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Heavy Quarkonia

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

Charmonium spectrum (cc): @ 1974: Discovery of J/y:
n2S+1L;  Name Mass First o.bsclervatlon Sf heavy quarks
11s, e 5980 MaV @ Long lifetime of ct: Spectrum

and radiative transitions seen

3
1°S; J/w 3097 MeV = Potential models

13p, Xco 3415 MeV

13p, Xe1 3511 MeV @ Calculation of energy spectrum:
11p, he 3526 MeV Challenge for lattice QCD.
13p, Xc2 3556 MeV @ Production and decay rates:
21s, n’ 3637 MeV One of first applications for
23s; Y 3686 MeV perturbative QCD.
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Production and Decay Rates of Heavy Quarkonia

The classic approach: Color-singlet model
@ Calculate cross section for cc-pair in physical color-singlet
(= color neutral) state. In case of J/y: 06[38[11]]
@ Then multiply by J/¢ wave function or its derivative at origin.

@ Leftover infrared divergences at P wave quarkonia.
= Theoretically inconsistent

Nonrelativistic QCD (NRQCD):
@ 1995: Rigorous effective field theory by Bodwin, Braaten, Lepage

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

@ Theoretically consistent: No leftover singularities.
@ Can explain hadroproduction at Tevatron
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J/@ Production with NRQCD

Factorization theorem: oy, = Ocen - OM¥[n
/v £ [n]

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

@ (07¥[n]): Long distance matrix elements (ME):
describe cc[n] — J/y, universal, extracted from experiment.

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

scaling || v | v’ | vt

0 || oS | S s Rl

@ Double expansion in v and as.

@ Leadingterminv (n= 3Sgl]) equals color-singlet model.
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Production of J/i: NRQCD vs. Experiment

Hadroproduction at Tevatron:

T T
BRO/Y — ) dO(pp — JP+X)/dp;. (nb/GeV)
Vs=1.8 TeV: |n| < 0.6

total E
————— colour-octet 'S, + °P;
——— colour-octet ’S,
- LO colour-singlet
-+ colour-singlet frag.

20
Py (GeV)

@ Color octet states important
— Great success for NRQCD

Photoproduction at HERA:
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g ® ZEUS (38 pb™)

~ OH1 (80 pb?) (scaled)
2107 OH1 (80 pb™) high W
5

2

1

a

2

=3

3

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
0 0.2 0.4 0.6 08

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

Our work: NRQCD calculation for photoproduction at NLO
= Aim: Establish universality of long distance matrix elements.
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Production of J/i: Summary of Calculations

Hadroproduction:

H agll | 1s,3s1,3p8)

Born Baier, Riickl (1980) Cho, Leibovic (1996)

NLO | Campbell et al. (2007)

Photoproduction:

1 8 8 8
H 35[11 ‘ 15([) i 3S£ i 3p([) ]l ,
Born || Berger, Jones (1981) Ko, Lee, Song (1996)
NLO Kramer (1995) THIS WORK

Open question of ME universality:
@ (Our) NLO NRQCD calculation: Only after 13 years!
@ Difficulty: Virtual corrections to P states
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Direct J/y Photoproduction

Factorization formulas:

@ Convolute partonic cross sections
with proton PDFs:

Ohagr = z / dx fi/p (X) * Opart
i

@ NRQCD factorization:
Gyuns = 3 0(yi — cE[]+X) - (OV¥[n])

n

Amplitudes for cc[n] production by projector application, e.g.:

Acepstve = & TTC 1% Acg] g0

d
ACE[3P58]] = gO!B W Tr [C na ACE] ‘q:O

@ Acc: Amputated pQCD amplitude for open cc production.
@ (: Relative momentum between ¢ and €.
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Cancellation of Divergences

UV-divergences: Cancellation within virtual corrections:
@ Loop integrals
@ Charm mass renormalization
@ Strong coupling constant renormalization
@ Wave function renormalization of external particles

IR-divergences: Cancellation between:
@ Virtual corrections (loop integrals + wave function renormal.)
@ Soft and collinear parts of real corrections
@ Universal part absorbed into proton and photon PDFs
@ Radiative corrections to long distance matrix elements

a(yp — J/¢+X) at NLO with NRQCD M. Butenschon
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Real corr.: ‘ Collinear divergences Soft terms #1 ‘ ‘ Soft terms #2 ‘ ‘ Soft terms #3 ‘
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‘ 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(O)

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

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

Asottp|® = [Asom,p|* - E(0)? + 2 Re Ab o sAsom,p - E(0)E’(0)
+ ‘ABorn,s‘2 : E/(O)Z

i
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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] 38l 308
< nl) Ofn] (n= 3S£], 1851733[1]’ 3P([)/]1/27
] c

Corrections to <OJ/‘1’[3S[11/8]]> 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
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Real Corrections: Phase Space Slicing

Example: Squared amplitude for y+g — cc[?SY)] +d +d:

@ Infrared divergences: Cannot do
complete integration numerically.

@ Collinear and soft limits:
Phase space and |M|? factorizes
= Analytical D dimensional
integration possible!

(Plotted against (kg +7kd7)2 and cos 8(ct,d) in d-d rest frame for s = 100 GeV?, t = —20 GeV?.)

Idea: Split integration into two regions:
© Js < 100(k; -kj)2 or 8v/s < 2Eg4 : Analytical integration.
© Js > 100(k; -kj)2 and 8v/s > 2E3/4: Numerical integration.

Both contributions: log o terms. These terms cancel for small !

a(yp — J/¢+X) at NLO with NRQCD M. Butenschén
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Confront Results with Data (1)

Direct J/y photoproduction at HERA:

T T T T T T T T T

1 03<2<09 . [ 60 GeV < W < 240 GeV
10 p2>1GeV? 3 3 03<z<09 ]
& af
3 310 F E
<} Q
S o -2
£10 S10 1
2 ~
S Qo
2 8 -3
N CS, Born >:<‘ 10 f e Cs, Born
210 } --—--CS,NLO 3 > CS, NLO
F A CS+CO, Born T - CS+CO, Bom
g —— CS+CO, NLO g ~— CS+CO,NLO
3 4 5 107
L | E
10 o H1 data: HERAL = H1 data: HERAL
H1 data: '06-'07 (prel.) 10 B H1 data: '06-'07 (prel.)
1 1 1 1 1 1 1 1 1
60 80 100 120 140 160 180 200 220 240 1 10 102
Photon-proton invariant mass W [GeV] Transverse momentum p? [GeV?]

@ Color-octet MEs from leading order Tevatron fit
@ NLO Tevatron fit = Decrease of CO MEs: Yellow bands

= CS not enough! CS+CO better!
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Confront Results with Data (2)

Direct J/y photoproduction at HERA:

T T T T T
H1 data: HERA1
102k *  Hldata: '06-'07 (prel.)
"""""" CS, Born
g ~=-=- CS, NLO
P CS+CO, Born
2 T CS+CO, NLO
< 10 4
X
=4
5
1
Q
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p?>1GeV?
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10 I . . ) )
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z

Py -k
®7— J/y - Kproton

ky' kproton
@ Proton rest frame:

z = Fraction of photon energy

going to J/y
@ z $0.45:

Expect contributions from
resolved photoproduction

@ Color-octet MEs from leading order Tevatron fit

@ NLO Tevatron fit = Decrease of CO MEs: Yellow bands

= CS not enough! CS+CO better!
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Confront Results with Data (2)

Direct J/y photoproduction at HERA:

do(ep - JW+X)/dz [nb]

10 ¢

Resolved, Born

T T T T
H1 data: HERAL

H1 data: '06-'07 (prel.)

CS, Born

CS, NLO
CS+CO, Born
CS+CO, NLO

p?>1GeV?
60 GeV < W < 240 GeV
. . . .
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z

Py -k
®7— J/y - Kproton

ky' kproton
@ Proton rest frame:

z = Fraction of photon energy

going to J/y
@ z $0.45:

Expect contributions from
resolved photoproduction

@ Color-octet MEs from leading order Tevatron fit

@ NLO Tevatron fit = Decrease of CO MEs: Yellow bands

= CS not enough! CS+CO better!
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Parameter Dependences

Dependence on slicing parameter and unphysical scales:

T

z=05 e W, varied

X p% =scev? 1 o1 e W, varied 4

. W=100GeV —— =y varied
upper curves: NLO

lower curves: Born

o 9o
o o
® B
TTTTTT
[
1S}
N
T

0.01F e

——=== Born + virtual + soft + hard-coll.
-0.01 F e Hard non-collinear region e

Sum: Complete NLO ..~ 10

- 2_ 2
003fF - ] pT =20 GeV' -
o 0.3<z<09

004F - ] 60 GeV < W < 240 GeV
, , ,

do(ep - IP+X)[dWdzdp? [nb/GeV?]
o
T
do(ep - Jp+X)/dp? [nb/GeV?]

107° 107 107 10° 1 10
Slicing parameter & Scales p, / (p3+4m?)1?
@ Phase space slicing works!
— Check on our kinematics and soft / collinear limits
@ Dependence on renormalization and factorization scale:
0750/0051.6 if 05< /o= /Mo < 2.

o

a(yp — J/¢+X) at NLO with NRQCD M. Butenschon



Introduction Divergences Results Summary
000000 00000 000 [ Je]

Summary

Our project: Test NRQCD

@ NRQCD provides rigorous factorization theorem for production
and decay of heavy quarkonia.

@ Inclusion of intermediate color-octet (= color charged) states,
which explain Tevatron hadroproduction.

@ But: Need to proof universality of CO MEs.

@ Therefore: Since 13 years want for NRQCD hadroproduction
and photoproduction predictions at NLO.

Our results: Direct photoproduction at HERA
@ Color-singlet contributions not enough to explain data
@ Sum of color-singlet and color-octet seems to explain data better.
@ But: Uncertainty due to CO MEs from LO Tevatron fit

a(yp — J/¢+X) at NLO with NRQCD M. Butenschon
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Checks and Outlook

Checks on our calculation:
© Checked cancellation of all singularities analytically.

© Two different reduction methods for virtual corrections:
Checked analytically that results are equal.

© Checked real correction amplitudes against MadOnia.
© Checked phase space slicing parameter independence.
@ Could reproduce M. Kramer's NLO color-singlet results.

Outlook:
@ Do second step: Hadroproduction at NLO.

@ Furthermore: Calculate J/ polarization:

@ For photoproduction and hadroproduction at NLO
@ At high pt both NLO CSM and LO NRQCD fail to describe data.
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