PQCD factorization
for heavy quarkonium production
and fragmentation functions

Based on works done with: Y.-Q Ma and J. Qiu
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Heavy Quarkonium

» Effectively, a non-relativistic QCD bound state

Charmonium: v*=0.3 Bottomonium: v>=0.1

» Multiple Scales
4

P . 2
TT Perturbative Hard—Production of QQ

M%
My Non-Perturbative Soft—Relative Momentum
&= Ay,

2
M JT - ' indi
" Non-Perturbative Ultrasoft—Binding Energy

Detect full energy range of QCD

» Spectroscopic notation
cc: nc('Sy) ,JIyCS) , xesCP) .25, 2P..
bb: . XCS) ,xuCP) ..2S,2P..
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Historical Models: CSM

> Conjectured factorization form

l Coherent soft interaction |

Quarkonium

Perturbative Non-perturbative

Are—
2m,

do(Q?)
TAB=J/¢ = Z /dFQQ { ‘ Fstates(QQ)—)J/zj;(vaanPJ/dJ)

states

t 1

production of different models have
heavy quark pair  different assumptions

» Color Singlet Model (CSM): 1975-
Assumes QQ evolves into quarkonium as isolated particles, no interaction with environment.
—) QQ must have same quantum number (color singlet, J¢ ) as quarkonium.

Einhorn and Ellis (1975), Chang (1980), Berger and Jone (1981)
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Historical Models: CSM

» Color Singlet Model (cont’d)
v" No free parameter

<> Large corrections from higher orders.

<> P-wave is IR-divergent—CSM is incomplete!

" ' ) ) ' ' "COF data
) iy o+
. Jhp production at the Tevatron f;.}ufé
' i sqgri(s)=1.8 TeV iy —i

0.1 ng=(dm 2+P73) 2
NLO unc. band:
1g/2 < 1y <2 pg
1.4 GeV <m, < 1.6 GeV

NNL9 unc. band:
Mg /4 <s;<2mg
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do /dP1l, 40,6 Br (Nb/GeV)

1006

PRELIMINARY P. Artoisenat et al., 2007
v A

BR: 5.88 %, <O> = 1.16 GeV"

4

5 10

Pr(GeV)”
NLO is more than 10 times larger than LO!

F. Maltoni QWG 2007

30

1

08 [ o -
C ________ NLO LHC ]
06 A LO LHC _
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0.4 __ ,,” Iyd,.l<3 ]
02 b -
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s 0 :::::{::::I::::I::::I::::{::::I::::{::::I::::I::::_
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—02_— —
-0.4 - NLO ]
-0.6 — ."‘.‘. / -
—0.8 | \\"u. __________________ _
-1 v b b b b b b b by 11
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P, of J/¥ (GeV)

NLO flips the polarization of LO!
B. Gong et, al. Phys. Rev. Lett, 100 (2008) 232001
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Historical Models: CEM

» Color Evaporation Model (CEM): 1977- Fritsch (1977), Halzen (1977), ..
Invariant mass > open charm/bottom threshold ﬁ open charm/bottom
Otherwise ﬁ a fixed possibility to go to each state.

Predictive power: one parameter per quarkonium state.

<> Predicts less suppression;
<> Predicts g (A)/o (B) is process-independent, which conflicts with data.

— L] I I -
E 101 — é* o total Y —3
; F $ o prompt Y 3
8 B \\\ - \II, ]
= 100 o —
£ " E x é

£ X ] CEM shows less

T i — ;

5 10 P; suppression.
102 = —3
E e MRS A :
103 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I ]

’ * N * ) E Amund |, Phys. L 390 (1997) 323
. F. Amundson et al, Phys. Lett. B 7
pr (GeV) y
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NRQCD: framework

» NRQCD Lagrangian
+ 0L

4 NRQCDz‘d light + Jheavy +6‘4 bilinear + 4-fermion Caswell, Lapage (1986)

.  D? .:p D°

Jheavy=lp (lDt + 2M)¢+X (lDt - 2M)X

54’bmnear=ﬁ:W(Dz)zw—X*(Dz)zx] Relativistic correction at O(v?)
+ 23 [¥ (D 8E~gE-Dyyp+ " (D-gE - gE- D)y
+81cv312 [y (iDx gE - gExiD)- oy + " (iDx gE - gE xiD)- 0y |
+ W (8B W= (8B 0)x ]

04 4 tormion NON-renormalizable terms

» NRQCD factorization for quarkonium production Bodwin, Braaten, Lepage (1995)
oAl = E M4 (0]0,'10) QQ and H can have different quantum number.

n

later transition effect is included.
O = 'k p | H+X)H + X |y, x
X Factorization is not proved!
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NRQCD: Predictive Power

» Double Expansion of asand v

» Short distance coefficient: calculated perturbatively
* Non-perturbative matrix elements:

color singlet ME: related to wave functions as CSM
color octet ME: extracted from experimental data

e.g. J/P production to order O(v?), three parameters: <1S38)>, <3Sf8)> and <3P0(8)>

A\

CSM and CEM are special cases of NRQCD Bodwin, Braaten, Lee, PRD (2005)

A\

P-wave divergence is cancelled by color octet contribution

In leading order of v, p-wave QQ production has two contributions:

(1) Hard part produces p-wave Q_(_l directly.
(2) Hard part produces s-wave QQ, which later transits to p-state by emitting a gluon.

<> Factorization form is not proved.

<> Asin CSM, NRQCD calculation suffers from higher order corrections
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NRQCD: Universality of LDME
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NRQCD: Compare With Data Polarization
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Fails to explain the polarization of {(2S) and Y(3S) Lourenco, LHCP 2013
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Explain the large corrections

» Other inconsistencies may relate to large high-order correction

»  Origin of large high-order correction
* LOin as but NNLP in 1/pr

35%1]
ry
Wb“i Y

e NLO in as but NLP in 1/pr quark pair fragmentation Kang, Qiu and Sterman, 1109.1520

a5y Relativistic Projector to
~ ‘ 1@ all “spin states”

9O oy BP0 @ 0 (1) log(u 140) ] > om
dp? PT sl 1og(u 7/ t, Ho < 4MQ
* NNLO in as but NNLP in 1/pr gluon fragmentation Braaten, Yuan, 9303205

3 51[-1]

1
\
AY

a;(pT) 3+m
4

T

() log™ (u* / uy) my,

At large P, M, /P; gives much stronger suppression than a,
Need to expand by M,/P; first, and resum Log[Pf/M%l ]
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pQCD Factorization Approach: Formalism

Nayak, Qiu and Sterman, PRD (2005)

: .1
> EXpand ﬁrSt N ? ) then g Kang, Qiu and Sterman, PRL (2011)
T

» Factorization formalism up to NLP Strictly Proved!

doasB-u+x (PT) = Y doatBorix(pr = p/2) ® Diys(2,mq)

!
+ Y doarpigom+x (P(1£C)/22,p(14 ()/22)
[QQ(K)] ) P
®Dp /10 (%€, ¢, mq) ) %
+ O(m¢,/p7) n B

K=V, A, T for spin, and 1, 8 for color

» Projection operators

Leading power: top  P..(p) =% —Guv +

bottom P..(p) = —guw + nuny + nung, = dy,

Next leading power: | Hard part is insensitive to final quarkonium states
top Prp) = 4p1_ —y-n bottom P, (bg.P5) =7 =" (bo + Do)
PE®D) = o 7 Pi(bq.Po) =157 P =57 - (b + Pg)
PLw) = g i PE(pa.pg) =7 57T =7+ (Po +Pa)1S
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pQCD Factorization Approach: Predictive Power

» Short-distance hard part can be calculated in pQCD

Power series in a,, without large logarithms

» Evolution equations

Independence on the factorization scale oa+B-ux(Pr) =0

dIn(p)

d S
Tz s (Emes ) = > Zé_ﬂ'yf—m'(z) ® Dpyj(z,mq. 1) If only keep LP
e €& DGLAP evolution
s D (27:)2Ff—>[QQ('€)](Z7c7<l)®DH/[QQ(/-;)](27C7C,amQaM)

W eam)

d 0,
d]nN2DH/[QQ(c)](Z7Caclvav/vL) = Z %K[QQ(C)]—)[QQ(H)](Z?C7C,)
[QQ(K)]

®DH/[QQ(,‘@)](z7C7 ClaanU‘)
» Evolution kernels can be calculated in pQCD

Power series in a,, scheme in choosing factorization scale p
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Predictive Power: depend on input FFs

» To give prediction, it is crucial to known the fragmentation
functions. Based on evolution equations, only need to know

FFs at initial scale.

» Input fragmentation functions i

DH/f(ZamQa,UJO) DH/[QQ(&)](Za<7C,7mQ7NO)

» Different quarkonium states require different input distributions!

* In principle, should be extracted from experimental data.

» Too many unknown fragmentation functions: impossible in practice

e.g. for J/y(S,) 8 functions to fit

Leading power: 2 functions

Next-to Leading power: 6 functions
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Quarkonium FFs are perturbative

» To produce a quarkonium, the virtuality of the initial partons
should be at least at the scale of u, >2m, >> A,

Fragmentation functions to heavy quarkonium
is potentially perturbatively calculable!

» Compare with fragmentation functions like D,, :nolarge
scales, and nonperturbative.
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Motivation

» If NRQCD factorization is correct, it can be used to calculate the
FFs at initial scale

For initial fragmentation function at scale m, no large logrithmic term,

o expansion is reliable.
For J/y(’S, ), THREE unknown matrix elements up to order v 4:
comparing with 8 unknown functions if direct fit FFs.

» No proof for NRQCD factorization yet.

Although not proved, NRQCD is proven to be valid to NLO.
For some particular case, NNLO can also proven. . .. o .ndsierman, 2006

» |If NRQCD factorization is not correct to all order, calculation of
FFs using NRQCD can be thought of as a reasonable model:
determine the functional form of FFs

06/20/13 BNL Lunch Seminar Hong Zhang, Stony Brook
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Apply NRQCD To FF’s

» Definition of FF’s

(- 8MV)ZD_4 f+

A T

dy_ -i(p* /Z))’< |G+‘u(0)8 (0 )cb

H(p")X)(H(p")X|E(y),, G (y)|0)

EXT),, = Pexp[igf;dz'A*(O*,z‘,OL)]ba is Wilson line.

prdy” =it /2u [ prdyrptd
Dhyiaus) (2 ¢ ) Z / e X/ ?(g:) Y2 ip* /22)(1-Q)ui =i+ /22)(1~¢' iy

4 s N
(N2_1)<0|wz() o= (19, ()| H () X)

<{P)X ity + 90 522 (Tl 10

> Apply NRQCD to FF’s / Perturbative

DgeH(Za;uo 9mQ) - dg—>[QQ (c)](ZHuO’ )<0[Q§(c)]—>H>&

[Q0 ()]

Non-perturbative

D, gy (2 g5 M) = _2 d[QQ(x)]—»[QQ(c)](Z’“O’mQ)<0[QQ(c)]—>H>
1000}
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Calculate Coefficients

> Perturbative coefficients are insensitive to ﬁna_l state.
For LP FF, match final quarkonium states to QQ[H]

Dg—»[QQ(Kn(Z’“O’mQ)‘Per,.QCD= E dg—>[QQ(c)](Z"uo’mQ)<0[QQ(c)]—>[QQ(K)]>

[00(0)] Pert. NRQCD
Expand by o

0) 3(0) _ 50
D~ 0502 Uo>Mg) = E dy”1 050 (% Mo> T Q)< [QQ(C)]—>[QQ(K)]> =d 05000 (2 Mo Mg)

[00(0)]
M _ q(1) (0)
D 050002 Hosg) = _E d y100(en (% Hos M Q)< [QQ(C)]—>[QQ(K)]>
[00(c)]

0
5(0)
E d 0000 (2o to 1M Q)< [QQ(c)—>[QQ(K)]>
[00(c)]

Solve the above equations Divergences cancel,

7(0) _ 0) d() (Z, .m ) |S
dg%[QQ(K)](Z’MO’mQ) - Dg—>[QQ(K)](Z’ MO’mQ) §—100(x)] Pgolity

. . Pe”'Q‘CD/ always finite.
dg*[QQ(K)](Z"uO’mQ) Dé’"[QQ(K)](Z"uO’mQ)‘Pert.QCD /

M
_ (0)
2 dg—»[QQ(c)](Z’“o’mQ)<0[Qé<c)]—>[Qé<K>]>
[00(c)]

» Perturbative coefficients for NLP is calculated in the same way.

Pert. NRQCD




Leading Power FF’s: LO

* Projection operators
p"pﬁ)

> Leading order in «a poCe i

Gluon: color octet, J" =1"

_ 3 QI8]
Only survived channel: §— S

© L2 Ly

e000sh (& Mos Mg ) = Trl(-igou'y TG \/2m \/N2 -1 7
0 C

e 1 21ty
x Tr{(iggu’y T*)(= & 2” +m) 7’1

1 aff papﬁ

[ Au -i TV . .
x—(— X —(— x——(—g " + 0
pz( g pz( g ") D—1( g 4m§) w» € Projection operators

to °SI*! state

. u_v v u 2
x 8(z - p n) 1 (_guv+pcn tpPpc Pc _n"n") 8,
pc-n D=2 DPc °h (pc 1)
— mogu’™
(D-1)(N¢-Dm,

0(1-2)

4o ”asﬂzg
(D - 1)(N§ — l)mg

e=00Csh (T oo TMg) = o1-2)
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Leading Power FF’s: NLO S-wave

» Next-to Leading order in a;
(Cuttgsmg) = D s Gattumg) =A% i (Zuttumg)(O .
(& lhos Mg ) = 00¢st) oMo Mo ) =8 5358) %0 Hos Mg < QQ(3518)—>QQ(3518)>

) ~

« Virtual diagrams (10+10 c.c.) g— >SI™ higher order in v

Yo RN o | e

* Real diagrams (9+6 c.c.)

AR oY o Al
+ +
A VRV W W

Lightcone gauge: No Wilson line, but more complex gluon propagator.

J(1)
dg—>QQ(3518

We tried each of these two gauges and cross checked the results.
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Leading Power FF’s: NLO S-wave Divergencies

» UV divergence —loop integration

» IR divergence

Soft gluon: use plus function to separate the divergence for real diagram.

112 s+t -25(1“(1‘2’))
1-2)" 2¢, (1-2), -z /,

. withk//n n* =—(1,0,0,-1)"

1
‘n+ie J2

Rapidity: fd4k

Diagrams with
gUV IR

\%ﬁ% =,
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Leading Power FF’s: NLO Results

d _0‘5“28(”“2) r(l+£)x{_3(1_8)5(17)"'3(1_8)[ A

real — 3 2
my, g Ewvemr Eyy (1 - Z)+ Z

-Q(ln(l"Z)) +6(z2-z+2)1n(1-z)+3(1-1)
z\ 1-z /, Z
22 (| _ 177-10n, 7
o = 35 (”’“‘2 ) 5(1—z)x{3(l O 146+ f, e, o T +81n2+61n22}
m, \ m, 28,0E R Ey 18 2
2. 2¢
dren=aSl§ (4717€_y) ( 3)><{ < +1 Z+z(1—z)+&5(l—z)}
my Eyv (1-2), Z 3
2. 2¢ 2
dall=a5‘[§ {—é(ln(l_z)) +6(Z2—z+2)ln(1—z)+3(l—1)+lln M2 —-1|P,(2)
my, z\ 1-z /, Z 2 4my
? 2 33-2
+o(-2)| Pof | X |+ 71427, gimo+6In>2 g, =
2\ \4m2) 3] 3 2 6
Z 1-z p
ng(Z)=6[(1—z)++ . +Z(1—Z)+?05(1—Z)

- . cancel between real and virtual diagrams. Final result is finite.
UV*IR
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Leading Power FF’s: P-wave Divergence

» For final state Qﬁ(3P[f] ), at leading order of v

" (1)
Jo _ph _go < . ) >
g—>QQ(3Plg)(Z"u0’mQ) g—>QQ(3PlS)(Z’M0’mQ) dg—>QQ(3518)(Z’HO’mQ) OQQ(3518)—>QQ(3P18)(0)

CSM don’t have this term
and therefore IR divergent.

» Results
N2 -4 daiu” | mu’ ¢ 315 3z(1+4z) 3z
DO i Gotgetg) = 5 €S BIH T gyl 2 (- - -
g—~00CP’) 2N.(Ng =1) 27m} \ m, 2e,.| 8 4 d-2),
o 0 M Né—4 1 In4 u * 4ag
< QQ_(3S,8)—>QQ_(3P18)( )> == 4NC a+ Il( JT)_)/E w, 3.77]1’7’12

N2 _4 4 2 2¢ 3 2 3 3 1+4 3
4. ogops (@thoMg) = 53 asMS -—In MAZ +—10(1-2) - wlrdg) |
§—>00CP") 2N(N; =1) 27my, 2 \4m,) 8 4 (1-2),

Finite.
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Leading Power FF’s: evolution effect

A N o’

d . . (z,u,,m,)—> c S 172(3-22)+2(1-2) In(1-2)

ST (g -1) 2m) { }

2.0 .

i \\

\ /l0=3GCV IR(0)|2:083

15 | \\ — —— p=10GeV mp=1.5GeV

r \\ ,Ll=4OGCV aS(ZmQ)2026

D(z)x10*
=

0.5

0.0

0.0
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Next-to Leading Power: Definition

» Double parton FF

Relative momentum does not need to be same on both sides.

p $ E=2q"/p;
C'=2q"/p.
;Jrq /7‘ )b . E+1.;t‘ :
7oz 7 7 z=p"/pc
DH/[QQ(CLS)] (Z, C? C/)
> Wilson line

ol O LU 0 U e VD 6,00 By 0DIHGHX) = O

* No momentum flows to infinity
along Wilson line;
e Easier to handle in program
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Next-to Leading Power

» Matching in NRQCD factorization

D

Pert. 0CD E d[QQ(K)]%[QQ(c)](Z’MO’mQ)<0[QQ(c)]—>[QQ(H)](0)>
[00(c)]

0o~i00 (2 o> M) Pert. NROCD

Initial states: QQ[k]=V!"*, AlLS T

_ 72 channels!
. 1cl1.81 3 o181 1 pl1.8] 3 pll.8]
Final states: QQ[HI=S,".,S; PP 1,

» Leading Order in ag
20 Open Channels:

yl— g I8l gl Tl gt 71813 18!
/ / \ \ yllspil - yisl pisl 7! ptt 718! pts)
| AN pti A ps) A T AL
Al pli A1 pts]
Al gt ABI S g8)

Bad news: NLO virtual diagrams not zero for 20 channels.
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Next-to Leading Power: Diagrams

» Virtual amplitudes » Real amplitudes
c | c | C | c | c
1 | | | -
___*___4’/,/:_"'” '__F100 ___,_,c{:_”,_—‘{:/,’ .
FfBla k FGL3 1 Eq00 ks F100 . F100 , FloFGLs
[ S ] 1 1 1
gg c | 1 FGL3 1 1
e 1 1 Cc 1 FEL 1
Yc : - L Floo @ GL3 | - e
- e--4. FGL3 | ---= g c - - | -
| | 1 |
T1P1 N1 I T2 P1N2 I T3 P1 NEGL3 T1P1 N1 I T2 P1 i T3P1N3
"""""""" :'“““““c"“".'“““““““' B e e it
F100 & : : v koL :
——— C lomep - GL3 1 -~ F100 ¢ ! !
| F100 | | :
FGL3 | | | |
| c | 1 |
| | 1 |
F100 <| I .- I I
e c '--<-‘@EFGL3 ! -- ! !
NfGL3 : F100 FGL3 : F100 : :
T4 P1 ! T5P1 N5 ! . ! !
»  Counter-term Diagrams #ofopen #of # of cut

channels amplitudes diagrams

Virtual 20 100 100+100c.c.
+ C.C.
Real 50 200 > 400

Impossible to calculate by hand!
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Mathematica Packages

» FeynArts —diagrams and Feynman amplitudes generator . .-- Sl
F100
Original package: no Wilson line, connected diagrams only. s
Improvement: T

T1 P1 N1

(1) Include new particle family “gauge link” and its Feynman rule;
(2) Include the nice double line for Wilson line;
(3) Allow user-defined “seeds” for generating any type of diagrams.

» FeynCalc —Feynman amplitude calculator

Original package: (1) Use different notations as in FeynArts;
(2) Cannot deal with Ja' PR

Improvement: (1) Include the translator to link FeynArts and FeynCalc;
(2) Isolate unknown integrations and wait for user’s command;
(3) Many new functions to facilitate calculation.

Human brain + computer’s speed
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Next-to Leading Power: evolution effect

» Evolution of double parton fragmentation

Starting profile: 6(£)d(5) —e ™" e

When in higher energy scale,
Peak gets lower and wider while evolving to larger L.
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Summary

At large p; >> m,, calculations based on early models are not perturbatively
stable. LO in a,-expansion does not coincide with LP term in 1/p;-expansion.

PQCD factorization is a strictly proved factorization approach. It expands
1/p; before o, expansion. When pT is large enough, perturbative expansion
converges much faster than any other model.

With the evolution equations, the predictive power of pQCD factorization
for heavy quarkonium production relies completely on the initial
distributions

Different from fragmentation to pion, fragmentation to heavy quarkonium
is perturbatively calculable because of the large mass scale. NRQCD is
applied to calculate the fragmentation functions at scale u~2m, .

With our results, several unknown fragmentation functions are reduced
into a few parameters, which is much easier to be extracted from data.
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pQCD Factorization: Evolution Kernels

Pvl—rvl = Pal—m,l :(3 - SO)CFAO + CYFAvu

P =(3— S0)CrAg + CrA,,
1 1 Z

P - P —(3 _ Ap — A A8
v8—v8 — L a8—al —(3 SO>CF 0 2Nc vt 2Nc 2(1 — Z)+S+ + s
_ A 1 A 1 ~ 8] 8]
Pis—ts =(3 — So)CrAp — 9N, = + ON, 2(1— ), (S+A+ + S_AY )

Pusi = Posoui :ﬁS‘LAE]’ Kang, Y.-Q. Ma, Qiu, Sterman, 1
Pis 11 :ﬁ (S+AL” + S_AL”) :
Pus—a1 = Pas—u1 22(12_ P sl
Pug—as = Pus—us :%Ncﬁkg&f]’
Pxi1_vs 2]\;3]\[_3 1PX8Hy1, for X,Y =wv,a,t.
So =In(uuvv), Sy = (% + %) (% + g) ,

Ao =06(1 —2)0(u—u")d(v—")
AN = [5(u— zu/) £ 6(a — 20')] [5(v — 20') £ 6(v — 20)]
AP = {(N2 = 2) [5(u — 2u)6(v — 20") + 6(1 — 20 )6 (0 — 20)]
+2 [5(u — 2u")8(0 — 20") + 6(u — za')d(v — 2v")]},

)
v—=0v'/ v/ o

+u <,

A, =61 —2)0(u—u") [<

+ U v,

Light quark case:

Heavy quark case:

(2)

A2)
Rawn)/Q

Nl
(QQ(a8)]/Q

@

TQG@n)/Q
(2)

TQQ)1/Q

N

06/20/13 BNL Lunch Seminar
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) —

@ _ e N -18(1-2)

'[QQw)/q SN, o)

2 _ @ _ @ _ @ _ @ —0
R/ — TQGW@®)/q ~ TQa)/e — T1eQes) /e — Q@)1 /q

o N2—1 1 1—=z4N.a(l — zu) + 2(1 + za)

Teaes/e T Y TONE ap 22 1—zu
AN (1 — zv) + z(1 + 20)
B06.XXXX x 1—2zv
0 _ (Nt 1—2(1+ za)(1+ 20)
[Qew)/Q s N, av (1 —zu)(l —zv)
N(2)_ _ aQNCQ—].l—Z(l"r‘Zl_L)(l‘f'Zl_})
'RQ(a®))/Q F2N3  av (1= zu)(l = zv)
N _ 2 N2 -1 ’ 1—2(1+za)(1+ 20)
[QQ(a1)]/Q ¢ N. av (1 —zu)(1 — zv)
) _ @ _
awi/e = Veauye =Y
Gluon case:
@ _ oo LN 2 7 9T 2
oausys = Mg {? [4(1 = 2)* = 4(1 = 2uit — 209)(1 — 2)*(2 + 2)

+(u—a)* (v —0)*(22" +22° = 32° — 4z + 4)]

N2 —4
+-= (u—a)(v—2)[z"+(1— 2)2]}
Ne
i Gt
uhvd
2 1 Nc — 1 2 2
G |:—(LLL + uv) ﬁc] [z 4+ (1 — 2)7]
1
2 2 2
0?2y 12y
@ _
Tiegene =7
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