Global analysis of J /¢ production at NLO in
NRQCD

Bernd Kniehl

II. Institut fUr Theoretische Physik
Universitat Hamburg

XIX International Workshop on Deep-Inelastic Scattering
and Related Subjects (DIS 2011)
Newport News, April 11-15, 2011

UH

]'j_i
n

In collaboration with Mathias Butenschéon
Phys. Rev. Lett. 104 (2010) 072001
Phys. Rev. Lett. 106 (2011) 022003

in preparation



Introduction Divergences Results
©0000 000 00000000000000

Production and Decay Rates of Heavy Quarkonia

Heavy quarkonia: Bound states of heavy quark and its antiquark.
@ Charmonia (ct) and Bottomonia (bb)
@ Top decays too fast for bound state

The classic approach: Color-singlet model
@ Calculate cross section for heavy quark pair in physical
color-singlet (= color neutral) state. In case of J/y: 06[38[11]]
@ Multiply by quarkonium wave function (or its derivative) at origin
@ Strong disagreement with Tevatron data

Nonrelativistic QCD (NRQCD):

Summary
o

@ 1995: Rigorous effective field theory by Bodwin, Braaten, Lepage

@ Based on factorization of soft and hard scales
(Scale hierarchy: Mv2,Mv < Agcp < M)

@ Could explain hadroproduction at Tevatron

J/y production at NLO in NRQCD Bernd Kniehl
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J/@ Production with NRQCD

Factorization theorem: a, = 3 Ocepn) - (O¥[n])
n

@ n: Every possible Fock state, including color-octet states.
® Occpn): Production rate of cc[n], calculated in perturbative QCD.

@ (O’¥[n]): Long distance matrix elements (LDMESs):
describe cc[n] — J/y, universal, extracted from experiment.

Scaling rules: MEs scale with relative velocity v (v2 ~ 0.2):

scaling || v | v/ | vt

n || oS [ S s Rl

@ Double expansion in v and as.
@ Leadingterminv (n= 3Sgl]) equals color-singlet model.

J/y production at NLO in NRQCD
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Production of J/i: NRQCD vs. Experiment (History)

Hadroproduction at Tevatron:

10

T T
BRI - W) do(pp - Jy+X)/dp; (nbiGeV)
Vs=18TeV; |n|<0.6

total
————— colour-octet ', + *P;
—— colour-octet s,
- LO colour-singlet
-+ colour-singlet frag,

20
Py (GeV)

@ Color octet states important
— Great success for NRQCD

Photoproduction at HERA:

T T T
® ZEUS (38 pb™)

OH1 (80 pb™?) (scaled)
OH1 (80 pb ™) high W

dolyp — Iy X)/dz (nb)

50 <W <180 GeV
10k pr>1GeV 1
[ Kzsz (LO, CS+CO)
[1 KZsz (NLO, CS)
0.117 < (M,) <0.121
13<m, <16GeV

1 L L L L
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@ MEs from fits to Tevatron data.
@ Importance of color octet unclear

This work: NLO NRQCD calculation for photo- and hadroproduction
= Aim: Establish universality of long distance matrix elements.

J/y production at NLO in NRQCD

Bernd Kniehl
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Production of J/i: Summary of Calculations

Hadroproduction:

H agll | 1s,3s8,3p)

Born Baier, Riickl (1980) Cacciari, Kramer (1996)

NLO || Campbell et al. (2007) | Butenschon, BK (2010)
Ma et al. (2010)

Photoproduction:

1 8 8 8
H 35[1] ‘ 15([) I 35[1 I 3P([) ]1 )
Born || Berger, Jones (1981) Ko, Lee, Song (1996)
NLO Kramer (1995) Butenschon, BK (2009)

Open question of ME universality:
@ NLO NRQCD calculation: after 14 years!
@ Difficulty: virtual corrections to P states

J/y production at NLO in NRQCD
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Direct J/g Production

Factorization formulas: (e.g. photoproduction)

@ Convolute partonic cross sections
with proton PDFs:

ahadr - z/dx fl/p (X) ° O-pan,i
|

@ NRQCD factorization:
Gy = 3 O(yi — cT[N]+X) - (OV¥[n])

n

Amplitudes for cc[n] production by projector application, e.g.:
Accpsively = a TF [CNYAce][q-0

d
ACE[SPBS]] = 5aﬁ W Tr [C na ACE] ‘q:O

@ A.z: Amputated pQCD amplitude for open c€ production.
@ (: Relative momentum between ¢ and C.

v
J/y production at NLO in NRQCD Bernd Kniehl



P states

/\J\/—\

S states
Real corr.: ‘ Collinear divergences Soft terms #1 H Soft terms #2 ‘ ‘ Soft terms #3 ‘

§ 0 -~0 § 3§

‘ Absorption in PDFs

‘ Virtual corrections ‘ ‘ NLO corr. MEs ‘
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Structure of Soft Singularities

Soft limits of the real corrections:

S and P states: Soft #1 + Soft #2 + Soft #3 terms:

Asoft,s = Asoft(o) = ABorn,s -E (0)
Asoft,p - Alsoﬁ(o) - ABorn,p : E(O) + ABorn,s : E/(O)

|Asoft,s|2 = |ABorn,s|2 : E(O)2

|Asoft,p|2 = |ABorn,p|2 -E(0)® + 2Re Asorn,sABorm,p - E(0)E'(0)

+ ‘ABorn,s‘2 . E/(O)Z

J/y production at NLO in NRQCD
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Radiative Corrections to Long Distance MEs

In NRQCD: Long distance MEs = cc scattering amplitudes:

c G
O[n] = 4-fermion operators
O¥[n]) = 1] 1c[8] 3<l8] 3508
< nl) Ofn] (n= 3S£], 1851733[1]’ 3P([)/]1/27 -
] c

Corrections to <O~"/4’[3S[f/8]]> with NRQCD Feynman rules:

c c c c
similar 405 1 1
5, diagrams 3mé \ & &r %,
c c c PPN E

@ UV singularity cancelled by renormalization of 4-fermion operat.
@ IR singularity cancels soft #3 terms of P states.

)

Summary
o

i

J/y production at NLO in NRQCD Bernd Kniehl
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Global fit at NLO in NRQCD

Fit CO LDMEs to all available world data on J/¢ inclusive production:

type Vs collider collaboration reference
pp 200 GeV  RHIC PHENIX PRD82(2010)012001
pp 1.8TeV Tevatron! CDF PRL97(1997)572; 578
pp 1.96 TeV  Tevatron Il CDF PRD71(2005)032001
pp 7TeV LHC ALICE, ATLAS, talks; arXiv:1011.4193
CMS, LHCb
yp 300 GeV HERAI H1, ZEUS EPJ25(2002)25; 27(2003)173
vp 319 GeV HERAI H1 EPJ68(2010)401
vy 197 GeV  LEPII DELPHI PLB565(2003)76
ete~ 10.6 GeV  KEKB BELLE PRD79(2009)071101
e Best fit values:

1072 GeV3*2L  PRL106(2011)022003 new

(0(1sth) 450+0.72 4.97+0.44

(6(3sy) 0.312+0.093 0.224+0.059

(ocPEy) ~1.214+0.35 ~1.6140.20

e x?/d.o.f. = 857/194 = 4.42 for default prediction
e 0v*(01(3S1)) ~ NRQCD velocity scaling rules /

J/y production at NLO in NRQCD Bernd Kniehl
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doldp(pp - J+X) x By —ee) [nb/GeV]

RHIC

PHENIX

Jf V5=200Gev

Iyl <035

PHENIX data §
cs Lo

Divergences
000

doldpy(pp - I+X) x B~y [nb/GeV]

Tevatron |
CDF

Results
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Comparison with RHIC and Tevatron

Tevatron Il
CDF

CDF data: Run 1§
Cs, Lo

Vs=18TeV . <D
lyl<0.6
L

dofdpy (P - Ig+X) x B~ ) [nb/GeV]

Ay <06 . .

2 +  CDFdata: Run2
Cs, Lo

V5=196Tev

L
12 14
pr[GeV]

6 8 10

@ Data well described by CS+CO at NLO.
@ CS orders of magnitudes below data.

J/y production at NLO in NRQCD

L e Y
4 6 8 10 12 14 16 18 20

prlGev]

Summary
o

Bernd Kniehl
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Comparison with Tevatron (cont.)
Relative importance of CO processes:
% 102k - CDFdata J
¢ o 35l NLO
S0 L 158 NLo ]
T BN st NLO
T Ly N, - PP NLO ]
S R P NLO
§ 0L Total, NLO ]
£ .
2‘ 10
1
-3 -3
210 F X
=y Vs = 1.96 TeV S
B 10 [ M<0s e

4 6 8 10 12 14 16 18 20
pr[GeV]

@ Short-distance o(ct[*P"]) < 0 for pr 2 7 GeV.

@ But: Short-distance cross sections and LDMEs unphysical
(NRQCD scale and scheme dependence) ~» No problem!

J/y production at NLO in NRQCD Bernd Kniehl



dofdp,(pp - J/+X) x B - y1) [nb/GeV]

ATLAS
0.75< |y|<1.5

ATLAS
15<|y|<2.25

0% ATLAS data
s CS,LO
sm== CS,NLO

Vs=7Tev Vs=7Tev
Flyl<0.75 F 075<|y|<15
s s

dofdp,(pp - J/+X) x B - y1) [nb/GeV]

oldp (P~ J+X) X B~ p) [nblGeV]

F

3 ©  ATLAS data

Vs=7Tev
F 15<|y|<2.25
L

T ST L e e
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
pr [Gev] pr [Gev]

@ Data well described by CS+CO at NLO.
@ CS orders of magnitudes below data.

TN S
4 6 8 10 12 14 16 18 20
prlGev]




CMS

ly| <1.2

dofdp,(pp - J/+X) x B - y1) [nb/GeV]

CMS data

o CS,LO

3

Sf V5=TTev
E <12
L

TN T
4 6 8 10 12 14 16 18 20
pr [Gev]

CMS
12<|y|<16

CMS
l6<|y|<2.4

dofdp,(pp - J/+X) x B - y1) [nb/GeV]

CMSdata

e CS,LO
=== CS, NLO

————— CS+CO, LO
—— cs+co,No

1

L ve=7Tev
L 1e<bi<24

oldp (P~ J+X) X B~ p) [nblGeV]

CMS data

L

TR T
8 10 12 14 16 18 20

pr [Gev]

@ Data well described by CS+CO at NLO.
@ CS orders of magnitudes below data.

i i i i TN i
4 6 8 10 12 14 16 18 20
pr[Gev)
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Comparison with ALICE and LHBb at LHC
ALICE LHCDb LHCDb
25<y <40 20<y <25 25<y <30
3z ‘ ‘ ‘ ‘ ALICE d‘ala 3z ) ‘ ‘ ‘ ‘ LH‘Cb dala‘ 3 i ‘ ‘ ‘ ‘ LH(‘?hda'a‘
% 0% cs, Lo 3 % © cs, Lo % o - cs, Lo
O S cS, NLO = s===2 CS, NLO e U €S, NLO
TRy - CS+CO,LO 1§ T 10 ----- CS+CO, L0 7§ TOFR, - CS+CO, L0 7§
3 —— CS+CO,NLO 3 —— Cs+CO, NLO 3 —— CS+CO, NLO
% 1 im" >:<;10
;;t ,27 Vs=7Tev - ;;t af Vs=T7Tev - ,‘\\\'\\_ ] :;E
810 F 25<y<a e 810 F 2<y<25 e | s10 )
R N T B TTTETTE e T e i R RV
P (GeV] Py (GeV] pr [Gev)
@ Data well described by CS+CO at NLO.
@ CS orders of magnitudes below data.
>

J/y production at NLO in NRQCD

Bernd Kniehl
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doldpy(pp - I+X) x B ~ g [nb/GeV]

LHCb
30<y <35

- €S, L0
=== CS, NLO

af
E Vs=7Tev
3<y<35

B +  LHCb data

Divergen
000

doldpy(pp - Ig+X) x B ~ g [nb/GeV]

ces

LHCb
35<y <40

Resul

Its
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Comparison with LHBb at LHC (cont.)

LHCb
40<y <45

B +  LHCb data

dofdpy(pp - Ig+X) x B~y [nb/GeV]

F Vs=7Tev

LHCb data
- €S, L0

4<y<45
B L L L

@ Data well described by CS+CO at NLO.
@ CS orders of magnitudes below data.

4 6 8

Summary
o

J/i producti

on at NLO in NRQCD

Bernd Kniehl
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Comparison with ZEUS at HERA | (1)
1k ' ' so‘sev<‘w<mo‘eev El ' ' \/‘é:SO(}‘GeV‘(‘)Z<1G‘e\/Z 02 ¢ ZE‘USda!‘a ‘ ‘ ‘ 4
04<z<09 04<z<09
< QP <1Gev? s A pi>1Gev? -
38 Ve =300GeV § E - cs;co‘ Lo
gw o gm :g\ 10 —— CS+CO, NLO
§ - CS,LO ;fj """"""""""" 3
710 | s CS,NLO 4 s & 1 el
@ 77777 CS+CO, LO = ~- ;;, 77777 CS+CO, LO 2 \/5;300 Ge\g
38 —— CS+CO, NLO ° -3 ——— CS+CO,NLO e Q°<1GeV
10°F 4 0 F E > 4 p?>1GeV?
*  ZEUS data *  ZEUS data 4 50 GeV <W < 180 GeV
% 1‘0 1‘5 Z‘D 2‘5 30 B‘D E‘D lL‘JD 1£0 14‘10 léD 180 1002 0‘3 0‘4 0‘5 D‘B 0‘7 D‘S 0.9
p? [GeV)] W [GeV] 2z
@ W = yp CM energy.
@ z = fraction of y energy going to J/y in p rest frame.
@ Singularity for z — 1 eliminated by shape function in SCET.
@ Data well described by CS+CO at NLO.
@ CS factor of 3-5 below the data.
o

J/y production at NLO in NRQCD Bernd Kniehl



do(ep—JIy+X)/dp? [nbiGeV?]

50 GeV <W <180 GeV §
04<2<09
Q*<1Gev?

¥5=300GeV {

Direct, NLO ~ {
- Resolved, NLO
— Total, NLO

ZEUS data

pF[GeV]

do(ep— J+X)AW [nbiGeV]

W [Gev]

Vs =300 GeV, Q<1 GeV* 102 ZEUS data
i 04<2<09
L i pé>1GeV?
= Direct, NLO
E =4 Resolved, NLO
20} Total, NLO
K
Direct, NLO 2
Resolved, NLO K
E Total, NLO 8
g V& =300 GeV
Q*<1GeV?
§ p?>1GeVv?
ZEUS data N 50 GeV < W < 180 GeV
n L n n n n 10 M n Lo
6 80 100 120 140 160 180 02 03 04 05 06 07 08 09

@ Data for 0.4 < z < 0.9 exhausted by direct photoproduction.
@ Resolved photoproduction only relevant for z <0.4.
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Comparison with ZEUS at HERA | (3)

50 GeV < W <180 GeV'
04<2<09
Q*<1GeV’

do(ep - Jp+X)/dp? [nb/GeV?]
5

V5=300GeV |

p?[Gev]

do(ep JP+X)AW [nb/GeV]

° <6’(3P([)8])> <0~ 3P([)8] contribution negative.

@ Negative interference with 18([)8] contribution beneficial.

o 38[18] contribution negligible here.

J/y production at NLO in NRQCD

Results Summary
000000000 e0000 o
V=300 GeV, Q<1 GeV? | 02 2EUS data ]
. 04<2<09 e
- P2>1GeV? - s
i e — - sl NLo
2 - %8, NLO
N0 b -- *P% NnLO
< Total, NLO
ZEUS data T K e
e 350 NLO 8
- sl nLo 5t Vs=300GeV
35 NLO 3 Q*<1GeV?
,,,,, 3pll NLO - pi>1Gev?
Total, NLO i 50 GeV < W < 180 GeV
. . . . . . 10 AT
60 80 100 120 140 160 180 02 03 04 05 06 07 08 09
W [GeV] z
>
Bernd Kniehl
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do(ep - Jp+X)/dp? [nb/GeV?]
s
5

10}

10

s CS, LO
s==== CS,NLO
-- CS+CO, LO

——— CS+CO, NLO

H1 data: HERAL
L

T
60 GeV <W <240 GeV'

03<z<09 }
Q*<25GeV?
V5 =319 GeV

E|

10
i [GeV’]

-

do(ep - IP+X)/AW [nb/GeV]
5

.
B8

“} -----cstco, L0

T
V5 =319 GeV, Q% < 2.5 GeV?
03<2<09
p?>1GeV?

B Cs,Lo
=== CS, NLO

——— CS+CO, NLO

+  Hldata: HERAL

dofep— JIy+X)/idz [nb]

T T
H1 data: HERAL

s CS, LO
=== CS, NLO

-- CS+CO, LO
—— CS+CO, NLO

60 GeV < W < 240 GeV'

V5=319 GeV
Q?<25GeV?
p?>1Gev?

T
60 80 100 120 140 160 180 200 220 240
W(Gev]

@ Data well described by CS+CO at NLO.
@ CS factor of 3-5 below data.
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5 &

do(ep - Jp+X)/dp? [nb/GeV?]
4
5

3

=== CS, NLO

——— CS+CO, NLO

T
60 GeV < W < 240 GeV'

03<2<09
Q*<25GeV?
V5=319GeV ]

S, LO

CS+CO, LO

H1 data: HERA2
L

10
i [GeV’]

0

T
V5 =319 GeV, Q% < 2.5 GeV?
03<2<09
p?>1GeV?

- cs, Lo

s==== CS,NLO
bo----- CS+CO, LO 4
——— CS+CO, NLO

+  Hldata: HERA2

dofep— JIy+X)/idz [nb]

107k

T T
H1 data: HERA2

-- CS+CO, LO
—— CS+CO, NLO

60 GeV < W < 240 GeV'

V5=319 GeV
Q?<25GeV?
p?>1Gev?

T
60 80 100 120 140 160 180 200 220 240
W(Gev]

@ Data well described by CS+CO at NLO.
@ CS factor of 3-5 below the data.
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Comparison with DELPHI at LEP 1l

+  DELPHI data Vs =197 GeV +  DELPHI data

+  DELPHIdata Vs = 197 GeV.
< & 6,<32mrad  ----- Direct, NLO - 6, <32 mrad
3 3 10F wessgey  ----- Sing-res., NLO 3 OF W<35Gev 3
Q [4 tLivi<2 -+ Doub-res., NLO ¢ 1L Ivl<2
= = Total, NLO el e
fol fol _r_]i % 1y ~t—‘_f_
S 2 g g
§ § FAELE N - —t+—
8 8 10 8 10 "H ™ . ]
E E 2 . T,
= e, = = e \ -
P 9 P
10 H wesscev g E 10 Y — |
© 6, <32 mrad S 3 . -
Vs =197 GeV.
2o L 20 Pl
1 2 3 4 5 6 7 8 9 10 5 6 1 2 3 4 5 6 7 8 9 10
pi[GevY] pi[Gev?] pi[GeV’)

@ Agreement with NRQCD at NLO worse than 2002 with LO.
@ Just 16 DELPHI events with pt > 1 GeV.

@ No results from ALEPH, L3, OPAL.

@ Data exhausted by single-resolved contribution.

J/y production at NLO in NRQCD Bernd Kniehl



Total cross section a(e’e” - J/P+X)
Vs =10.6 GeV

BELLE data: o =(0.43+0.13) pb
(J/y+ce contribution subtracted)

CS, LO: o=0

CS, NLO: 0 =(0.24°0%) pb
CS+CO,LO: 0=0.23pb
CS+CO, NLO: 0= (0.70%93) pb

(LO means e*e - J/y+1 jet)

@ At NLO, both CSM and NRQCD agree with data.




Introduction
00000

Divergences Results
000 000000000000 00

Summary

J/y production at NLO in NRQCD

@ NRQCD provides rigorous factorization theorem for production

and decay of heavy quarkonia; predicts:

@ existence of CO states;
@ universality of LDMEs.

Previous LO tests not conclusive.

Here: first global analysis of unpolarized-J/¢ world data at NLO.

Hadro- and photoproduction: striking evidence of NRQCD vs.
CSM.

yyscattering, eTe~ annihilation: not conclusive yet.
Contributions from feed-down and B decays throughout small
against theoretical uncertainties.

Hadroproduction data alone cannot reliably fix all 3 CO LDMEs
and give misleading results for their linear combinations (cf.
arXiv:1009.3655).

® Polarized J/y?

Summary
°

Bernd Kniehl
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