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OUTLINE

* Leading-power fragmentation in quarkonium production
* Cross section and polarization of

» direct J /)

* P (28) and XecJ

* prompt J /)

* Summary
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INCLUSIVE .J/1» PRODUCTION

* NRQCD factorization conjecture for production of H

Bodwin, Braaten, and Lepage, PRDSI, | 125 (1995)

4 = > do, ;L (O (n))
armomix = 249010 a0y

Short-distance cross section LDME
» Usually truncated at relative order v#:

15’([)8], 3S£8], 3plel 3S£1] channels for J /4

* We neglect the 3S£1] channel because its contribution
is small at NLO

* Not known how to calculate nonperturbative color-
octet LDMEs

« CO LDMEs extracted from fits to measured cross
sections
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J/v POLARIZATION .

PUZZLE

)\9 — O : Unpolarized

1 : Transverse

—1 : Longitudinal

* NRQCD at LO in ;s predicts
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CDEF PRL99, 132001 (2007)
Braaten, Kniehl, and Lee, PRD62, 094005 (2000)

transverse polarization at large pr « =7 (1)
» Disagrees with measurement ol
AH n—*+.+++ -»
* NLO corrections are large in
8
the 15" and 3P channels " - meeeee

* NRQCD at NLO still predicts
transverse polarization
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p, [GeV]

CMS, PLB727, 381 (2013)
Butenschoen and Kniehl, PRL108, 172002 (2012)
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LP FRAGMENTATION

 Large NLO corrections arise because new channels
that fall off more slowly with pr open up at NLO

* The leading power (LP) in pr (1/p%) is given by

: : Collins and Soper, NPB194, 445 (1982)
Slng|e-Pal”t0n fl”agmentatlon Nayak, Qiu, and Sterman, PRD72, | 14012 (2005)

» Corrections to LP fragmentation go as m?2/p>

. 3S£8] channel is already at LP at LO :
NLO correction is small

. 15([)8] and 3P}8] channels do not receive an LP
contribution until NLO : NLO corrections are large
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LP FRAGMENTATION

* LP fragmentation reproduces the fixed-order calculation
at NLO accuracy at Iarge PT

..... 3P£8]
5 - — 3¢[8
g & 1.5 _ S1
JE \ ---- 15y
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~ 107
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@ S
ot~ ... ... '
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v (GeV)

The difference is suppressed by mZ/pr

The slow convergence in 15([)8] channel is because the
fragmentation contribution is small
(no 4 function or plus distribution from IR divergence)
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LP+NLO

* Our strategy is to use LP fragmentation to
supplement the fixed-order NLO calculation

LP fragmentation LP fragmentation
resummed leading logs to NLO accuracy

dO-LP+NLO dO‘LP

 We calculate

LP
daNLO | dO’NLQ

Additional fragmentation

contributions
* We take pr > 3 X Mguarkonium in order to

suppress possible non-factorizing contributions
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LP+NLO

» Alternatively, one can consider the NLO calculations
to supply the corrections of relative order m?2 /p>

LP fragmentation
to NLO accuracy

i N LO do'F donN1O da'lI\‘{O

dpr dpr dpr dpr

LP fragmentation RH

resummed leading logs : ,
corrections of relative order m2 /p>

+ The m?2/p5 corrections can also be obtained from
NLP factorization contributions

2 ° Kang, Qiu, and Sterman, NPB, Proc. Suppl. 214,39 (201 1)
(double-parton fragmentation), ;e S e Lo 02005 201,

Ma, Qui, Sterman, and Zhang, PRL1 13, 142002 (2014)
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LP CONTRIBUTIONS
THAT WE COMPUITE

8
35[ channel 15[ l'and SP}] channels
Fragmentation functions Fragmentation functions
2 3 2 S
c i, QL O, OF e
§5 as L0 NLO NNLO Qg . NLO NNLO
v 13 o
§§ ag NLO NNLO a§ - NNLO
7 ] 3
~§§ C‘Es - Ot.s _
S ; ;

Available NGt yet available| ~ |Leading logarithms only

We resum the leading logarithms in pT/m. to all

- Gribov and Lipatov, Yad. Fiz. 15,781 (1972) / Lipatov, Yad. Fiz. 20, 181 (1974)
Orders N as Dokshitzer, Zh. Eksp.Teor. Fiz. 73, 1216 (1977) / Altarelli and Parisi, NPB126, 298 (1977)

» Ultimately we would like to calculate all NNLO
contributions to LP fragmentation
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LP+NLO

 The additional fragmentation contributions have
important effects on the shapes in the 3P}8] channel

Srr—m—m—m T T 17— ]
e 8]
o [ 3PJ
4 - 8] ]
15 4 e 1800
3 L1 — 3ql8]
'ﬁ\ 3 __ e S]_ __
Z, 2
+ &~ L ——
S r e m————
T I L
o 1
o) -
0 I H R EE Y B
10 20 30 40 50

pT (GGV)
» Large corrections to the shape of the SP}S] channel

because the LO and NLO contributions cancel at
about pr =~ 7.5 GeV
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J /1> PRODUCTION

* We obtain good fits to

the cross section =  (|* E CMSdata, )l <09 |
O - -
measurements by £ i n # CDF data, Jy| <0.6
= * . _ LP+NLO, LHC |y| < 0.9
CDF and CMS o | & 1072 . LP+NLO, Tevatron |y| < 0.6 =
5|8
e DT > 10 GeV < 1073 E = |
an ]
(% 3 X mJ/w) 107*F | | | o
was used in the fit .= 15| '
. S + 1.0 ] > i 0 0 l
» 25% theoretical 3 05 ) :
uncertainty from 10 20 30 40 50
DT (GGV)

varying fragmentation,
factorization and
renormalization scales
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CDF, PRD71,032001 (2005)
CMS, JHEP02,011 (2012)
Bodwin, HSC, Kim, Lee, PRLI 13,022001 (2014)

B = Br[J/¢ — " p]

Il Quarkonium 2014

x?/d.o.f. = 0.085
Hee Sok Chung



J /1 PRODUCTIO

 The data falls off faster
than 3S£8] and 3 P}S]
channels

* The fit constrains the
3508 and 3p®
channels to cancel

o
3

8 .
: 15([) | channel dominates
the cross section

» This possibility was first
suggested by Chao et al.

(nb/GeV)

B x

i CMS data, [y| < 0.9 3
LPNLO, LHC |y| < 0.9 1

1071 F 3
e ]
1073F — sglsl TPy :
10_4 _ —— 151([)8] ~~~~~~~~ @_
0 20 30 40 50

They were able to fit the
cross section and polarization
simultaneously but could not

Chao, Ma, Shao, Wang, Zhang, PRL108, 242004 (2012) Pl"ediCt the polarization
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J /1 POLARIZATION

+ Because of 1 S;> dominance, |
J/v is almost unpolarized |

* FIRST PREDICTION ;| | &remm it
OF UNPOLARIZED BP0 <o

-10 - |

J/v¥ IN NRQCD pr (GeV)

Bodwin, HSC, Kim, Lee, PRL113,022001 (2014)

.0 — _

» This is in good agreement LHC (Ve =T TeV) (b) -
. 0.5 .
with CMS data and much | '

improved agreement with Ao 0] e
¢ CMS data, |y| < 0.6
Ccl:%IF:PP{.E 'élsr;e!;! (gc%}gam 132001 (2007) [ B OMS data, 0.6 < Jy] < 12
CMs,PLB727,381 (2013) o LMEPANLO. <0y 3
10 20 30 40 50
* Caveat : feeddown ignored pr (GeV)
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J /1) can also be
produced from decays
of ¥(2S) and XeJ

¥ (2S) LDMEs from fit
to CMS and CDF cross

CDF, PRD80,031103 (2009)

section data cms,jHero2, 011 (2012)
CMS-PAS-BPH-14-001

XcJ LDMEs from fit to
ATLAS cross section
data

30% theoretical
uncertainty from scale
variation

ATLAS, |HEP1407, 154 (2014)
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0 i CMS data, |y| < 1.2
o Ul (28
a 5 m% & CMS preliminary, |y| < 1.2
£ 10 ‘.‘ % & CDF data, |y| < 0.6
N ®
2 ‘% 10-3L N T . LP+NLO, LHC |y| < 1.2
X T ¢ . “ e LP+NLO, Tevatron |y| < 0.6
a1 g 0 ° x?/d.o.f. = 0.086°
3 D
—d
+ 10 .
4 100l PRELIMINARY : |
m% 10 20 30 40 50 60 70 80
pPrT (GeV)
; i XCJ 5 Xe1, ATLAS Data, |y| < 0.75
?.5 i ; ; § Yo, ATLAS Data, |y| < 0.75 |
2 . W, X°/d.o.f.=0.080"
&~
S ‘% 10}
X PRELIMINARY ™ ,
<
= Xe1, LPHNLO, LHC |y| < 0.75
Xe2, LPNLO, LHC |y| < 0.75 t
1 ................
15 20 25
pr (GeV)
14 By = Br[xcs = J/¥] x Br[J/¢ = pF 7]
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Y (2S) POLARIZATION

0.5 |

* We predict that the

- Tevatron

i

P(2S) isslightly — » o
transverse at the o
Tevatron

¢ CDF data, RUN |
0 CDF data, RUN I

LP-+NLO, |y| < 0.6

PRELIMINARY |

We predict that the
Y (2S) is slightly
transverse at the

LHC Ao 0
Agrees with CMS 05 |

L3 CMS data, 0.6 < |y| < 1.2 ]
[ ¢ CMS data, 1.2 < |y] < 1.5 PRELlMlNARY

data within errors L
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12 14

o

~ FLHC (V5 =7 TeV)

)

LP4+NLO, Lj]C yl <1
¢ CMS data, |y| < 0.6

j

2

30 40

pr (GeV)CMS, PLB727,381 (2013)
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XcJ PRODUCTION

. 3S£8] and 3P}1] channels
contribute at leading order
in v

* We obtain good fits to
ATLAS data ATLAS, JHEP1407, 154 (2014)

* The 3P}1] matrix element
obtained from fit agrees
with the potential model
calculation

Potential model

B(0)|© = 0.075 GeV?

Eichten and Quigg, PRD 52, 1726 (1995)
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ﬁ|% 10

X
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an
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Our fit

. PRELIMINARY

3 F Xe1, ATLAS Data, |y| < 0.75
; ; $ Ye2, ATLAS Data, |y| < 0.75

. %, x°/d.o.f.=0.080°
¢ 3 i

Xe1, LPENLO, LHC |y| < 0.75

Xe2, LPENLO, LHC |y| < 0.75 ¢
15 20 25
pPT (GGV)

By = Br[xcs — J/¥y] x Br[J /¢ — pT 7]

R'(0)]° = 0.055 £ 0.025 GeV”
—>Suggests that NRQCD factorization works
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POLARIZATION OF J /)
FROM XcJ DECAY

* We predict that L0 e _
CLHC (Vs =7 TeV _

the J /1 from XeJ . ) PRELIMINARY _:
decay is slightly N R—

transverse at LHC ), o}

* We assume E1 o5 [ W J/t from Xc1, LPHNLO, [y| < 1.2
transition in [ W J/4 from xe2, LPHNLO, Jy[ < 1.2
P S S T S
Xeg — J/WU 4+~ 10 20 30 40 50 60 70
(higher-order pr of J/¢ (GeV)

transitions have

Ilttle effeCt) Faccioli, Lourenco, Seixas, and Wohri, PRD83, 096001 (2011)
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. B CMS data, [y <0.9
After' InCIUdIng ?15 e fg%@ & CMS preliminary, |y| < 1.2
> . @%% ¢ CDF data, |y| < 0.6
fGEddOWH g 1077 r ° @@@@% Prompt, LHC |y| < 0.9
Contributions we S ﬁi - =e e Prompt, Tevatron |y| < 0.6
) i~ % & @
. . 107* | a
again obtain good X = | i .
fits CDF, PRD71,032001 (2005) PRELIMINARY
CMS,JHEP02,011 (2012) 106 lew v vy v v v v i
CMS PAS-BPH-14-001 10 20 30 40 50 60 70
x?/d.o.f r (GeV)
Fractlonsqu dlregt and feeddown contributions
* Again, pr > 10 GeV | LP+NLO, LHC |y| < 0.9:
0.8 F
(=3 Xmyy) A PRELIMINARY
. i Irect ;
was used in the -
| from Xec1
ﬁt 0.2

0

T GeV
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PROMPT J /v PRODUCTION

The direct cross
section falls off
faster than 35’ 8]

38 ~harrale @—mMm™mm
and P Channels N LP+NLO direct, LHC [y| < 0.9 7

(nb/GeV)

The fit constrains
the 35[8] and NE
3P[8] channels to "<

ancel

8
. 15([) | channel
dominates the direct
cross section

1072 3

10~ 3
- ;

10~°
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_T'ev'atr'on' ~ PRELIMINARY

* Direct J/4 and 0.5 | :

J/v from feeddown is v ol

slightly transverse  } COF data, Run } -k

~05 T & CDF data, Run Il —— Direct J/y ]

« PROMPT J/¢ HAS [ "Pomubi<os ol

SMALL

POLARIZATION

This is in reasonably good
agreement with CMS data

CDF, PRL85, 2886 (2000), PRL99, 132001 (2007)
CMS, PLB727,381 (2013)
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SUMMARY

* We present new LP fragmentation contributions that
have a significant effect on calculations of .J /)
production in hadron colliders

* When we include LP fragmentation contributions, we
predict the J /1) to have near-zero polarization at high
Pt at hadron colliders

* This is the first prediction of small J /v
polarization at high pr in NRQCD

* Work on higher-order corrections, as well as other
quarkonium states is in progress
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