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Nonrelativistic QCD (NRQCD)
factorization

« NRQCD factorization formula for a quarkonium H
production is given by

short-distance coefficient (SDC, perturbative, )
o[H| = ZﬁQQ(n) (MA1|<O‘O£QIQ(TL)|O>

n

long-distance matrix element (LDME, nonperturbative,v )

. 3618 3pll 198 and 351 channels contribute
to .J/+ production through order v*



Leading-power (LP) factorization

* The leading contribution in 1/p3. can be factorized into
a product of parton production cross sections and

fragmentation functions:

1
. A +
dopA+BoHIX = ) /O dzddarpsivx (K7 1) nonperturbative

D . o rem——
XD; s (z = k_—+,uf> = ZdUA+B—>’i+X

where,
d0 A+ B—i+ X : Single parton i production cross section
D;_,fr: single parton fragmentation function

kT light-cone momentum of parent parton i

P light-cone momentum of parent parton i
K f - factorization scale




Leading-power (LP) factorization
and NRQCD

e |f we apply LP factorization to NRQCD factorization, then we get

dUA+B—>H+X — Z dO'A—|-B—>i—|-X I“
1 perturbative

e Atlarge pr, the LP contribution becomes dominant
Therefore, we can estimate the large pr behavior
by making use of LP tactorization.

* By evaluating LP contributions, we estimated the NNLO
contributions in a; to the J /4 production at the LHC and
the Tevatron, which gives the dramatic change in

the dominant channel to .J /¢) production.
(Prof. Jungil Lee’s talk)




Motivation



Fragmentation contribution to
J /1 production

* Applying the LP factorization to NRQCD enables
us to estimate the amount of NNLO contribution

to J/v¢ productionin as atlarge pr
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* Detalls were presented in Prof. Jungil Lee’s talk



<—Parton production cross section

Missing parts in LP approximation

* The following red-colored parts are missing
Fragmenation function —>
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Collins-Soper definition of
the quark fragmentation function

Zd_3 +00 . B o
Domr(2) = 1 5r /_ dz=e " /2 [n (0] (0)ET (0)Pr(pay € (27 ) T ()[0)]

Initial quark field ¥(x)

gauge link E(x™)="Pexp {—H’gs /_ dz~ AT(07,27,0,)

T

Projector Prpyy = ) |H(P,A) + X)(H(P,)\) + X|
X

* Following the Collins-Soper definition, we evaluated
fragmentation functions in the Feynman gauge
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What we consider

1. Color-octet, different-flavor case:
the fragmenting quark is not the same with
the constituent of the quarkonium

2. Color-singlet

3. Color-octet, same-flavor case
the fragmenting quark is the same with
the constituent of the quarkonium

12



Color-octet, different-tlavor case

a?Cp (22 —22+2 12
ZDq—>H(>\) Z, 1b) Qm% { ~ llog 4mQ —log(1 — = ‘|'T22)]
2= 42 (07(SY) (r:”%>
1 —z+4rz? (N2 —1) M=

confirms the previous results in PRD53, 1185 (1996)
and PRD89 094029 (2014)

- L _mCe2i-z) 1-: (o"0sth) |
g HA=0)1=) = QmQ z 1—2z4+7122 3(N2—-1) ‘

disagrees with the result of H. Zhang in his thesis |
| He confirms that our result is e INEW




Color-singlet case

a?C%2(1 — 2)%(52% — 322° + 7222 — 322 + 16)

Z _ H (3 qll]
Do—moy = IN.(2 — 2)5m (O7(517))
A=0,+1 ¢ Q@

confirms the previous results in PRD48, 4230 (1993)
and PRD89, 094029 (2014)

a?C%2(1 — 2)%(32* — 2423 + 642°% — 322 + 16

) |

agrees with the result of H. Zhang in his thesis |
_INEW
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Color-octet, same flavor case
(previous result)

In PRDS50, 5664 (1994),

a?(2m.) z(1 — 2)?

8] _ 2 3 4
DoZees0)(2) = =55 228 (16 — 32z + 722° — 32z° + 52%)

The author evaluated the result from the color-
singlet result by changing the color factor only
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Color-octet, same flavor case




Color-octet, same flavor case

MS a;Cp 2 p?
ZDQ_)H(A) 2z, It) 22N3(2—z)6mQ !N (2° =22+ 2)(2 — 2)°log 2= 2)m}
—N?2%(2 — 2)*(2* — 10z + 10)
+16N,2(2 — 2)*(1 — 2)(2° — 62° + 62 — 2)
OH 35[8]
+22%(1 — 2)*(52* — 322° + 722° — 32z + 16)] ( 3 N(2 — 1))>,

confirms the prewous result in P

DQ—}H(/\ZO)('Z) 3N2 (2 . Z)GmQ
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o2 — )2 ’
CF(I z) 12N7(2 — 2)* + 12N.2°(2 — 2)°(4 — 2) |

+2%(32* — 242° + 642* — 322 + 16)

| agrees with the of H. Zhang

D89, 094029 (2014)
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Conclusion

* We evaluated spin-triplet S~-wave quark fragmentation
functions for the cases in which the color-octet
different flavor, the color-octet same flavor, and the
color-singlet and their polarized results.

* The new results are useful to analyze the prompt J/v
production and polarization.
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Thank you







Dokshitzer—Gribov—Lipatov—Altarelli—Parisi

(DGLAP) equation

e Leading-log (LL) terms can be summed over all
orders in «ag by solving DGLAP equation.

 LO DGLAP evolution equation is given by
d Dg L dx as(uf) f ¢ anP E
dlogufc (Dg) (2 11) _/ T 27 (PZ.Z nggq) (93)
X (g‘:) (z, 15)
Fij: splitting function

Ds = > (Dy,00(n) + Dg,»00(m)
f
Dy = DQ%QQ(R)

n¢. active quark flavor

where,
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Polarization parameter
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Polarization parameters

« In experiment, by observing the angular distribution
of the lepton pair that are decayed from /i) meson,
we determine the polarization of | /i:

dr(J/y -» 1717)
d cos 0 do

oc 1+ Ag cos” 6 + Ay sin® 6 cos 2¢
+Agg Sin 26 cos ¢

« Here, 68 1s the polar angle and ¢ 1s the azimuthal
angle of the lepton [™ in the /i rest frame.

Ag = 1: Transversely polarized
Lo = 0: Unpolarized
lg = —1: Longitudinally polanzed.
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Polarization parameters

 In theory, the polarization parameter Ag4 Is
determined by

or — 207

1, =
0 or + 20y

« Here, g, Is the transverse components of the cross
section and og; Is the longitudinal components of
the cross section respectively.
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Polarization parameter Ag

L

358 and 313][8] contributions become 100%
transversely polarized at high p_T

> assumed that 35 and 3P[ are 100 % transverse.

. 15(5 I contribution is unpolarized.
- 1/3 Longitudinal, 2/3 transverse.

do [35[8 ] do [3P[ ]] > do [1558]]

Or = +
T dpr dpr 3 dpr
1do [15([)8]]
JL —
3 dpr or — 20
ﬂ.g —

O T ZO'L
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NRQCD LDMEs
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NRQCD LDMEs for J /¢
- (0|0 (81)10) = (0lxTo'v P vwTa'x|0)
L (0j0% (2511)|0) = -;-<0|x"ai(—=;-B)2f«> Pu ¥'o'x + H. c.|0)
- (0|0 (1 857)[0) = (0[x Ty Py wITx0)

2.

U
(%
U

v*(color octet):
0108 S0y = (0o T Py vl Ty (0}

2 [ |
0105 CFHI0) = —

0108 3PM)j0) = (0! (=< Do) Py vt (—LDlo))x|0)
(00 (3Py1)[0) = (0| (=£D"e?) Py ot (=L Dla?))x|0)

n <~ | , .
0|X"(=4D ‘o) Py ' (<D -0)x|0)

(0|OF 3P|y = (0|0 (3 P™)0)
J=0.1.2
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NRQCD LDMEs for J /3

 Order-v*(color singlet)
0l0f®s{)0) = (0x'o’(~4D)*¢ Py vio'(—£D)*x|0)
(0]0F,(*S1")[0) =

1 i i8N\, Wt i

§<O|X'U (=35D)"¥ Py ¢'o'x + H. ¢.|0)
1 : o
2

OH 35[]] N — 1 1, ,T ) aE EH |
(0]1043(°577)[0) Olx'o'Y Pu ¢'c"(D-gE + gE-D)x

—X'0'(D-gE + gE-D)vY Py ¥'c'x|0)

» Equation of motion eliminates0/05(*si")0)

* (0|0, (si")0) = 0|0k, 3510y + O(?)



29

Charmonium spectroscopy

JPC -

v (2S)
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