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Introduction




FIG. 3. An example of the decay ¢(3684) =" +7"
+3(3095), where (3095) —~e* +e~, from an off-line re-
construction of the data. The event is seen in the x-y
projection where z is the beam (and magnetic field)
direction. Also shown are the trigger and shower
counters which detected the tracks. Tracks 3 and 4
are the slow pions and tracks 1 and 2 are the two
leptons from ¥(3095) decay.
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(PRL 34, 1181)



What is heavy quarkonium?

* Positronium (e*e™)

* Heavy Quarkonium

3
25+1L] 150 351 1P1 P](]=o,1,2)

Charmonium Ne ]/ h. Xcj

Bottomonium Ny Y hy, Xbj

cb B, B



THE CHARMONIUM SYSTEM
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THE BOTTOMONIUM SYSTEM
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Parity & Charge Conjugation

* Discrete Symmetry

* Spin:
« § = 0 symmetric =) (—1)°71
* S = 1 antisymmetric
* Parity:
* Orbital Angular Momentum =) (—1)F
* Intrinsic parity: P=(-D"
* Q(fermion)=+1, Q(anti-fermion)= -1 = 1]

* Interchange of space and spin is equivalent to
charge conjugation.

C = (—1)S+1P — (_1)L+S



25+ 1L] 15, 35, 1p,
Charmonium Ne J/Y h¢
Bottomonium Np Y hy,
S 0 1 0
L 0 0 1
Ji 0 1 1
P=(-1)!"* — — +
C = (—1)L+S n _ _
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J /Y width is narrow

]/ (JP€ =177) >m<

C(g) =-1
* T (O_+) > V - .
S SO

I i g

93 keV 2 X 6% 88%
Nc 32 MeV 1.6 x 107 ~1
Xco 11 MeV 2.2x 1074 -]
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Narrow-width Resonance

1974, BNL
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FIG, 2, Mass spectrum showing the existence of J.
Results from two spectrometer settings are plotted

showing that the peak is independent of spectrometer
currents, The run at reduced current was taken two

months later than the normal run, (PRL 3 3’ I 404)
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FIG, 1. Cross section versus energy for (a) multi-
hadron final states, (b) e*e" final states, and (c) p*y~,
7*r~, and K 'K~ final states. The curve in (a) is the ex-
pected shape of a §—function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected

for detection efficiency. PRL 3 3
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Prompt vs. Non-prompt

* Non-prompt = from B decay
— Large theoretical uncertainties

* Prompt = direct + feed-down

Y(3S)

YIS) Yy Y WYX
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RAPID COMMUNICATIONS

PHYSICAL REVIEW D 90, 111101(R) (2014)
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FIG. 1 (color online). The c¢r distribution of background
subtracted single J/w events after all selection criteria. The
distributions for the signal and background templates are shown
normalized to their respective fitted fractions. The uncertainty
band corresponds to the total systematic uncertainty on the sum
of signal and background events.



Quarkonium Theory




Physical Scales

heavy quark
mass

momentum kinetic energy

Aqcp K mov?* K mov K my,

< soft > < hard —

m v2 ~ myvi ~ 500 MeV

vZ ~0.3
vi ~ 0.1
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Two aspects of QCD

* Perturbative QCD (hard process):

* as(mg) is small.

* Creation/Annihilation of QQ pair is perturbative.
* Nonperturbative QCD (soft process):

. as(va), as(vaz) are not small.

* Wavefunction of QQ pair is nonperturbative.

* We require a theory that respects both contributions
simultaneously.

* Separation of hard and soft scales
— Factorization: I'(H) or a(H) = hard X soft

16



Color-singlet model




Factorization Assumption

T /Y —» ete™) = c[cc(CSiH) —» ete™] x [R(0)?
* I'(xo — hadrons) = C[CE(3PO[1]) - gg] x |R'(0)|?

* c: perturbative expansion of a(hard)

* R(0): radial wave function at the origin which can be
determined by potential model, experiments, etc. (soft)

18



Failure in factorization at NLO

NLO

19



Failure in factorization at NLO

NLO

=]

q QQ includes

g

 The short-distance factor is infrared sensitive at NLO.
— CSM factorization fails.

PRD 46, R1914(R) 20



NRQCD




* |Xco) =

* | Xco) =

Fock-state of y ¢

CE(3PO[1])): color-singlet state only (CSM)

ccCPMY) + ceCSE) + gsore) + -

in NRQCD higher Fock states are included.

cC states different from

3P0[1] may contribute.

* Higher Fock states are suppressed in powers of v.

e |If the short-distance coefficients are enhanced,

for example, by powers of 1/a,, then higher Fock

states may contribute significantly.
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Color-singlet NRQCD

long-distance matrix
elements (ME)

* (01)y = (H|0[25+1L ]|H) H: quarkonium

* (J/PIOS I /w) ~ R(0)]2
* (|02 S 1 nc) ~ IR(0)|2

* (XcOlO[ Po ]lXcO) ~ |R,(O)|2
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Color-octet NRQCD
long-distance ME

+ (Og[n])y = (HIOSH L H),

'<]/¢I0[35 Ny, ..
* (n:|O[*P; BNine, ..

* (XcOlO[SS ]lXcO)

H: quarkonium

24



NRQCD operators

)
3 — of,T o e . &

O 1‘91) wfdax X’r :f), O1(%Po) = ‘/’T("‘%D 'O')XXT(_%D o)y,
Os("So) = ¥"Tx x' T, o o
03(381) :'l,bTO'TaX*XTO'Ta'(,L‘- OI(SP]_) - ¢’T(—3§D X U)X XT("%D X G‘)T/),

Operator Estimate Description

s v effective quark-gluon coupling constant

P (Mwv)3/2 heavy-quark (annihilation) field

X (Mv)3/2 heavy-antiquark (creation) field

D, Mv? gauge-covariant time derivative

D Mv gauge-covariant spatial derivative

gE M?y3 chromoelectric field

gB M?*y* chromomagnetic field

g¢ (in Coulomb gauge) Mv? scalar potential

gA (in Coulomb gauge) Muv? vector potential

PRD 51, 1126 25



NRQCD factorization

* I'(Xco — hadrons) = Cl(XcO|0[ ]lXco>
+cs (ol O13S; ™ Ixco) + -

IR divergence of c¢; is originated
from the |- Ioop correction

to (XcOlO[BS ]l)(cO)
— completely cancels after renormalizing

the octet matrix element at NLO
— ¢4 is then free of IR divergencé




A. Petrelli / Physics Letters B 380 (1996) 159-164
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Fig. 1. Virtual Feynman diagrams contributing to the process QE[:'S': i qq.
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QCD Lagrangian

LQCD — Llight + LTJ(l)/HDM — mQ)‘P

1 ) N
Liight = “EtrGuuG“ + ZQT'BQ'I

W: 4-component Dirac spinor for Q, Q

Parameters: ag, m; = 0, m,

Degrees of freedom: gluons, q, q, Q, Q
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NRQCD Lagrangian

LnrqeD = Liight + Lheavy + 0L.

2

: D , D?
Eheavy — "/’T (EDt + m) ¢ 5 B XT (iDt — m—) X4

0L = 6['bilinear + 6L4—fermion

Hard scale of order m, or higher integrated out
Light degrees of freedom are identical to full QCD
Nonrelativistic @ is annihilated by Pauli spinor field i

Nonrelativistic Q is created by Pauli spinor field y

29



Gauge-covariant derivative

DH = 9* + igA* = (D,, —D)
D;==+igpand D =V —igA
AH = Al T@
igG"" = [D*,D"]
TG = %/1“ : SU(3) generators (a =1, ..., 8)
[Ta’Tb] — jfabere

tr(TeT?) = %5@”

30



SLbilinear

. LheavyzlpT P, xT ...y terms of LO in v

* 8Lpitinear: W1 ..., xT ... ¥ terms of higher orders

in v

O Lpilinear =

[41(D?)% — x'(D?)?x]

8M3
8M2 [¥'(D-gE — gE D)y + x'(D-gE — gE-D)x]
+8M2 [4!(iD x gE — gE x iD) - 0% + x'(iD x gE — gE x iD) - ox]

2M [¥1(gB- o)y — x'(¢B-o)x],

31



NRQCD Feynman Rules

Diagrammatic element

Feynman rule

quark propagator

Ay vertex

V- A, vertex

A;- A, seagull vertex

o- B spatial-gluon vertex

D- E temporal-gluon vertex

D- E spatial-gluon vertex

DX E- o temporal-gluon vertex

DX E- o spatial-gluon vertex

DX E- o spatial-temporal seagull vertex
DX E- o spatial-spatial seagull vertex
D*/(8m?) quark-propagator correction
D*/(8m?) spatial-gluon vertex
D*/(8m?>) spatial-gluon seagull vertex

D*/(8m?>) 3-spatial-gluon vertex

D*/(8m?>) 4-spatial-gluon vertex

ill £po—p*/(2m)+ie€]
+igl,
ig(p;+p;)t,/(2m)
_fgz(fs;-j tpt,+perm)/(2m)
8€;xl o t,/(2m)
iigl% ta/(sz)
viglylipt, /(8m?)
igeij'kp;pj'ak la /(4m2)
vgeu(p+p)oulint,/(8m?)
*g*( €l oy tpt,+ perm)/(4m*)

+ g% (€404l o 1pt,+ perm)/(4m*?)
ip4/(8m3)
—ig(p*+p*)(p+p'),1,/(8m%)
ig{[(2p" —1,),(2p+1)),+(p*+p'?) 8, 141,

+perm}/(8m3)
—ig {[(2p" = 3)i0,+ (2p+11),:8, ]t 151,
+perm}/(8m3)
1g4( 5:';' 6km ra'tcrbta_i_ perm)l( 8m3)

32

Bodwin and Chen,

PRD 60 054008




QQ,, » Quarkonium

E1l E1l M1
spel = TR o 0T e s
J
E1l E1l M1
3 P][1 8l » sl 3p][1] — 1plsl
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6L4—fermion

* 6L4_termion iNVolves QQ annihilation decay

Jﬁfi—ferminn Mdn —4 On (A) y
T
1 3 1
("554-fermion)d=5 = MTEQ 01(180) + f—l-(M—f}—)*OIGS ) + fﬁlgdfﬂ) O (ISO) +
1 3 3
(0 Lafermion) g—g = flglfl) O1(1P1) + ilj(w—fn) O1(3Po) + fl‘gufl) 01(3P)

f1(3P g1 (1S g1(3S
; 1(_;\{42) O (BP) | 1(_;”40) PI(IS ) I(Mql) Pl(ssl)
3
g1(°S1,°D
1 = U p,(351,°Dy) +
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Velocity-scaling rules (VSR)
e Ap Ax ~1,Ap ~mv - [ d3x ~ 1/(mv)3
S BPxYpTOP) = 1 - PT)Y(x) ~ (mv)?
* Tp(x) ~ (mv)y(x)
* Equation of motion ,
(iat —gp(x) + :—m>l/)(X) =0

The virial theorem implies that

VZ
0y ~ goy ~

ol s
Zmlp mv“iy
* Therefore, g¢p ~ mv?
* In a similar manner, VS of an NRQCD operator can

be estimated.

35



VSR Table

Operator Estimate
Vg v

) (muv)?/?
X (-:rm!)?’-’f2
D, (acting on 7> or x) muv?
D (acting on ) or x) muv
gE m2v®
gB m2v?
g¢ (in Coulomb gauge) | muv?
gA (in Coulomb gauge) | muv?




NRQCD Factorization Formula

for annihilation decay rate of charmonium H

ZI‘ cc(n)| (H|O,|H)

* sum over coIor/anguIar momentum channels
1L or8 !'So,?3S), Py, 3P, 3P, 3P, ...

hard factors: annihilation rate into partons for cc at threshold
expand in powers of 0((m¢)

soft factors: NRQCD matrix element <H | O, | H)

probability density at the origin
for Fock state with cc in state n
scales as definite power of v

rigorous factorization formula
double expansion in 0(s(m¢) and v

37

Eric Braaten, Topical Seminar on Frontier of Particle Physics 2010:Charm and Charmonium Physics (Aug 27-31, 2010)




NRQCD Factorization Formula

Annihilation decay rate of charmonium H

ZF cc(n)| (H|O,|H)

* velocity scaling of NRQCD matrix elements
J/ (1 351>NU?’
(8 °Py). (8 'S0), (8 %51) ~ 0"
Xed (1 3P\ (8 35;) ~ 0°

* solves infrared divergence problem for P-waves

* spin symmetry relates J/\P, Nc
XcO, Xc!, XCZ, hc

38

Eric Braaten, Topical Seminar on Frontier of Particle Physics 2010:Charm and Charmonium Physics (Aug 27-31, 2010)




NRQCD Factorization

for inclusive hard production of charmonium H

* Inclusive: cross section for H + X
summed over all possible hadronic states X

* hard: involves large momentum transfer
(creation of cC pair is not be enough)

Hadron collisions:

forward (diffractive) production can create cc pair
without large momentum transfer
NRQCD factorization will not apply

production with large transverse momentum pr
should be sufficient to use NRQCD factorization
but how large does pr need to be?

br>>/Nagcp ? pr>>Mv? pr>>M?

39

Eric Braaten, Topical Seminar on Frontier of Particle Physics 2010:Charm and Charmonium Physics (Aug 27-31, 2010)




NRQCD Factorization Formula

Inclusive differential cross section for charmonium H

do[H] = Zdacc )] (OH)

conjectured factorlzatlon formula
motivated by perturbative QCD factorization theorems

* sum over color/angular momentum channels
Lor8 'So,?3Sy, Py, 3Po, Py, 3Py, ...

e hard factors: parton cross sections for creating cc
expand in powers of o(s(m.)

e soft factors: NRQCD matrix element {0,") = {(n)

probability density at origin for cc pair in state n
to bind into charmonium H plus soft gluons
scale as definite powers of v

40

Eric Braaten, Topical Seminar on Frontier of Particle Physics 2010:Charm and Charmonium Physics (Aug 27-31, 2010)




NRQCD Factorization

Inclusive production of charmonium H

Z dé[ce(n)] (O

* velocity scaling of NRQCD matrix elements
J/v (159~ v

XecJ - (13P]> (8 81>N’U

* solves infrared divergence problem for P-waves

* vacuum saturation approximation
relates CSM matrix elements for production
to those for annihilation decays

41

Eric Braaten, Topical Seminar on Frontier of Particle Physics 2010:Charm and Charmonium Physics (Aug 27-31, 2010)




Matching

* Determination of short-distance coefficients (SDC) in
the (squared) amplitude A% NRQcD (Mgs s, €;)

* SDC must be insensitive to long-distance (LD) effects:

AﬁRQCD (mg, as, ¢;) and Al NrQcp (Mgs s, €;) must
share identical SDC

» Compute corresponding QQ matrix elements using

perturbative NRQCD: AﬁRQCD(mQ, A, Ci)

. Compute the scattering amplitude using perturbative
QCD: AQCD(mQ, a)
* Determine SDC from the matching condition:

QQ
ARrqep (Mo s, €1) = AQCD(mQ’ as)

42



Example of matching

Tree-level matching of the pole in heavy quark
propagator.

_ [ 9 9 _p P
'fU” QCD E = Mg +P° —mq oMo 8m3+ :

Q@

2 il

-NRQCD E:p——clp—+---.

2m Sm3
-then m=m¢g and ¢ =1.

43



Determination of NRQCD ME

. (Q@|0[25+1L51 ot 8]]|QQ) is calculable perturbatively

. (HIO[ZSHLE1 °r 8111 Y is nonperturbative

* Color-singlet case: some ME is calculable on the lattice or

predictable using potential models.

e Color-octet case: some ME is calculable on the lattice

(difficult). Potential model is not applicable.

* Comparing the factorization formula with empirical values,
one can fit the data to determine ME.The number of
measurables is limited — one must terminate the series for

NRQCD factorization formula at a certain order in v.

44
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Relativistic Corrections to
J/+p — £te— at order o

PRD 74, 014014 (2006)
PRD 77, 094017 (2008)
PRD 79, 014007(2009)

Jungil Lee
(Korea University)

In collaboration with Geoffrey Bodwin (Argonne),
Hee Sok Chung and Chaehyun Yu (Korea U.)



Outline

® Charmonium

® NRQCD

® |-loop corrections to J/¢ — £F€-

at leading and sub-leading orders in v
Renormalization of NRQCD operator
® Matching

Summary



Charmonium

® Simplest bound state of quarks:
bound state of a charm quark and an
charm antiquark.

® The lightest mesons in 2S; and S, states
are the J/¢ and the 7.

49



Nonrelativistic QCD

® NRQCD is an effective theory of QCD.

® NRQCD factorization separates
short-distance perturbative effects from
long-distance non-perturbative effects.

® NRQCD involves a series expansion in v,
where mw is the typical heavy-quark
momentum at the meson rest frame.



Phenomenological importance of
J/p — 610~

® One method of determining long-

distance non-perturbative effects is to
use the leptonic decay rate.

® Leptonic decay rate is one of the most
accurate measurements involving J/4.

I'[J/1 — eTe™] =5.55+0.14 £ 0.02 keV (PDG2016)

51



NRQCD factorization formula for
L[J/yp — £1£7]

® Comparing the theoretical expression with
experimental data, we can determine the
NRQCD matrix element. At leading order,

2
(O1) /9

8mesa
3(M3,,)

(01) 57w = [{0lxToy|J/¥) |
® Determination of the NRQCD matrix

element is very important in processes
involving the J/v.

O[J/ — £707] =




Impact of the resummation of
relativistic corrections

® Leading-order NRQCD ME fails to predict
ete” - |/ + 1, at B factories

® Relativistic and a corrections resolve the
problem.

® Relativistic corrections are resummed to all
orders in v.

53



Impact of the resummation of
relativistic corrections

® In a previous work, the J/ matrix
element was determined by using the
Cornell potential model and the

resummation of relativistic corrections.

(Bodwin, Kang, Lee, PRD74, 014014,
Bodwin, Chung, Kang, Lee, Yu, arXiv:0710.0994 [hep-ph])
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® In the previous work, the order- as
correction has only been included at leading
order in .

® For a more accurate determination of the
NRQCD matrix element, we evaluate the
relativistic corrections at order @s.

® UV and IR singularities are dimensionally
regularized with d = 4 — 2e.

55



|-loop corrections at >M }

leading order in v

® The QCD amplitude is }W }N

1AGep = Z(1 + A)v(p2)y u(p1)

s 1 2 AT ute  TE
Zg = 1—|—aoF — — — 3log H e —4
47 EUV  €IR m2
C 1 2 ATple VE 1 2e=VE
A = ZTF + 2 4 3log [ RS T P o s
A7 |euv  er m?2 v €IR q?

® UV and IR poles cancel.

2,—YE
Zo(l4+A) = 14 2CF {—S—I— 1 {Tr2—£—z7rlog ("T“ - )H

47 v EIR q*

56



|-loop corrections at y M
leading order in v :E>_<

® The remaining Coulomb terms are

canceled by the loop corrections in
NRQCD.

NRQCD
ZQ —

4T v | €IR q°

1,

|
=




|-loop corrections at
sub-leading orders in v

® In QCD loop corrections, IR divergence

remains uncanceled.
tAqep = U(p2) [Zq (1 + A)v¥ + Bg|u(p1)

IR divergence

aCr [8v?% [ 1 / 4dmpte VE 20°
Zo(1+4A) = 1 1 c 8
Q1 +4) i 47 { 3 LIR+ o8 . m? T 9
]. ) v 4 2 —YE
+ ——I—S—U a2 - — 17 log e — 3imv + O(v°)
v 2 m2

B _ _aSC’p 1 (?j’zr

4T m
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|-loop corrections at
sub-leading orders in v

® The remaining IR poles and non-analytic

dependence on q° in perturbative QCD
calculations must be canceled by

NRQCD counterparts.

59



|-loop corrections to
NRQCD matrix elements

® The following diagrams contribute at
2

order-a v

Corrections to {0|xTo')|QQ)
() Ay temporal

(b)V - A spatial

(c)o - B spatial

(d)D - E temporal

(e) D* quark propagator
correction

(a)

|
|

| Correctionsto _
I O (V- oV +¥-07) vi@)

(d) (e) () (f) Ao temporal



Diagrammatic element

Feynman rule

quark propagator

Ay vertex

V- A, vertex

A;-A; seagull vertex

o- B spatial-gluon vertex

D- E temporal-gluon vertex

D- E spatial-gluon vertex

DXE- o temporal-gluon vertex

DXE- o spatial-gluon vertex

DX E- o spatial-temporal seagull vertex
DXE- o spatial-spatial seagull vertex
D*/(8m?) quark-propagator correction
D*/(8m?) spatial-gluon vertex
D*/(8m?) spatial-gluon seagull vertex

D*/(8m?) 3-spatial-gluon vertex

D*/(8m?) 4-spatial-gluon vertex

f/[ipg—pzf(2m)+ €]
+ig1,
ig(pitp)t,/(2m)
—ig”(8,; tyt,+perm)/(2m)
g€l ;01 1,/(2m)
ifgl% t,/(8m?)
+iglyligt,/(8m?)
*g€p POk 1,/ (4m?)
Tgeptp’)oiliota/(8m?)
igz( El-j-;:!uﬂ'k tpt,+ perm)/(4m2)

+ g%( €404l 1o 151, +perm)/(4m?)
ip/(8m?)
—ig(p*+p*)(p+p')it,/(8m°)
ig’{[(2p" =) (2p+1,);+(p*+p"?) 8,1 152,

+perm}/(8m?>)
—ig {[(2p" —13)8,,+ (2p+1,), 8411 141,
+perm}/(8m?>)
ig*(8i;Okm Lt o1yt 4+ perm)/(8m°)

Bodwin and Chen,

PRD 60 054008




|-loop corrections to
NRQCD matrix elements

® Integral involving real parts of IR poles:

/ ANk 1 1 (1 1
2m)N k]2 472 \eyv emr

® Integral involving imaginary parts of IR poles:

/ dNk 1 1 i [(mple E\"
— T — ——
(2m)N k2(k? + 2k -q —ie) 16m|q| | €IR q* |

® Typical integral involving Coulomb interaction:

/ dNk 1 B @" ‘
(QW)Nk2—I—2k-q—iE_47rq




Renormalization of
NRQCD matrix elements

® The UV pole associated with the real part of
the IR pole must be subtracted using
renormalization of the NRQCD operator.

® |n the MS scheme,

; ; 4dmre 7B )€ 20, Cr e
x'o'p = (xTo'yp) ) ( ) x'o*(—£ D)%y

€UV 3mm?

A: NRQCD factorization scale
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Matching

® Matching the NRQCD amplitude onto the

QCD amplitude, we see that the remaining
IR poles and the Coulomb interaction
terms exactly cancel.



Matching

® The amplitude can now be written as

1AQQ — v*) =

co(0|xTo'|QQ1) + 0141 (0] (_) oV'i+V 'Uvi) ¥|QQ1)

1

Fe2 — (0]xTo*(—2V)?4|QQ1) + O(v*)

with the short-distance coefficients

IO P

37

- dovg
3

as (2 A?
- (3—|—810g )

1 —
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Matching

® Averaging over the angles of the relative
momentum, we pull out the S-wave
contribution.

80,

3T

IAQQ(PS) — v*) = (1 — ) (0xTo"¥|QQ1(%S1))

2
#|6+ e (o 48108 1) | e OWo (£ 9)01QQ1(51) + O
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LC[J/vp — €107

® The decay rate is

3 8mesa” 8,
D[J/Y — 0107] = 3002, ) {1 3
J /P

1 da, [2 A2\ °
+(v?) 7y 6T 3. (§+810g@> } (01) 579

(01) 379 = [0lx | /)|

w2y, — 1 (Oxlo e iDL/
TP m2 e (OlxTe - el T/Y)




uoh WS
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Order-a. coefficient of EM

currents, resumed to V4"
8.000
7937
All Order
7873 —
7810

LO NLO N2LO NS3LO

MEs are from Bodwin, Chung, Kang, Lee and Yu (PRD 77, 094017)



Summary

® As a heuristic demonstration of the NRQCD
factorization formula that separates the LD and SD
factors, we have considered the |-loop QCD
corrections to the spin-triplet S-wave decay into a
lepton pair in which relativistic corrections are
resummed to all orders.

® The IR divergence and the non-analytic dependence on
the momentum are canceled by |-loop corrections of
the matrix elements.

o

The UV divergence is subtracted by using the
renormalization of the NRQCD operator.
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J /Y hadroproduction




Hadroproduction of J /Y
and

NRQCD factorization



NRQCD Factorization

Bodwin, Braaten, Lepage, PRD (1995)

* For a heavy quarkonium process, factorization was proved
in inclusive decay and conjectured in production:

6lij » H + X] = alij » QQ, + X| x (0H)
Nonperturbative NRQCD matrix elements (MEs) (0)
are determined from experimental data.

73



]/

polarization
puzzle



Leading NRQCD MEs in v expansion

2 ¢, |2 ©

2

| L | g?[QQ(n) = J/YD
o(H) = Z gleeM] ® (/¥
" SD[ag] LDME|[v], global

n: QQ quantum number
Color singlet: 35[11] (v°): determined from J /1 — £ £~
Color octet: 3S. (v*), 152 (v3), 3P][8] (v*): fit from data

v% ~ (.25 for cc bound states .



NRQCD LDMEs for J /1
v0: (0|0 (3s1")10) = (0x o'y Py ¢Ta'x|0)
v2: (/04 350y =
p3: (0l0f ('5))0) =

) . L
(0|xTo" (=< D)*¢ Py ¢'o'x + H. ¢.|0)
0|\ T Py 4 Tx|0)

ﬁl\:}lr—t

v*(color octet):
0|0F 3580y = )i T Py vl T y|0)

. - ?._-:—:-
010 3P0y = —— (0T (=D -0 )¢ Py v (LD -@)x|0)

d—1

(Ot (—2 Dol Py ¢ (—;D["E‘Jﬂ)x\ﬂ)
R

O (=400 ) Py 1 (~4Dl?))x|0)

N oo Ero)

J=0,1,2 76

(0|of (¢ P)0)
(0|0 (3 P")|0)

0|03 P®h|0)



NRQCD LDMEs for J /vy

 Order-v*(color singlet)
3 ql 2 i i)\ 2
(0|04, (s{")]0) = (0]xTo* (=2 D)*) Py v’ (—LD)?x|0)
. 1 1 L
(0\(95{2(352]]”0} 2<0‘X o (‘%B)'I#’f’ Pu ’f..-'i’JrfTiX + H. c.[0)
H (3ol 1 v i ot i 2
(0]O43(7517)[0) = 5(0\‘( o' Py 'o" (D -gE + gE- D)X

)kT "(D gFE + gFE- D)L Py t )d())

. Equation of motion eliminates(0/01;(*s;")(0)
* (0|01 (*S1)I0) = (0|05(*S1)I0) + O(v?)
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Br(J/y » p*u”) da(pp > J/y+X)/dp, (nb/GeV)

LO NRQCD explains o[pp — J/Y + X] at the Tevatron

¢ Because °S [18] dominates at large pr
[Braaten and Fleming, PRL (1995)],

one can determine (0]/¢[ 351[8]])
from large pr data and then

determine (0]/¢[ 3P ]) and

(01/¢[ 1S ]) from lower pr data.

| = Transverse polarization is predicted
at large pr.
* As an independent test, one can

test this with polarlzatlon data.
_______ 3gl8 3plfl | 1618

Transverse
Polarization

3 3.,4 . 3
do ag asv* Leading asv

dp? 8 4 | e
Pr 1 Pt Power in pr | Pt 2




| 4-year old puzzle of
J /Y polarization at the Tevatron

| LO,(C,Z,E)..‘ ‘Tllfapsverse, Ag =1 NLO(a$)

/10 0.8 — (b) from ' 4 08
0.6 — — 0.6 ]
0.4 F 4 04 _ 4
02 Fr L R pr = 7 GeV,
A 1~ 02_+’++ . prompt
-0.2 | 4 -02F - $ ]
04 | prompt J /4 E - -+ .. feeddown (25) 3
- ] ; Tevatron " .. feeddowny, 1
06 3 ® CDF data 3 U y1<0.6 0 COFRUNI ... direct B
-08 F — direct BKL —j -08F CDFRUN I — prompt .
PR TR TR R RS SRA RS RT A R y _1C | | ‘ | 111 ‘ | 11 11| ‘ AT ST A A AN A
0 5 10 15 25 30 3% 40
Longltudlnal /19 = — ]P Gel)
PRD, 2000 PRL, 2013

NRQCD predicts transverse polarization at large pr

that confronted CDF data.

Further predictions with higher-order QCD correction failed
to explain the large pr data

The dominance of 35 [Braaten, Fleming, PRL(I995)]
or NRQCD factorlzatlon may FAIL.



QQ[ 3s'*'] dominance at large py
[Braaten, Fleming, PRL(1995)] may be WI‘OI‘Ig

: 3558] : 3P[8] i 35[1]

Bodwin, Kim, Lee, JHEP (2012)

* By computing the color-singlet contribution to the
NNLO QCD correction to the fragmentation function for

g - QQ| 35[18]],we have found a clue to have

a large cancellation between QQ| 35[18]] and QQJ 3P][S]].

« g - QQJ 1558]] dominates at large pr that replaces

previous belief since 1995.
. 6‘[ij - QQ,, + X] is required to be computed to NNLO

in o for leading power (LP) contribution.
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Leading-power
factorization




Leading-power factorization

e LP factorization formula at leading power in 1/p? for
quarkonium H production is given by

1
dJA+B—>H+X:E /dZd&A+B—>z'+X (K, 1)
~ Jo
1

p+
XD g (z = Faﬂf)

AT AL Bsit X single parton  production cross section (PPCYS)
D h: single parton fragmentation function, nonperturbative
k: light-cone momentum of parent parton ?

p: light-cone momentum of daughter hadron H

K f : Factorization scale
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NRQCD and LP factorization

* One can apply NRQCD factorization to
LP factorization formula,

doarBomtx = ) doayBsivx ® Disyoom) (0 (n))

n,t

* Here, D; ,oo(n) is perturbative

* By making use of this formula,
we evaluated LP contributions to J /1 production
at NNLO in a; and their all-order leading-log (LL)

resummation
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LP J/¢Y production processes

 Order a2 diagrams:

LoPPCS ~ '
* Order a diagrams:

3 c[8]

£, £ T s
vee @ LO s,

ot Lo 3P}8]

NLO PPCS y

LO 3s'&!




LP J/y production processes

 Order a2 diagrams:

Results Order
NLO ~ Cgi ONLO
5 ~ (]5;1 Ooverlapped
ur
result _CEE-F higher -
(LL resum)

[NEW]
. | NNLO+
Oresult — ONLO '_G-LP — ngerl_&pped higher(LE)



Resolution
of the puzzle



J /Y differential cross section

- T T T T T T T T

4 CMS data, [y] < 0.9
¢ CDF data, |y| < 0.6
== [PNLO, LHC [y| < 0.9
"= | PNLO, Tevatron |y| < 0.6 ]

1072 5
S
w 1078 ;
m
10—4 o | |
10 20 30 40 50
GeV
¢ v2/d.0.f=0.085 pr (GeV)
e CO LDMEs are determined as
(OJ/iﬁ(lSéS]» (OJ/T’D(BP[ES])> <OJ/¢(38£8])>

0.099 + 0.022 GeV3 | 0.011 + 0.010 GeV>

0.011 £+ 0.010 GeV?
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Br(I/y¥ » p*u”) do(pp » I/¥+X)/dp. (nb/GeV)

QQJ 1558]] dominates at large py

351%! dominates
at large pr [OLD]

(1995~)
tol Cho, Leibovich (1995)
1005—
10_15—
10_2..|.‘|.||||||w||\
0 2.5

p. (GeV)
* Due to the large
1¢[8]
S0

15([)8] dominates
at large pr [NEW]

10—4‘_ L L | L L 1 L 1 L L L L L 1 1 L
10 12 14 16 18
pr (GeV)

between 35[18] and 3P][B],

dominates in J/Y production at large p7.

20
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J/Y polarization puzzle
RESOLVED!

| At the Tevatron,
PR <0t pr > 10 GeV data fit well.

m= LPNLO, LHC |y| < 0.9
== LPNLO, Tevatron |y| < 0.6 ]

§ CMS data, |y| < 0 9

g5 | | Atthe LHC,
x0T | pr =10 GeV data fit perfectly.
1074F ]
10 20 30 0 50
pPr (GGV)

]_O\ — 1] ]_0|||||
- [ LHC (/s =7 TeV)

_ = k
- ¢ CDF data, RUN | | - § CMS data, [y| < 0.6
—0.5 1 ™ CDF data, RUN I ] —0.5 ¢ h CMS data, 0.6 < |y| < 1.2
| W LPNLO, |y| < 0.6 f - W LPNLO, |y| < 0.9
5w M2 s a0 om0

pr (GeV) pr (GeV) %



week ending

PRL 113, 022001 (2014) PHYSICAL REVIEW LETTERS 11 JULY 2014

Fragmentation Contributions to J/y Production at the Tevatron and the LHC

Geoffrey T. Bodwin,' Hee Sok Chung,"” U-Rae Kim,"” and Jungil Lee'”
le'gh Energy Physics Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, lllinois 60439, USA
1Depmf'n'nen.f of Physics, Korea University, Seoul 136-701, Korea
(Received 28 March 2014; published 7 July 2014)

We compute leading-power fragmentation corrections to J/y production at the Tevatron and the LHC.
We find that, when these corrections are combined with perturbative corrections through next-to-leading
order in the strong coupling constant ;. we obtain a good fit to high-p; cross section data from the CDF
and CMS Collaborations. The fitted long-distance matrix elements lead to predictions of near-zero J /ys
polarization in the helicity frame at large pr.

DOI: 10.1103/PhysRevLett.113.022001 PACS numbers: 12.38.Bx, 12.39.5t, 14.40.Pq

Much of the current phenomenology of heavy- — QCD coupling a, [3-9]. Generally, the NLO calculations,
auarkonium production in hich-enerev collisions is based combined with the four-LDME phenomenoloev. lead
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CMS heads towards solving a decades-long

quarkonium puzzle

CMS

el

-

Corrgan Whas

to the large
the quarks,
simpler to
unique insights into the mech
decades, research in the area

hadron collisions has been h‘—Jminteractions between quark and antiquark.

in theoretical calculations anc

F L R P P A Ty e ¥ a - He TSR, Th Y

lHeading towards the solution of a decades-long puzzle, what off

Quarkonia - charm or beauty quark/antiquark

bound statj‘aﬁra%—n%&tvw%lﬁpeﬁmw
systems goYcoloured 'Sq pre-resonance is dominant (G Bodwin et al. 2014,

K-T Chao et al. 2012, P Faccioli et al. 2014).

the fundamental question: how do quarks and antiquarks
interact to form bound states? Future analyses will disclose the
complete hierarchy of transitions from pre-resonances with
different quantum properties to the family of observed bound
states, providing a set of "Kepler" laws for the long-distance

Further reading
G Bodwin et al. 2014 Phys. Rev. Lett. 113 022001.

K-T Chao et al. 2012 Phys. Rev. Lett. 108 242004. 91

CMS Callabaratian. 2014 CAMS DACS RDUL 12 004 CAMS DAC RDLL 14,



Summary




Summary

Replaced the ° 1 1 (1995~) with L5 that

dominates J /i production at large pr.

Resolved 14-year-old | /1 polarization puzzle by
computing NNLO LP contribution.

Our results for direct /1) were extended to the
prompt case that contains feeddowns from higher
resonances like y.; and Y (25).

Bottomonium like Y(nS) and y;;(nP) can also be

studied.
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