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The plan for my eight lectures

1 The Goal:

To understand the theory of heavy quarkonium production, and
strong interaction dynamics in terms of QCD

d The Plan (approximately):

Inclusive production of a single heavy quarkonium
The November Revolution
Theoretical models and approximations
Surprises and anomalies
QCD factorization at the leading and next-to-leading power
Five lectures

Heavy quarkonium associate and in medium production
Quarkonium associate production
Quarkonium production in a jet
Quarkonium production in cold/hot medium
Three lectures



Factorization for heavy quarkonium production

. . Kang, Qiu and Sterman, 2009
1 Factorized cross section:

dO-AB—n]/w (2)
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1 Expect the first two terms to dominate:

< H® are IR safe and free of large logarithms
< D@ are fragmentation functions of 4-quark operators

d New perturbative inputs:
Calculation of H® and evolution of D4

Qiu, 1990



Heavy quark pair fragmentation functions

d Cut vertex = Momentum * Color * Spin:

— <> Momentum:
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Corresponding projection operators define the hard part



Evolution of fragmentation functions

O Independence of the factorization scale: “ang, Qu and Sterman, 2014

d
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Evolution of fragmentation functions

O Independence of the factorization scale: “ang, Qu and Sterman, 2014
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< at the Next-to-Leading power in 1/PT: _ oo
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Evolution of fragmentation functions

O Independence of the factorization scale: “ang, Qu and Sterman, 2014

d
d1n(p)

< New evolution equations at the Next-to-Leading power in 1/P+:

oa+B—ax(Pr) =0

d
I 2 ——— Do) (¢, Csma. ) = ) Q_K[QQ@)H Qa(w)) (%, ¢ ¢')
[QQ(K)]
DDr0aw) (%6, ¢ mag, 1)
Form a close set of
evolution equations
d Qg
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J
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NOTE (scheme dependence): Impact the polarization!

Use dimensional regularization, drop power divergence!
The pair is effectively only produced at p; or the input scale?




Predictive power

O Calculation of short-distance hard parts in pQCD:

Power series in « ., without large logarithms

)

O Calculation of evolution kernels in pQCD:

Power series in &, scheme in choosing factorization scale u
Could affect the term with mixing powers

d Universality of input fragmentation functions at p:

P

DH/f(Z’mQ“uO) DH/[QQ(/{)](Z7C7C/7mQ7MO)

d Physics of py~2mg — a parameter:
N 4m22
#3

Different quarkonium states require different input distributions!

Evolution stops when |, [( Ni)
4m
Q




“Direct” production of heavy quark pairs

A Calculation of H“):
Apply the factorized formula to the production of QQ(P) state

do 5
(4) _ AB—QQ(P) § : (2) _
Hab—>QQ = b A3 P o Qba/A ®¢b/B ®Hab—>c®Dc—>QQ — ...

a,b,c

P

P/2+q

H® are free of large logarithms
— absorbed into the PDFs and/or fragmentation functions

4 All partonic hard parts are evaluated at P:

Smooth transition from high P; to P ~ M,
Need “new” non-perturbative fragmentation functions



Short-distance hard part—- an example

O Even tree-level needs subtraction - H® at o?:

PRD91, 014030 (2015)
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Short-distance hard part — an example
d Simplest partonic channel qg+q— [QQ(al)]: gg)agg?‘f:‘risb(ft)eand

Other 3 terms have the
same color factor
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VN 8N3

< Partonic matrlx element squares:
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Short-distance hard part — an example

Diagrams (a) and

O Simplest partonic channel ¢+ 7 — [QQ(al)]: (b) contribute

< Partonic hard part:

— ) g o [+ @ 11 1 1 1
|M‘I‘_1—"[QQ(GI):| _[ 4C[ 23 used L-45+_ =T -

UuUvY A

. N2 —1] [ + @
— o620~ 4[] A

Q Similarly, for the octet channel ¢+ 7 — [QQ(a8)] :

<~ Difference in color factors:

. 2 N2 -1
Y, = (Ni) A;)Tr[mB]\/iTr[tCmD]ﬁTr[zCzDrB] = [ - ](N% -2)=C,

e
N2Z-1] o
CLSb* — [ ] — CE:Zt

4N; See PRD91, 014030 (2015)
< Partonic hard part: for all other channels!
. 1 1 1
using —CLSG, + CLSM + Cfa, + Cfb, = Tuve [5(1 + £182)C, +C2]

" n N2—1 47 [t + i
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C



Evolution equations and kernels

O Evolution equations: PRD90, 034006 (2914)

o N ,
3111#2DQQ[~]—>J/¢(%,C1$C2=ﬂz) K,k = ?J,a,t

1 1 1
Qg dz |
2 / - /1 dC{ / 1 dCé S (ClaCQ,Ci, Cé':) QQ[""’]—*J/li’(sh/sr Ci~<§ luz)
Zh ¥~ — —

d Evolution kernels:

< Projection operators

+ <€ Cut vertex

R L K R

O Lowest order Feynman diagrams:

LY 3 k
+ 3 more I + 1/2 E?I ' I + c.c.

B, B B K P, B B B R L K K
Real Virtual

IR divergence canceled between the real and virtual diagrams!




Calculation of evolution kernels

J Evolution kernels:

.
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Calculation of evolution kernels

1 Total real contribution:

(1,R) ' W dk3 [ a, 1 /* 2 dkt k*
D =z uvu, V) = Al Z — 5l 1-=
o0te)-iog (4 1 11> ViK) / K (u) <2NC S S G

with S, — {i,i_i,} ﬁ,iﬁ}.

u ullv v

ALY = {(N2 = 2)[8(u = 2u')6(0 = 20/) + 8(a - 2)8(3 = 27
F2[0(u - zu')8(0 — 2¥') + 8(it — zid')3(v — 20')]}
1 Kernel for v8 to v8 transition after adding virtual contribution:

a
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Infrared safe! o —5) (7 o0/ — 1)
evolution in pair’s total +6(u—u') ((1.),_ ) (;)(5’ O+ ). ( )(z/ + ))
momentum, z-dependence,

as well as pair’s relative _
momentum fractions, u, v, - % 8(z=1)[8(v—v')[4u(1 = u)] + 8(u—u')[4v(1 = v)]]

+36(v — v)8(u — ) }

+ NT] 8(z=1)0(u—u)d(v—-1")[3- ln(ut‘wz‘))]}.



Evolution equations and kernels

d Evolution equation — matrix form:

( DQQ[-vS]\ Ki Ti Ko 72 0 0 \ / ch‘g[b@]\
‘ DQQ[-vl] Ri &t R 0 0 0 DQQ[ul]
O | Dogas) | _ 2 | Ko T2 K1 71 0 0 | '} Dogas)
Olnp? | Dodjay) 2r | R2 0 R1 &1 0 0 | 7 | DPgglay
DHa 0 0 0 0 K} 7T/ DA
QQ[t8] 1 1 QQ|t8]
Dogia) \0 0 0 0 R S/ Dogia)

O Evolution kernels - singlet case:

S - Pr:l—‘»r.rl = Pal—'»al = C(S(u - u')(S(v - l/)

_n|fE-wa._, . 0w-—wu

(v )(1'4 t')+z7'( +u) (u'—u)+u( + )]
. 0(' B)Ev . 0(v' —v) v S

o= ) [T @ 4 0) + Tl 4 9)| |

The 6(1 — z) is a unique feature of singlet-to-singlet kernel, which the
relative momentum between quark and antiquark evolves



NRQCD for input distributions

d Input distributions are universal, non-perturbative:

Should, in principle, be extracted from experimental data

O Apply NRQCD to the input distributions:
< Single parton fragmentation — valid to 2-loop:  Nayak, Qiuand Sterman, 2005

Dgs.y/y(2, 1o, m@q) — Z dy—100(e) (7 110, mQ)(O1gG () (0)) INrQCD
[QQ(c)] Braaten, Yuan, 1994

Complete LO+NLO for S, P states & NNLO for singlet S state  Ma, 1995, ...
Braaten, Chen, 1997

Dominated by transverse polarization Braaten, Lee, 2000,
Ma, Qiu, Zhang, 2013

< heavy quark pair fragmentation — no proof:
Digas)=1/0(26, ¢ o,mg) — Z dioawi-100(1(% ¢, ¢ 10,m) {00001 (0))NrQCD

[QQ(¢)] Kang, Qiu and Sterman, 2011, 2014
Dominated by longitudinal polarization Ma, Qiu, Zhang, 2014

d If itis valid — No proof of such factorization yet!

Replace unknown functions by a few unknown matrix elements!
Ma, Qiu, Zhang, PRD89, 094029 (2014) — S-Wave; 094030 (2014) - P-Wave



NRQCD for input distributions

Ma, Qiu, Zhang, 2014

O Heavy quark pair FFs in NRQCD:

D¢ y(z:mg, po) Z df—.[QQ n) 23 Mg, Py, Ha) X (OF 100 (n)] (ka))
[Q0(n)]
< Apply the factorized formula to [QQ ()] states, instead of the “H”

LO
D, oist-aqty (& 610 623 Mo> fo) = d[QQ sty [0o i)y (% §15 €23 Mo, Ho)
, 5+e 5-a | $-¢ 3+4 | NRQCD states:
+ Consider: . / \ \ 7 | Operators for LDMEs
(00(a®)] - [QO('Sp))]
PQCD states:
< | Operators for FFs
Pq Fa P Fo
~ 1
SLO i . B )
400 )~igopsthy (- §1: G2 M. o) = N2 1 20 = DAGAT(G)
1 1
=32 6(1 —2)6(81)8(82)
where Ne—12mg

r flys — /st - Aol Y v
- = c c (gl)
,/2mQ /




NRQCD for input distributions

Ma, Qiu, Zhang, 2014

O Heavy quark pair FFs in NRQCD:

- . : — 7(0) - - .
D[QQ(A)]—)H(“’* 1, G2, Ho; TnQ) - Z {d[QQ(A)]—)[QQ_(n)](~ Clv Ga, Mos me, /.l,‘.\)
QQ(n))]

<O[}q1;(;)(n)] (1a))

Qg 7(1) - - . 2
+ (?) d[QQ(K)]—)[QQ(n)](L’ C1, G2, Ho; mq, pa) + O(as)} X m2QL+1

d NLO contribution:

E+q E—q

Real diagrams:

Virtual diagrams:

(a)

Plus 8 more diagrams



NRQCD for input distributions

Ma, Qiu, Zhang, 2014

O Heavy quark pair FFs in NRQCD:

D[QQ(K)]—-)H(27 Cla €2: Ho; mQ) = Z {J[(ng(r\)]—)[QQ(n)] (2, Cla C2a Hos g, /-LA)

QQ(n)]
A Of 51 (1A))
.\ 51 _ (Ol (#a
N (?) Uqai-iaam) (% ¢ C2: Hoi mas pa) + O(af)} . mg !
d NLO contribution:
ANEss0s (z,81,82mo, po)
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€uvEIR €1 epv (1 - Z)+ 4
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—(2In2) (1 _ZZ)+ Af: +Ad[,§ [_(1 —Zz)+ _2Z(lngl—_;))+‘ }




NRQCD for input distributions

Ma, Qiu, Zhang, 2014

O Heavy quark pair FFs in NRQCD:

D[QQ A)]—+H( , 1, Ca, Ho; mQ) z {J[(ng(,()]_,[QQ(n)](z:ClaCQ,/J'O;mQal-‘A)

QQ(n)]
N - (OF 50 (14))
+ (a )d[gg )= [QQ(n ( aCl:CQ: /-lO-mQ,,u’A) +O(C¥§)} X [Qn???[J).];.l ’
d NLO contribution:
z“gg?ﬁ“”[QQ 15i8) (z -ChCz;mQ-ﬂo)
a; 1 A\ ©
= 5(1 =2)8(&, (1
8amy 2N (N2 -1) (1-2) (C-)(ng) (1+e)
1 1 1 ; 1

’ {2N%6<c1)[ _ +2] 1 [3<NC— 1)6(C1) —2(—)

EUVER & 1+

el |(z), (), + (62

(@1 + 1) (@), — (€1 — 1>O+} F(G—)



NRQCD for input distributions

Ma, Qiu, Zhang, 2014

d NLO contribution:

Real + virtual + UV counter-term (renormalization)

J Moment of the FFs:

L d¢y de
plnunal() = / 102 ms (22, G4, o)

1 4
1.0 T LI T LI T T LI T T T T T T
(ny, ny)
. 08} —_ (1) .
N - -
= | —— (1,3)
~ 06l --- (L9 .
1 L i
F === L1 D)
= 04} -
1] i 1
el [
Q 0.2— T T e ——
i ./.’ _______ - Te—
0.0 . M ] . T T T et L - PR |
0.0 0.2 0.4 0.6 0.8 1.0



Factorized cross section

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)
I

+ 3 doaroioamiex (P(1£Q)/22,p(1 £ () /22)
[QQ(x)]

®Du/ieawm) (%, ¢, ¢ ma)

1 Connection to NRQCD factorization:

GH(pT* le) - [Q%(:)(}[Qé(n)(pﬂ mo, A)<O|O[HQQ(,,)(A)|O>

DH/f(z7mQ)E Z CZf%[QQ(n)](ZamQ>A)<O|O[%Q(n)](A)|O>
[QQ(n))
_ 7 H
Do) (#:6:¢ma) = ) dioa—i0am) (% ¢ ¢'sma, M) (010{h o, (1)[0)

[QQ(n)]
For every NRQCD state [QQ(n)]:

5100 (PT:mQ: A) = ) Garnospex (pr = p/2) @ dpi0am) (2: 1 m0)
7
+ Z G at+B—[Q0w)+x (P(1 £¢)/22,p(1+ (") /22)

QQ()] :
D diQa(r))—1@am) (%6, ¢ 1 mQ)



Factorized cross section

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)
7

+ 3 dbaynigaux (P10 /22, p(1 £ () /22)
[QQ(x)]

®Dp /a2 €, ¢ mq)

O Channel-by-channei comparison:
2.5 —

Dominated by LP | independent of
g : NRQCD
20r R Y o & 1 matrix elements

S [ S Sp——
z s

LO analytical
results
reproduce
NLO NRQCD
calculations
(numerical)

0-5— | I S SR S RS | N | X |

pr (GeV) PRL, 2014



Next-to-leading power fragmentation — Ma et al.

doayBou+x(pPr) = Y _déaipsix(pr =p/2) ® Duss(z,mq)

f

+ Y d6aspoi0am+x (P(1 £ () /22,p(1 £ () /22)

[QQ(x)]

®Dp /a2 €, ¢ mq)

O LP vs. NLP (both LO):

LS - ; ; . - NLP dominated
[ NLP dominated 3 g% 151[8]
1.0 0 1 0
I e s ] .
s 05F T=Sosel : for wide pT
%3 i L
;E wF— LP dominated
=0 -
iy ost ] BSF] and 3P([]8]
o o 3 Sgu 3 S{Sl I 5(1)81 3 P[JSI ;
-10f P s 1  PTdistribution
: is consistent with
_15 | R | | 1 1 L 1 s 3 . . o
10 15 20 30 50 70 100 d'str'?g‘ft'on of
S
pr (GeV) " PRL, 2014



QCD factorization vs NRQCD factorization

 QCD factorization — not always true:

< Expand physical cross section in powers of 1/p;
< Expand the coefficient of each term in powers of o
<> Factorization is valid for all powers of « of the 15t two terms in 1/p;

d NRQCD factorization - conjectured:

<> Expand physical cross section in powers of relative velocity of HQ
< Expand the coefficient of each term in powers of o
< Verified to NNLO in o  for the leading power term in the v-expansion

 Connection:
If NRQCD factorization for fragmentation functions is valid,

doA+B—H+X do 3P
EP d3P <P7 mQ) = EP A—I_dB;);H—I_X (P7 mQ — 0)
do ii%iDHJrX o gig;ﬁy&
—|—Ep BPD (P,mQ 750)—Ep BPD (P,mQ

Mass effect + connection to lower p; region

0)



Heavy quarkonium polarization

Ma et al. 2014
O Polarization = input fragmentation functions:

< Partonic hard parts and evolution kernels are perturbative
< Insensitive to the properties of produced heavy quarkonia

 Projection operators — polarization tensors:

p"p”
D b)) =g+ | |
A=0,+1 p Unpolarized quarkonium

1 . 1 pPnY + p¥nH
PR =5 3 0K = | g+ P
A==*1 p
Transversely polarized quarkonium

PL(p) = PP () ~ 2P ) = 5 [ = S| [ = P
I, D)= p T P pQ P 2% -1 p 2% -1

P (p)

Longitudinally polarized quarkonium

for produced the quarknium moving in +z direction with
p'=p*.p",pL) =p7(1,0,0.) p>=n%=0

n“:(nﬂn_,nL):(O,l,OL) p-n=p"



Polarized fragmentation functions

Kang, Ma, Qiu and Sterman, 2014

[ Color singlet as an example: Zhang, Ph.D. Thesis, 2014
P72 P72 P2 k P2
sz\ign%'?un%i?/ 2. PQ\\ \‘?&rmf?;}/ P2
\ / + \ J +...
P/2Ya1 b 2-g, ' ps2g, PP % P/2+4; p/2-q,' p/2-g, P/%% All channels

< A axial vector pair to a singlet NRQCD pair: are calculated

L,CR _ 1 {O1ss,)) -7 | 1
D[QQ(aS)]%J/zb(Z’U’U’mQ"u) = 2NZ 3mg A, (u,v) x %z(l —2) [ln (r(2) +1) — (1 13 r(z))]

T,CR 1 Oftssy? o« (1 1
D3Qas) 95 W Vi MQs 1) = 53 3mq Biluv)x g2l =2) !1 - 1+r(z)]

< A vector pair to a singlet NRQCD pair:

L.CR ) 1 <Oﬁf*s,;.) Qs 2 1
D[QQ(US)]_)JM(Z,U,v,mQ,,u) = IN? 3mg A_(u,v) x or 1 — 2 [ln(r(z) +1) - (1 1T r(z))}
DT.CR ( ) — 1 {Offsg, >A . . 1

QQe)] /B U ViTQ 1) = i = A (U, v) X _z( IR
where 1 AR A

Baltne) = §[5 («=3)+8(=3)] P (=3) +(*~3) )=
s = 3[o(-3) -0 3)] 5~ -9 (6-3) 3 (1= 22



Production and polarization

. Kang, Ma, Qiu and Sterman, 2014
O Color singlet as an example:

= N —
OIS ]
9 N\ NLO CSM
= 0001F .
SR BN
F 1077
2
= 1071 V5 =1.96Tev ~
X Iyl<0.6 el
:3 107F Cut—off TTseel j
,g* Lol : - . . .
7 13|
LO hard s 12}
53 10 —
S 09}
o NLO) o [ g5ALO) p.LO) 08}
NRQCD a.b—> QQ(v8)] ® QQ(v8)|—=J/ ¢ -05¢
0.6
. 128(LO) (LO) s ~07§
482710008 ® Pialasi-ajs| 08—

Reproduce NLO CSM for p;>10 GeV! ' 20 30 40 50
Cross section + polarization

QCD Factorization = better controlled HO corrections!



Can we understand the full p; spectrum?

D Expectation . Kang, Ma, Qiu and Sterman, 2014

= 10 2 - ATLAS data: Vs =7 TeV N
= lyl <0.75 5
E 10 E o CDF data: Vs = 1.96 TeV J
= : > lyl <o0.6 :
= ' E
D 4o 4%—
R
% 10 E NRQCD
2 10 b -
P - QCD Factorization
s 10 ECG@— ¢S+CO, NLO: Gong et al.
1 é. PR .1l0. M .1I5. PR .2IO. PR .2I5. PR -3I0- PR .3I5. PR .40
P+ [GeV]
d Matching pQCD and NRQCD: 'I\Dl'aSS ?ffe((:j; e;loande)d
40 At B HAX 15 QCP rregion (1 = mg
Er I (Pang) = B TR (P mg =)
dO_NRQCD O_QCD—Asym
+Ep A+d§;H+X (P,mq # 0)—Ep A+d§;H+X (P,mg = 0)

What can we say for the region where p; < mg,?



Forward quarkonium production in p(d)+A

QO CGC for low pT region: Ma et al. Phys.Rev. D92 (2015) 071901
10 ¢
Vs=5.02TeV for LHC pPb CGC+NRQCD
i A ) L T1Ch s for 1503240 < Two free fitted parameters:
10 B . LHCh data for 1.5cy<20 transverse overlap area,
— o v 03LHCh data for 20D«<y«<25 . o ege
o o O.LxLIICh data for 25<y<3.0 saturation scale at initial
10 - § . 0.03xLHCh data for 30<y<3.5 idliti
~ N - . 001xLHCh data for 35<y<4.0 rapldltles
% e, 0.003xRHIC data for 1. 2cy<2.2 seem reasonable
rm 10 B o S %
2 SR
RN
= = A < Matching to NLO NRQCD
_g- i, o calculation,
" —+
\%w - N Y modulo small
. shadowing effect,
+
© W X seem to be smooth
|
. |+
10 —I_ < Better agreement with
data than previous CGC
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Production atlow p; (<M )

1 Spectator interaction — always there:

) Interfere with the formation
Pt~ MgVs, MgV of the quarkonium
Process dependence

PDF

(P, Y)

Perturbative Non-perturbative

Ar < ——
2mQ

O The bad:

Process dependence — Break factorization — Alter p; distribution, ...

O What if the gluon shower is so strong, playing the dominant
role in determining the observed p; spectrum when p; < mg?

Still have predictive power, if the breaking effect is not strong enough!



Production at low p; (<M )
d Gluon shower — Sudakov resummation dominated?

< Quark-antiquark channel:

q Q

7 %)

< Gluon-gluon channel:
S oD
: ° g1 ¢ 0

Leading double logarithms from the gluon shower are from
initial-state active partons

d Assumption:

) Mimic the Drell-Yan type radiation pattern,
Resum the leading soft radiation into Sudakov form factor



Upsilon production at hadron colliders

d CSS formalism (the b-space approach to low P region):

Use Drell-Yan as an example:
dagg

d02d2. (Q,qr,7A,2B) = ﬁff(@) QPr/a(ra ko) @ P p(rp, kp1) ® S(ks L)+Y(Q, qr)
T
1 [~ dafért) B dafﬁ;ym)]

- db Jo(bg) bW A5 (b. O:
o . 0( QT) AB( 7Q7$A7$B)+ szdq% dQqu%

The b-space distribution:

aQQanxB) = I:Iff(Q) [Cf/a X (I>G/A(xA, 1/b)] & [Cf_/b & (I)b/B(CUB; 1/[))} e—S(,Q)

. bW(b,0) } - More sensitive
Very sensitive to !
, to large-b
the role Of. I uncertainty
non-perturbative ] L it
Contribution! | eSS Sensiive
: | P to large-b
. i | . b uncertainty
The role of large-b region? bgy b max

Good predictive power (not sensitive to the large-b region):

if the area under the b-space distribution is dominated by small-b region!



Upsilon production at hadron colliders

O Expect good predictive power:

Peak of p;-distribution is around 4 GeV Shower is the dominant
>> intrinsic py source to the observed
>> the Qg at this energies large p
d Matching procedure to large-b region:

Wpert(b Q XA» xB) b= bmax

W..(b, O, x4,
U( Q, x4 xB) ‘Wpen(bmax,Q,xA,xB)F?j/-P(b.Q;bmax) b = bmax

FNP = exp{ (Q Cb"“"‘){gl[(b’)" = (bpax)®] + g2(b* — biax)} — 22(b* — bﬁm)}

& SALIRRLLY LALL) LARLN I RRLIRARLIRERLILARL

0 b-space distributionfor & ||| @vs=tstev] ¥ L A @ s=187ev]

Upsion productionat 3 “*[] y=0 7 amep .

Tevatron energy: i 1 i

All parameters fixed by the o B o B

derivatives to be continuous

atb=Db,,,. ol Nl ol il T
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Upsilon production at hadron colliders

CDF Run-| DO Run-Il
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d Strong gluon shower:

Sufficiently large Q (Upsilon mass) + large shower phase space!



Predictive power — Upsilon

4 Upsilon at the LHC:
10

¢ CDF:.s=18TeV, |yl <04
0 ATLAS : /s =7 TeV, |y| < 1.2 (x5)
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No adjustment on any parameter from Tevatron to the LHC!
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