Factorization Formalism

(Bodwin, Braaten, Lepage)

o(99 — J/Y +X) = ZO g9 — c&(n) + X)(O7/¥(n))

1,8
n — QS_I_lLS )

double expansion in ag, v

NRQCD long-distance matrix element (LDME)

<C’)‘]/¢(3S£1])> ~ VO CSM - lowest order inv

(O3S (O (ASEN) OV EPE) ~ 0T

color-octet mechanisms



p) do(pp > I/9+X)/dp. (nb/GeV)

Br(J/¢ - p*
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Global Fits with NLO CSM + COM
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do(ep—Jip+X)/dz [nb]

NLO: CSM + COM Required to Fit Data
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Status of NRQCD approach to |/ Production

NLO: COM + CSM required for most processes

extracted LDME satisfy NRQCD v-scaling

(O7/¥(3511)) = 1.32 GeV3 -

(O7%(1SENY | (4.97 £+ 0.44) x 1072 GeV3
(O7/¥(3518)) | (2.24 £ 0.59) x 1073 GeV?
(O (3PEYY | (—=1.61 £0.20) x 1072 GeV?

X2, = 857/194 = 4.42



NRQCD

Lagrangian LNrQep = Liight + Lheavy + 0L
. D* , D?
[:heavy — @N (ZDt + m> w + XJr (ZDt — m) X

LDME Operators O = T/C,¢ (Z Y |H+X)(H+X I) PTG X

X my

= XKt (alran ) $TK, X,

OH(8)) = xTo'Tu) (aLaH) Vo' Ty



vNRQCD

Luke, Manohar, Rothstein, PRD 61(2000) 074025

heavy quarks, heavy antiquarks 0 N 2
potential gluons: (p 7 P) (m’U 7 mv)

potential gluons are off-shell are
integrated out and matched onto
potentials for the heavy (anti-)quarks

soft gluons: p“ ~ TNV

ultrasoft gluons: p““ ~ va
O(mv)  O(mv?)
Label formalism: () = Ze—ip-xwp(x) i0, — P, +i0,

. 1
E:ﬁu_l_ﬁp"‘LS Eu:@uszmwus_ZGﬁ Gu,,ul/_'_'--

' 2 4
_ T 14 O_(p_ZD) P CFu .
o zp:{wp[m om T sm3 T am 7 B wpﬂwé’()}

_ Z MEGLGV(pa p’) wi)'prT—p’X_P —+ »Cpu + ...,
p,p’



Soft Lagrangian

e

Y
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p p’
(d)

in € € 1 1 o 1 1 o
‘Cs ‘ — —92/'628 L Z {5 ¢L/ [Agla Aq]U;SI/)wP + 5 wp’{A/;M Aq}W;Sz/) ¢p

p,p’,q,9",0

+ w;r)’ Cq' Cq]Y(o) Pp + (wifTBfo) p) (@q”YMTBSOq)} +®—=x, T—=T)

g _@=p' Q" L0 _ (=09)2¢°

0 1 0 20 —2p —q)*
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q (p' — p)? ' -p)? Y (p-p)?



Soft Lagrangian with Soft Wilson Lines

Rothstein, Shrivastava, Stewart, ,Nucl.Phys. B939 (2019) 405

0
Soft Wilson line: S, (z, —00) = Pexp ( — 195 / d\v - A(A\v + :c))

— 00

Soft gauge invariant fields: B*(x) = _isi(x, —o0)1DE(x) Sy (x, —00),
s

2(x) = S¥(x, —00) (),
Simplified soft Lagrangian:

in € € iac o c 1,4 17 1ac o c 1,a 1]
Lot = —gufe Y {5f UL (0 T (B BYY) + Sd™ Wi (4 T0p) (B, B})

P.p",9,4",0
1 J)ca 1,a ] o —_ p— o = p—

+ SRS ) (B BY) + (WL, TP 204) (Egy"TE) + (], 21 ty) <:w:q>}
+(p—=x, T—T). (3.6)

2q"6;;

Uy (¢.4,p.p) = ———

Y ) Y 2
N (p' - p)

reduced soft operator basis, simplifies matching, anomalous dimension calculations



NRQCD Matching Calculation w/ Soft Wilson Line

S-wave: =0, match onto nonrelativistic spinors

P-wave: expand to linear order in q

I'(q) =T"% 4q-TW 4 ..



P-waves

dp) =d

(1)
Vv

+dB) +dD = L




Reparametrization Invariance and P-wave Operators

Instead of matching onto Wilson lines, heavy quark fields with label

vt = (1,0)

Match onto Wilson lines with labels

4m?

2
g (9 La
Yk (\/ Am="  2m

LO Matching

RPI transformations

P 4m P

Xp +

1

dm

|

Xp

]/l,
= v + + O

L p*+ U+ ) — Yr')'_
Sv.+ = Sy + 0S5,
q 1
:LS',,—'_kv,. (7‘B
“om e P 1

M. Luke and A. Manohar, PLB286 (1992) 348



TMD Shape Functions for Quarkonia

pp — 776 _|_ X SmaII p M. G. Echevarria, arXiv: 1907.06494

do AM*H(M?, 1i?)
dyd?q,  2sM?(N2 —1)

X GQ/A(:I:A, k.. .Sa;Ca, ,u) G§7B($B, kri,SB; (B M) SnQ[lsc[)lq (ksL; M) ; (16)

I, (27) / Pl Pln d*ky ) 0% (q — Kyt — kit — k1)

TMD Quarkonium Shape Function

57(7(22)[13([)1]} _ NC21_1 / gﬁ; i€ ks () [yTabychTw} (€)al Ly, [chdydawT }(O) 0) .

IR safe H at one-loop, non-trivial check of factorization



Y7 —q¢ — Hi + Hy+ X measure relative pr of hadrons

dI’
dz1dzod?p |

=T Z H (M, p) /ko’l /quL /d27’¢5(2)(kl +q +71)
71—39'[8] 31—’[]1] | | |

XS[n](T_L)Dq/Ih (21, E_L)D(j/llz(z% qL,P1),

Fleming, Makris, Mehen, in progress

TMD Quarkonium Shape Functions

1 d—2
{

Sast = 1 g1 00w O3 (31 Sh(SET?8,)6® (@, — P 1) x (SIT°Sa) 8205 (G| xs )

1 . 292 ij {mn...} /3 p[1] Bal ba s o b
Sguart = Nogp A7 (0|0 ORI [R5 | S (SiT )
| 1 B% m
(2) . Trpe g\ Qde S {mn...} 3 pl1]\1t
x 0@ (qu = PL(SITSa)S0 | == |05 (P )
- 1
05" (*S") = plo' Ty 0s(PY) = g lvte P x



Some Important Points

IR Safety - checked to NLO

3588) 3 ptY both required for IR safety (old NRQCD story)
pt shape functions linked by RPI (new story)

octet mechanisms - final state radiation from
soft Wilson line introduce additional logs

Evolution is slightly different than TMD
resummation, than e.g. Drell-Yan



+ mirror dia,gram + mirror dla,gram + mirror diagram

3 o[8] 1
d(l+l)+(l+1)+(k+k) 3( S1 )LO(SDY—I—

CISCF

Spy = 1. ?[m(w p?) — =63 (pp)] + [ ~ In (52)]6®®r) - Go(pr)

Qm



Summary/Outlook

TMD Factorization for quarkonium production requires pt shape functions

M. G. Echevarria, arXiv: 1907.06494

Fleming, Makris, Mehen, in progress

S-wave and P-wave shape functions related by RPI

Modified TMD evolution

Important for future quarkonium studies at, e.g., EIC

vHg 5 T/ + X
e+p—e+J/Yv+p
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Polarization Puzzle
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do/dp, (nb)

do/dp; (nb)

Recent Attempts to Resolve J/\P Polarization Puzzle

simultaneous NLO fit to CMS,ATLAS high pt production, polarization
Chao, et. al. PRL 108,242004 (2012)
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Recent Attempts to Resolve J/P Polarization Puzzle

i) large pt production at CDF Bodwin, et.al.,, PRL 1 13,022001(2014)

ii) resum logs of pr/mc using DGLAP evolution

iii) fit COME to pt spectrum, predict basically no polarization

N 5 CMS data, |y| < 0.9 '
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~ ]
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\/& 10—2 | :
b o
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Extracted COME inconsistent with global fits

(O7/(188)) = 0.099 £ 0.022 GeV?
(O7/*(35®))) = 0.011 £ 0.010 GeV?
(O (3P®)) = 0.011 £ 0.010 GeV®




do / dp,dy [nb/GeV]

Recent Attempts to Resolve J/P Polarization Puzzle

Faccioli, et. al. PLB736 (2014) 98

Lourenco, et. al., NPA, in press
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Distribution of gluons
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