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Possible Other Ways Out

Carry on with only pp data anyway, but new fits including n.:
Han, Ma, Meng, Shao, Chao (2014):

10 T T T T T
- Prompt J/ yields

S 1w -E.
3 NLONRQCD 1
! Lf v CMS 0<[yy|<0.94
p . LHCb 3<yy;y<3.5
107! e
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10 1

lo/dp;>Br(J/—p* 1~) (nb)

2 14 16 18 3 4
pr (GeV) pr (GeV)

Or: Accept lower CS LDME to get agreement [Zhang, Sun, Sang, Li (2014)]
=) |ncreasing tensions even with high-p; pp data only.

Other ways out:
Maybe v expansion converges too slowly (need more intermediate states).
A wider range of parameters (scales and heavy quark mass) might help.

Resummation of m#/p# log(p;/m) terms via Double Parton Fragmentation

Functions (FFs) could improve usual FF results (RGEs need to be solved).
[Kang, Qiu, Sterman (2012); Fleming, Leibovich, Mehen, Rothstein (2012)]
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K+ Factorization Approach

Apply k; factorization to quarkonium production:
Idea: Scales of quarkonium production much smaller than collision energy:

Pr.Me < /S
mm) | ongitudinal parton momentum fractions x small,
transverse parton momenta k; should not be neglected.

Use off shell matrix elements with k; dependence entering via
e (kr) = k7 /lktl.
Usually just LO matrix elements used.

Fold with k; dependent, unintegrated PDFs.

Various prescriptions for deriving uPDFs from usual PDFs
in DGLAP, BFKL or “CCFM” approach.

Monte Carlo program CASCADE simulates initial state gluon radiation
within k; factorization framework [Jung, Salam (2001)].
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k+ Factorization Approach: Results (1)

Baranov, Lipatov, Zotov (2011); Baranov, Lipatov, Zotov (2012):
Color Singlet Model predictions for various uPDFs:
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5 ©
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W [GeV] z
10! T ATLAS —m— ]
vl <075 TABLE I. The polarization parameters of prompt J/ s mesons

calculated in the kinematical region of CMS and ATLAS mea-
surements [27,28]. The CCEM A0 gluon density is used.

Pp-

Source Ay (HX)A, (HX)Agy (HX)As (CS)A, (CS)Agy (CS)

Direct —0.15 —-0.09 0.01 020 -022 -0.01
Feed-down  0.19 0.14  0.00 0.35 0.09 0.00
Total —0.07 —-0.03 0.01 024 -0.14 -0.01

do/dy dp; [nb/GeV]
B do/dy dp; [nb/GeV]

' 1.0 I I 4I0 I
pr [GeV]

mm) No room and no need for color octet contributions.
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k+ Factorization Approach: Results (2)

But: Other calculations come to different conclusions:
(for hadroproduction)

do/d(P:(v¥), nb/GeV

B do/dp,, nb/GeV

111 | 111 | 111 | 1 |"|-:,h?F} -_r ' 111
10 12 14 16 18 20
Pi(), GeV

Q

I\]_
o
oE

[Baranov (2002)] [Saleev, Nefedov, Shipilova (2012)]

Effect of k; much smaller, color singlet still not enough.

In these works: Fits of CO LDMESs within k; factorization framework.
mm) Maybe using k; factorization LDMEs can be shown to be universal.
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Color Evaporation Model

Fritsch (1977); Halzen (1977); Gluck, Owens, Reya (1978):
2mp)* . doge
o= Fy / am? 2%
(2mc)2 dmz.
Consider open c+C production, regardless of c+C color, spin, momenta.
Integrate over invariant c+C mass up to formation of next heavier meson pair.
Fy: Number describing formation of quarkonium H by color “evaporation”.
Qualitative picture rather than rigorous theory.

-
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-

CEM predictions T
for RHIC data oSS
[Nelson, Voigt, \‘
Frawley (2013)]:
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Summary

40 years after J/Y discovery:
Mechanism behind heavy quarkonium production still not clear.

Traditional color singlet model:
Can successfully describe only e*e™ data.
Theoretically incomplete due to uncancelled IR divergences.

NRQCD factorization:
Rigorous theorem based on a solid effective field theory.

But: Current analyses of experimental data cast doubt on the universality
(process-independence) of the LDMEs.

Possible ways out today:
Maybe v expansion does simply not converge well (at least for charmonia).

Maybe resummation of large logarithms p/m.in region of small and/or large
transverse momenta is necessary (e.g. NLP formula with double parton FFs).

Application of k; dependent PDFs.
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Calculate Inclusive J/@ Production within NRQCD

Factorization formulas (here hadroproduction):

Convolute partonic cross section with proton
PDFs:
G = 3, [ ity (X)) - G
R

NRQCD factori.zation:
Gpanij = X, 0(ij — TN+ X) - (OV[n])
n

Amplitudes for cC[n] production by projector application, e.qg.:
Aczpsive = £o{Ms) Tr [C T Acz] | g-0

czplehy = EalMs) &g (M) % Tr [CN%Acz] [g=0

A.: Amputated pQCD amplitude for open cc production.
g: Relative momentum between c and C. €: Polarization vectors.
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Global Fit to Unpolarized Data

+ DELPHIdata . 60 GeV <W <240 GeV 314Gev, G <1 GeV? ok o i daaHERAY | 60 GeV < W <240 GeV 319 GoV, Q7 <2.5 GeV? o s HERR
- cs.Lo 03<2<09
< 0 -— o = e €8, L0 < s 7> 1GeV? s.Lo
¢ oo 30 3 = === CS, NLO 30 H P = == CS, NLO
g cacono] 2 N B ----- 08460, LO 2 S0 £ €540, L0
% P z g o 10 s 8
: [ Fo H 50 % H H
3k 5 % £ 10 H S
S0 £ cs.Lo 2 e CS,LO 7 E s Lo ES 1
2 710 F m== csNLO IS === CS,NLO 8 7. 4f === cs NLO i == CS,NLO s
I 5 €8+CO, LO 8109 ----- cs+co, L0 I 8’0 F -----csico L0 8107 CS+CO, LO ¥
Lo 8 o[ — cs:con0 3 ——— CS+CO,NLO ! § sf —— cs«CoNO 3 —— CS+CO,NLO
® pi>1GeV? 10
J 4 ¢ 1 cata HERAT « Hi data: HERAT 60 GeV <W <240 GeV v i cea HERR i data: HERA
10 10 10
h 0 60 80 100 120 140 160 180 200 220 260 03 04 05 06 07 08 | o 2 60 80 100 120 140 160 180 200 220 20
pF (GeV?) £} (GeV?) WiGev] 2 0 (GeV?) W (Gev)
: : - < 109 s 10 s
. BELLEdata: o= (04320.13) pb 1 50 GeV < W < 180 Gov 5 =300 GeV, Q7 < 1 GeV = .« pHeNKGaa] 5 10 .« COFdamRunty 3
25 | U+ contrbution subtracted) 04<2<09 04<2<09 3 8 8
< Q%<1 GeV? B i pi>1GeV? 20 e CS,LO 2 - CS,L0 2
g 20 g
s CS, 1O o 307 3= 300 GoV 3 = = = CS.NLO =
5 o [ === cCs,NLO 0.24338) pb é 4 2 3 E - C84CO, L0 ]
& - g 2 S ,
0S400.L0: 0=023p 2 20 ¥ iy 1 I
% —— CS4CO.NLO: o= (0.70:33) pb % 107 z S s 5 s
2isf < s 5 & ES Ej
3 0.6 GeV. E3 2 ES x w10 X
4 E 4 1 H K Z
o 1 F 7107} s csNLO i s £ 20 E
© s $4C0, 10 g 3 1 1 1
5 —— CS4CO.NLO ] Q7 <1GeV? & ‘&10 '8
£ S 3 :
o8 { 10 1 pi>1GeV? g 00 Gev g § 3= 196 Tev
. ZEUS data « ZEUs cata ) 50 GV < W< 180 GeV 3 11<035 R 310 wi<os
° 510 15 20 25 G 80 100 120 140 160 180 "oz 03 04 05 08 07 08 09 Ts 6 7 8 e i 6 8 10 12 14 16 16 6 8 10 12 14 16 18 2
i (GeV?) W [GeV] 2z Pr(GeV] Pr(GeV] Pr(GeV]
- T T 4 T o e T B aans Iaanassaenss LT e T T
s + AUCEdaa s . ATLASGata s + ATLAS data s + ATLASdata .+ cvsdata g0 .+ cwsdaa g0 .+ cvsdaa
8 107 é é é é é
2 cs,Lo 2 107 5 107 - s, L0 2 10 - Gs. L0 g o cs.L0 2 07 e CS,LO H
= s CS, NLO = = s S, NLO = s 05, NLO = === CS.NLO = s CS,NLO =
1% 10 €840, LO E3TY £ === C84CO, LO E - C8+C0, L0 E o ©8+CO, LO T €8+CO, LO E
i —csicomo] L i —csicomo] I i i i
5 10 ERl ERl ERl & ERl @
I $o F X0 %o ] i
3 3 3 3 3 EOR 2
|
go’ gw gw iw L0 e £
& GerTev & of GerTev & of GerTev & o GerTev g S0l v 107} G-7Tev
510 F 25<y<s $'° Fie<ors 50 Fom<y<is 510 [ is<pyi<2zs S0 5 12<hl<16 3 16<ll<24
R e T e 46 B q0 12 14 16 18 2 T 6 B 10 12 14 16 16 2 Cay 6 12 14 16 18 20 T s 0 a2 1a 16 16 B R N TR TR O T e T 2
pr(GeV] Py (Gev] pr(Gev) Py (GeV] pr(Gev) Py (GeV] pr(Gev)

+ LHCbdata + LHCbdata 4 «  LHCodata +  LHCbdata B + LHCbdata

107 107 10 10 10
v G810 e CS,10 cs L0 e G810
== CS, NLO === CS,NLO 0 0 === CS, NLO 10 == CS,NLO

10 ----- C8$4CO, LO 10 ----- C84CO, LO --=-- C8:CO, LO ----- C84CO, LO
—— C$+CO.NLO —— C84CO. NLO —— C$+CO.NLO —— C$4CO. NLO.

o/dp (PP X) x BUiy—u) [nbiGeV]
0/0py(pP—y+X) X BUY—ie) [nb/GeV]
o/dpy(pP—sJyX) X BUIy—siss) [nb/GeV]
o/dp (PP X) x BUy—u) [nbiGeV]
o/py(PP— Iy X) xAE(J’uHuN nb/GeV]

10 10 o
o E=7Tev o E=7Tev 10 F E=7Tev 107 \5=7Tev 0¥ Go7Tev .
107} 2<y<as 10 2scy<s ) J s<y<ss Jesey<a o sev<as [MB’ Kniehl: PRD 64, 051501R]
B 6 14 e 6 B 10 12 14 o e © 8 10 12 14 1 el ° 8 10 12 14 B ©
prlGev) Py (GeV] by (Gev] prlGeV]

<O[IS,B]> = (4.97 + 0.44)102GeV3  <O[3S,E]> = (2.24 % 0.59)-103 GeV3
<O[3P,]> = (-1.61 £ 0.20)-102 GeV5
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Global Fit to Unpolarized Data

) (/G

G/ {PP—+X) X B
3 8 _ 3

M. Butenschon

A+ X) x BUy—p) [nb/GeV)
3 . = = o

p—sJi
3

Ao/
3

Goldp(Pp—sig+X) x BUy—i) (NDIGEV]

<<<<<<

feed-down contributions from prompt data
(pp: 36%, yp: 15%, yy: 9%, ee: 26%):

<O['S,B1]> = (3.04 + 0.35)-102 GeV?
<O[3S,E1]> = (1.68 + 0.46)-10-3 GeV3
<O[3P, 81> = (-9.08 + 1.61)-10- GeV>
< J

do/dpy(pp—>J/y+X) x B(Uy—p)

el 0 Pt g, [MB, Kniehl: PRD 64, 051501R]

<O['S,Bl]> = (4.97 + 0.44)102 GeV3  <O[3S,B]> = (2.24 + 0.59)-103 GeV3

<O[3P,1]> = (-1.61 £ 0.20)-102 GeV5
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In Detall: Hadroproduction (LHC, Tevatron)

s wovdaa | % o+ OOF dete:un2] T 10 . COF data |
% 10 25_ ......... CS, LO 3 g S CS, LO ; % ~\ T 3SI1H= NLO
= F s==== CS, NLO =0l s==== CS, NLO I T N ;S:o: NLO
1% 10 E e CS+CO,LO 3 % PRy, N, CS+CO,LO ] 1‘5;‘ ™ ;;;'_;sﬁl}ﬂﬂ Etg ]
2 F — CS+CO, NLO { = T E —— CS+CO,NLO 2 1 N, —SFj[f;‘,NLOE
3-3 ! ' %104:_ 3-310-1;_ . Total, NLO ]
2107 ] 3107{- E“m’gi— A .
110’25- - :Tz 3 ‘ i 3
% ; _ s %10 Eo_ ' 3 %10 E
S f Vs=7Tev R e ] g Fos=196Tev e el E s E Vs = 1.96 TeV
510 3 25<y<3 ‘; I 10’4;, ly| < 0.6 q 10 4_ ly| < 0.6 :
T T T 0 i T CTTE e 0 12 0 16 18 20 SrTE TR 0 12 e 6 18 2o
pr [GeV] Py 1GeV] Py [GeV]
Color singlet model far below data. CS+CO describes data well.
3P, short distance cross section negative at p;> 7 GeV.
But: Short distance cross sections and LDMEs unphysical
=) No problem!
Hadroproduction data below p-= 3 GeV excluded from our fit.
Observation: Change s or rapidity y just rescaling of cross sections:
CO LDMEs describing RHIC or Tevatron must also describe LHC!
M. Butenschon Theory of Quarkonium Production B3



" A
In Detail: Photoproduction at HERA

T T T T T T T T T T T T
1 50 GeV < W < 180 GeV Vs =300 GeV, @ <1 GeV® 102k ¢ ZEUSdata i 102k + ZEUSdata
04<z<09 04<z<09
o Q%<1 GeV® s
S < D [ g I i
g1 Vs =300 GeV 3 $ = Direct, NLO
5 = = S [ e Resolved, NLO
2
'“i ) S % 10 N 10 | — Total,NLO
g 10 T 2 3
S R Cs, Lo B £ 1
T 10 s==s CS,NLO TNl 1 &
8 CS+CO, LO P ¥l 1 ‘
g } ——cs«cono S, 3] —— Cs+Co,NLO e Q° <1 GeV?
0L 10 b . p}>1 GeV?
. ZEUS data * ZEUS data 50 GeV < W < 180 GeV 50 GeV <W < 180 GeV
1 1 1 1 1 1 1 1 1 1 1 10 - 1 1 1 1 1 1 10 - 1 L 1 1 1 1
5 10 15 20 25 30 60 80 100 120 140 160 180 02 03 04 05 06 07 08 09 02 03 04 05 08 07 08 09
% [GeV?] W [GeV]
T T T T T T T T T T T
| 50 GeV <W <180 GeV | 0L 5 =300 GeV, Q° <1 GeV* | 1 «  ZEUS data
3 0.4<2<09 st
< Q<1 GeV? < I e
K] Vs = 300 GeV K] T ss&,‘ NLO
g 3 ] = st NLO
< T/ 3 . T N o eeaea 3pl8l
= S 3§10k P NLO
& 3 = Total, NLO
£ 3 -~
S0 = i3 |5
% X E 1
2ok T £ P —
Tol~ T { ‘ g, ]
s F .. T < ) 3 T Vs = 300 GeV
£ iooF oL SENLO aniie Q°<1GeV?
. 1 - Pl NLO o p%>1GeV?
« ZEUS data Total, NLO 50 GeV < W < 180 GeV
1 1 1oy 1 1 1 1 1 1 1 1 10 A 1 1 1 1 1 1
5 10 15 20 25 30 60 80 100 120 140 160 180 02 03 04 05 06 07 08 09
p? [GeV?] W [GeV]

Distributions: Transverse momentum (p;), photon-proton c.m. energy (W),
and z = Fraction of photon energy going to J/|.

Again: Color singlet alone below the data, CS+CO describes data well.
Calculation includes resolved photon contributions: Important at low z.
Good description at high z: No increase like in older Born analyses!
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In Detail: More Photoproduction

T T T T o T I T
60 GeV < W < 240 GeV 2l + HI data: HERAI > L L <
[ 03<2<09 3 10 ] TRy E !
& o QP<iaev® ] vt CSs, LO s F
3.0 Vs=stacev | gz [ CS,NLO < 10 -
g 10 2 [ ----- C$+CO, LO = E
= N —— ©S+CO, NLO a
%o at $ 10 Z 10 y
EPE B Cs,L0 i L = I 03<z<045 . ]
710 F ss=== cs,NLO IR PP et - f
i _____ CS+CO, LO 3 3 " \s =314 GeV T il — | ]
€07 C8+CO, NLO tEe QP<1GeV? 7 o " '
X e p2>1GeV? = T
o) = 1 = =
i +  H1 data: HERA1 60 GeV < W <240 GeV 3 £ E
I 1 L 1 1 L j
10 ’ 10 03 04 05 06 07 08 09 10 1 4
Pt [GeV?] z H 3
T T T T 10 k3 -
60 GeV < W < 240 GeV 2 «  Hi data: HERA2 T !
1 B ] L J I ne 9. 076 toaemd
0.3<2<09 10 10 5 -+ 0.6<z<0.75
T P Q®<25Gev? { U s, Lo = i
g0k vs=st9@v i zm | T CS,NLO e D
5, s [ ----- CS+CO, LO E ;
NE 10 L 3 o —— CS+CO, NLO p2 (GeV9)
g %
X110 F = N S e . 4
% ......... cs, Lo g ................. L ZEUS (pl'e|.) 468 pb
7 10 4f  ===== CS NLO 5 P
o VUV F _____ SR S s —
8 C8+CO, LO g Vs =319Gev | 7 = NLO CS+CO
¥ €S+CO, NLO - Q?<2.5 GeV 3
10 F 2 pi>1GevV* 1 10 F OA7KE-7-0Q ' &4 -
. ¢ Hi data: HERA2 60 GeV < W < 240 GeV ! 3 NLO CS
. ) 1
10 . . . . . . e
4 10 102 03 04 05 06 07 08 09 10 1 1'0 (New HERAZ2 data —
pf 1G] z P2(GeV’) ot yet part of global fit!)

Again: CS alone below data; CS+CO good description, especially at high z.
H1 HERAZ2 data systematically below H1 HERA1 and ZEUS HERA1 + 2.

M. Butenschon Theory of Quarkonium Production B5



" A
Low-energy inelastic J/y photoproduction

FTPS experiment at Fermilab (‘80s): 105 GeV photons on hydrogen target.

Measured inelastic J/y production (z = £,/ E,< 0.9)
NRQCD vyields good description even at this low-energy range:

E,=105GeV ] « FTPSdata 10 F g4<z<09 AT
10 04<z<09 4§ 1 v _iesETT
o F I TP CS, LO
> — 1p? === CS, NLO J 1
0] =) E
= s f =---- C8+CO, LO E —
a9 ye) A
S 1k N —— CS+CO, NLO S0
NCI}—_ F = 3
=] [ s 3
= L g T2
5 4 5
+ - S 10 F 1 10
= -1 T
S10 o kS
T E = [} -3
=3 F g 10 F B e
5 [ ==== CS,NLO ] v
2l - CS+CO, LO 1 F 3 10 4L A L CS+CO,LO |
19 F —— csvco,NLO 3 E,=105GeV ] ; ——— CS+CO,NLO
L 1 1 1 1 1 1 1 1 1 ] 1 1 1 1 1 1 1 1 1 i M 1 1 ]
0 05 1 15 2 25 3 35 4 45 5 040450505506 0650707508085089 10 102
p? [GeV z E, [GeV]

Planned JLab near-threshold measurements: 12 GeV electrons on nuclei.

Total inelastic cross section: ~ 102 nb. Measureable?
(does of course increase with other nuclei than hydrogen)

Close to threshold: Bad perturbative stability of parton model.
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In Detail: e*e™ and yy Collisions

Electron-Positron Collisions at BELLE:
CS: Large overlap with data, CS+CO: Small overlap.

But: Only 4+ charged track events measured.
mm) Actual BELLE data larger by unknown factor.

For e*e color singlet, NNLO terms been calculated,
increasing cross section. Not part of the global fit.
[Ma, Zhang, Chao (2009); Gong, Wang (2009)]

o(e*e =Jy+X) [pb]

25 |

15 [

05 F

* BELLE data: ¢ =(0.43+0.13) pb
(Jhy+cc contribution subtracted)

I CS, LO: 6=0

[ g CS, NLO: 6 =(0.24°08) pb
[ ----- CS+CO, LO: 6=0.23pb
CS+CO, NLO: 6 = (0.70'53%) pb

[ Vs=10.6 GeV

"""""""""""""" Twma] Two Photon scattering at DELPHI (LEP):

N;; ] 0 ] Includes direct, single and double resolved photons.
Nié ‘ ;+’f’ﬂ‘ o CS below data, but also CS+CO curve too low.
£ P : Possible explanations:
jé,w-e ,,,,,,,,,,,,, ] Uncertainties in the measurement
B st (Just 16 events involved!)
T e " Hint at problems with LDME universality.
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Hadroproduction-only Fit

Global fit to hadroproduction data alone, vary low-p; cut:

<O['S B> [102GeV3] 8.54+052 16.85+1.23 11.02+1.67 1.68+220 2.18 +2.56
<O[3S,B]> [103 GeV?] -2.66+0.69 -13.36+1.60 -556+2.19 8.75+2.98 10.34 +3.55

<O[PP,BI> [102GeV5] -3.63+0.23 -7.70+0.61 -446+0.87 220+1.23  3.50 + 1.50
M, [10? GeV3] 2.25x£0.12 3.51£0.19 3.29+£0.20 5.50 £ 0.29 8.24 £ 0.58
M, [102 GeV3] 6.37 £ 0.19 5.80x+0.19 5.54 £ 0.20 3.27 £ 0.29 1.63 £0.43

Fit underconstrained. Therefore give two linear combinations of Ma et al.:
Mo = (O('Sg") +3.9(0CPE ) /mZ My = (O(S¥)) ~0.56 (OCPY)) /m
Fit results depend strongly on low-p; cut.

Agreement with Ma et al.’s fit to Tevatron run Il data with p;> 7 GeV:

M, =(7.4+£19) 102 GeV? M; =(0.5+£0.2) 103 GeV?
M, = (8.92 £ 0.39) 102 GeV® M, =(1.26 £ 0.23) 103 GeV?
M, = (8.54 £ 1.02) 102 GeV® M, =(1.67 £1.05) 103 GeV?
[Ma, Wang, Chao: Table 1 of PRL 106, 042002 and Equation (18) of PRD 84, 114001
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Hadroproduction-only Fit

Global fit to hadroproduction data alone, vary low-p- cut:

<O['S B> [102GeV3] 8.54+052 16.85+1.23 11.02+1.67 1.68+220 2.18 +2.56
<O[3S,B]> [103 GeV?] -2.66+0.69 -13.36+1.60 -556+2.19 8.75+2.98 10.34 +3.55
<O[P3P,BI> [102GeV5] -3.63+0.23 -7.70+0.61 -446+0.87 220+1.23  3.50 + 1.50

M, [10-2 GeV?] 2.25+0.12 3.51+£0.19 3.29 £ 0.20 5.50 £ 0.29 8.24 + 0.58
M, [10-3 GeV?] 6.37 £ 0.19 5.80 £ 0.19 5.54 £ 0.20 3.27 £ 0.29 1.63 £ 0.43
Fit underconstrained. Therefore give two linear combinations of Ma et al.:
Mo = (O('Sg") +3.9(0CPE ) /mZ My = (O(S¥)) ~0.56 (OCPY)) /m
Fit results depend strongly on low-p; cut.

Agreement with Ma et al.’s fit to Tevatron run Il data with p;> 7 GeV:

Mo = (7.4 £ 1.9) 102GeV® M, = (0.5 + 0.2) 103 GeV3

M. Butenschon

M, = (8.92 + 0.39) 102 GeV3

M, = (1.26 + 0.23) 103 GeV?3

M, = (8.54 £ 1.02) 102 GeV3

M, = (1.67 + 1.05) 103 GeV?3

Theory of Quarkonium Production

[Ma, Wang, Chao: Table 1 of PRL 106, 042002 and Equation (18) of PRD 84, 114001
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Global Fit: Dependence on Low-p; Cuts (1)

Global fit: Vary low-p; cut on hadroproduction data:

<O['S > [102 GeV?3] 5.68 £ 0.37 4.25+043 497 +£0.44 492 +049 3.91 £ 0.51
<O[3S,8]> [10-3 GeV?] 0.90 £0.50 2.94 £ 0.58 2.24 £ 0.59 2.23 +£0.62 2.96 £ 0.64
<O[*P,E> [102 GeV®] -223+0.17 -138+x020 -161+020 -159%+0.22 -1.16+0.23

M, [10? GeV3] 1.81 £ 0.09 1.85 + 0.09 2.18+0.10 217 £0.12 1.89+£0.12
M, [102 GeV3] 6.46 £ 0.17 6.37 £ 0.17 6.25+0.17 6.18 £ 0.17 5.86 £0.18

Our default fit

Stabilizing influence of photoproduction data.

Fit constrained enough: Can now extract 3 CO LDMEs.

Fit results now almost independent of low-p; cut.

Fit less stable with low-p; cut below 2 GeV (nonperturbative effects).
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Global Fit: Dependence on Low-p; Cuts (2)

Global fit: Vary low-p; cut on photoproduction (including yy-scattering):

<O['S > [102 GeV?3] 497 +£0.44 5.10 £ 0.92 4.05+1.17 5.44 +£1.27 9.56 + 1.59

<O[3S,B]> [103 GeV?] 224+059 211+122 352+156 1.73+1.68 -3.662.09

<O[PP 8> [102GeV5] -1.61+020 -158+048 -097+0.63 -1.63+0.68 -3.73+0.83

M, [10? GeV3] 2.18+0.10 2.36 £0.12 2.37+£0.13 2.62+£0.15 3.10£0.19
M, [102 GeV3] 6.25+0.17 6.05+0.18 5.94+£0.19 5.78 £0.20 5.62 £0.20

Our default fit

Fit stable against varying low-p; cut in region 1 GeV ~ 3 GeV.

Just 5 or 1 photoproduction against 119 hadroproduction points not enough
to stabilize the fit. mmp Not stable with low-p; cut much larger than 3 GeV.
(Would need more high-p; photoproduction data.)
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" A
J/y Polarization

Angular distribution of decay lepton I* in J/ rest frame

mm) Polarization observables A, u, v: Jp
dr(J/w /+/_) rest frame e £+
— o 2 - production ;
B 14+ Acos® 6+ pusin(20)cos ¢ L. =
Vo )
+§sm 6 cos(2¢) X iy 2N y

Depends on choice of coordinate system:

Helicity frame: z axis || —(py+ Pp) yi
Collins-Soper frame: z axis || py/|py| — Bp/|Pp| :
Target frame: z axis || —pp
In Calculation: Plug in explicit expressions s
o - - 0 157/
for cC[n] spin polarization vectors according to ! e P
N
. dGﬂ — dGOO _ \/ERG d010 v 2d61._1 §/5 JI¥ rest frame
N do1q + dogg’ - do11+dogo’ - doq1+ dogo

We use the CO LDME set with feed-down contributions subtracted.
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J/y Polarization in Photoproduction: p; Distribution

Helicity frame

60 GeV < W < 240 GeV
0.3<z<0.9
Q%< 25 GeV?

H1 data
........ CS, LO
1772772771 CS, NLO
-- CS+CO, LO
—— CS+CO, NLO
1
0.8
0.6
0.4
— 0.2
g 0
< -0.2
-0.4
-0.6
-0.8
A
1
0.8
0.6
82
& 0
> -0.2
-0.4
-0.6
-0.8
.

H1 data Collins-Soper frame
........ CS! LO

Yt CS, NLO 60 GeV < W < 240 GeV
---- CS+CO, LO 0.3<z<0.9
—— CS$+CO, NLO Q%< 2.5 GeV?

1

0.8

0.6

0.4

+ 0.2

g 0

< -0.2

-0.4

-0.6

-0.8

-1

1

0.8

0.6

0.4

- 0.2

2 o0

> -0.2

-0.4

-0.6

-0.8

.

Mpy)

v(py)

ZEUS data (till z=1) Target frame
........ CS, Lo
St CS, NLO 50 GeV < W < 180 GeV
-- CS+CO, LO 0.4<z<0.95
—— CS+CO, NLO Q%<1 GeV?
1
0.8
0.6
0.4
0.2
0
0.2
0.4
0.6
o.? .
"1 2 3 4 5 6 7 8 9 10
pr [GeV]
1 e
08 F
06 b7
02 'f ......................................
0 E } {, .....
02 EF ,[
_04 - //
06 F [
-0.8 F
S ]
i 2 3 4 5 6 7 8 9 10
pr [GeV]

[MB, Kniehl: PRL 107, 232001]

Bands: Uncertainties due to scale variation and CO LDMEs.
CSM predicts longitudinal J/y at high p+.
CS+CO: largely unpolarized J/g at high p;. a, expansion converges better.
H1 and ZEUS data not precise enough to discriminate CSM / NRQCD.
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J/Y Polarization in Photoproduction: z Distribution

H1 data Helicity frame ¢ H1data Collins-Soper frame *» ZEUS data Target frame
........ CS LO CS! LO esssssse CS Lo
L CS, NLO 60 GeV < W < 240 GeV Lz CS, NLO 60 GeV < W < 240 GeV W% CS, NLO 50 GeV < W < 180 GeV
-- CS+CO, LO p;>1GeV ---- CS+CO, LO pr>1GeV ---- CS+CO, LO p;>1GeV
—— CS+CO, NLO Q%<25GeV? —— CS+CO, NLO Q%< 2.5GeV? —— CS+CO, NLO Q%<1 GeV?
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
o 0.(2) = 0.% = o.g
< 0.2 < 0.2 < 0.2
0.4 0.4 0.4
0.6 0.6 -0.6
0.113 0.§ . -o.gs
03 04 05 06 07 08 09 03 04 05 06 07 08 09 03 04 05 06 07 08 09
z z Z
1 1 1
0.8 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
= 0.% = 0.% = o.g
> 02 > 02 > 02
0.4 -0.4 0.4
-0.6 -0.6 -0.6
-o.z13 . -0.§ -o.?
03 04 05 06 07 08 09 . . 03 04 05 06 07 08 09
z z z

[MB, Kniehl: PRL 107, 232001]

Bands: Uncertainties due to scale variation and CO LDMEs.
Scale uncertainties very large.
Error bands of CSM and NRQCD largely overlap.
=) D distribution better suited to discriminate production mechanisms than z.
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J/Y Polarization in Hadroproduction

o /e CDFdata: Run i/l Helicity frame o /e ALICE / LHCb data Helicity frame o /e ALICE /LHCb data Collins-Soper frame
........ CS Lo R CS! Lo [RTT— CS Lo
'''''''' CS, NLO ly] <0.6 E=== CS, NLO 25<y<4 g===t CS, NLO 25<y<4
-- CS+CO, LO Vs =1.96 TeV ---- CS+CO, LO Vs=7TeV ---- CS+CO, LO \s =7 TeV
—— CS+CO, NLO pp — Jiy + X —— CS+CO, NLO pp = Jy + X —— CS+CO, NLO pp = Jy + X
1 1 1
0.8 E 08 E 0.8 E
0.6 E 0.6 E 008 oo e e
04 E 0.4 E 04 F
< 02 F < 02 E < 02 F
I 0F I 0F i 0 + 4 '
< 02 F < -02 < -0.2 R S e B S S A R T Ty
04 E 0.4 E 0.4 E j
0.6 0.6 £ 0.6 F
0.z13 3 o.§ 3 ) 0.z13 -
i 5 10 15 20 25 30 ) 4 6 8 10 12 14 i 4 6 8 10 12 14
Py [GeV] pr [GeV] pr [GeV]
0.2 T 3 é ----------------------- oé -----------------------
%01 F. g6 b 06 b
> 0.05 'E:;.L > 0:2 ’ > 0:2 .......................................................
[} 0 S [} 0 E s 1] 0 _§ ﬁ
N L 9 02 9 02 F
s 9'00‘:’ [ - 04 F 7 0.4 brererm——
. '06 . _06 - ‘--—-—'_.-._.___.-.-.._._._._._._._._.:
-0.15 | 0.8 F 0.8 F
0.2 1 1 1 1 1 q 1 1 1 1 1 1 A 1 1 1 1 1 1
5 10 15 20 25 30 4 6 8 10 12 14 4 6 8 10 12 14
pr [GeV] pr [GeV] pr [GeV]

[MB, Kniehl: PRL 108, 172002]

Helicity frame: NRQCD predicts strong transverse polarization at high pr.
Collins-Soper frame: NRQCD predicts slightly longitudinal J/ .

Disagreement with CDF Run Il data, and with new ALICE and LHCb data.
mm) Challenge to LDME universality!
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Polarization in Hadroproduction: Contributions

First: Sum up contributions of intermediate states:
doy

Hellicity frame:

Collins-Soper frame:

Then: Ag¢ =

M. Butenschon

dogg do, 4

R . e
3L 4 3L 4
10 —-——- %5l NLO 10 - 35l NLO 2 --—--3slll NLO
_ e 158 NLO _ R e 158 NLO = 10 2B - 351 NLO 4
2 -3 NLO 3 . o 38UNLO ] \ ----- P, NLO
O 102 N L 3pl8) 4 O 102 L 3008 l o
5 P, NLO S 1 Ny P, NLO 5 10 [ \ Total, NLO ]
£ Total, NLO £ - Total, NLO = -
> 10 > 10 21 \
3 £ - N
=3 =3 €10 B \\
g g g BN
O = d -2
gg Helicity frame - g’ Helicity frame & 10 [ Helicity frame ‘
1o 'L E=7Tev ] ALY © V5 =7 Tev
25<y<4 o 25<y<4 10 [ 25<y<4
T T T T T I T T T T T
3 4 5 6 7 8 9 10 3 4 5 6 7 8 6 10 3 4 5 6 7 8 9 10
p; [GeV] p;[GeV] Py [GeV]
Niaaas e ) T e
0 e ?S:,:,NLO 3 0E e ?S:é:.NLO 3 ——- Zs:.;: NLO
- - '8l NLO N e 'SBUNLO = -+ %t NLo
3 \\\ ----- ssino | 3 f 3 N L P NLO 3
O 102t RN 3pls) 4 9 103 Qo
8 S Pl NLO o 2 g Total, NLO
s X Tota,NLO ] = : £ ~
, s . - D
B3 3 % 10 R )
L0 L0 : :
1 1 1
g g g
g & <
g ! g ! d
gg Collins-Soper frame ™ . 8— Collins-Soper frame £ Collins-Soper frame
oL E=7Tev e 1 o 'L B=TTev 0L V5=7Tev
25<y<4 [ 25<y<4 ; 25<y<4
1 1 1 1 1 1 1 1 1 1 1 £l 1 1 1 1 1 1
3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10 3 4 5 6 7 8 9 10
p; [GeV] pr[Gev] pr [GeV]

do11 — doogo V’?Red()'m . doq 1

d0'11 —i-d()'oo. 9 — dO'11 +d(700‘ ¢ dO'11 -i-d()'oo
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