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Part 1

New observables in quarkonium production
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New observables: what for ?

Observables
J/w+/w

J/w+D

J/w+Y

J/Ww+hadron

JIw+Z

Jw+W

J/W vs mult.
J/w+b

Y+D
Y+y

Y vs mult.
Y+Z
Y+Y

Experiments
LHCb, CMS, ATLAS,

DO (+NA3)
LHCb

DO

STAR
ATLAS

ATLAS

ALICE,CMS (+UAT1)

-- (LHCb, DO, CMS
)
LHCb
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CSM CEM NRQCD
NLO, LO? LO
NNLO*

LO LO? LO

(N)LO LO? LO

LO - LO

NLO NLO  Partial
NLO

LO LO? Partial
NLO

- - LO

LO LO? LO

NLO, LO? LO

NNLO*

NLO L0O? LO

NLO ? LO? LO?

Associated quarkonium production

Interest

Prod. Mechanism (CS
dominant) + DPS

Prod. Mechanism (c to J/psi
fragmentation) + DPS

Prod. Mechanism (CO
dominant) + DPS

B feed-down; Singlet vs Octet
radiation

Prod. Mechanism + DPS

Prod. Mechanism (CO
dominant) + DPS

Prod. Mechanism (CO
dominant) + DPS

DPS

Prod. Mechanism (CO LDME
mix) + gluon TMD/PDF

Prod. Mechanism + DPS

Prod. Mechanism (CS
dominant ?) + DPS
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Part I1

Quarkonium-pair production
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R
On the importance of a contributions to J/y + J /v & J/y + 7,

JPL, H.S. Shao PRL 111, 122001 (2013)

@ LOto]/y+]/yatas

Jlw

I
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On the importance of a contributions to J/y + J /v & J/y + 7,

JPL, H.S. Shao PRL 111, 122001 (2013)
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@ LOto]/y+]/yatas s, !
@ At NLO, t channel gluon exchange appear g Iz
(harder Pr spectrum) "
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On the importance of a contributions to J/y + J /v & J/y + 7,

JPL, H.S. Shao PRL 111, 122001 (2013)

@ LOto]/y+]/yatas s, S
@ At NLO, t channel gluon exchange appear ;:Eggf/w ﬁ{m
(harder Pr spectrum) I
@ NLO™ approximation to evaluate
the impact of QCD corrections [nicely confirmed by a full NLO]

L.P. Sun ef al. arXiv:1404.4042 [hep-ph)
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On the importance of a contributions to J/y + J /v & J/y + 7,

JPL, H.S. Shao PRL 111, 122001 (2013)
Iy

@ LOto]/y +]/yatas s, ! "
@ At NLO, t channel gluon exchange appear g Iz
(harder Pr spectrum) n e

@ NLO™ approximation to evaluate

the impact of QCD corrections [nicely confirmed by a full NLO]
_ L.P. Sun ef al. arXiv:1404.4042 [hep-ph]
@ J/y + 1, suppressed by C parity: LO at a3 [First evaluation ! (green barfdp)]
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On the importance of a contributions to J/y + J /v & J/y + 7,

JPL, H.S. Shao PRL 111, 122001 (2013)

4
e LOto]/y+]/yatag s, o »
@ At NLO, t channel gluon exchange appear g Iz
(harder Pr spectrum) I .
@ NLO™ approximation to evaluate
the impact of QCD corrections [nicely confirmed by a full NLO]
_ L.P. Sun ef al. arXiv:1404.4042 [hep-ph]
@ J/y + 1, suppressed by C parity: LO at a3 [First evaluation ! (green band)]
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R
On the importance of a contributions to J/y + J /v & J/y + 7,

]PL H.S. Shao PRL 111, 122001 (2013)
J/M/

4] LOto]/1//+]/1//atoc§ I
@ At NLO, t channel gluon exchange appear
(harder Pr spectrum)

@ NLO™ approximation to evaluate

the impact of QCD corrections [nicely confirmed by a full NLO]
_ L.P. Sun ef al. arXiv:1404.4042 [hep-ph]
@ J/y + 1, suppressed by C parity: LO at a3 [First evaluation ! (green band)]
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n/2m,
@ The Py & M, distributions depend very much on t e topology (see later)
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On the importance of a contributions to J/y + J /v & J/y + 7,

]PL H.S. Shao PRL 111, 122001 (2013)

@ LOto]/y +]/yatas g "

@ At NLO, t channel gluon exchange appear ::Egg ﬁ ‘i@
(harder Pr spectrum)

@ NLO™ approximation to evaluate

the impact of QCD corrections [nicely confirmed by a full NLO]
. _ . L.P. Sun et al. arXiv:1404.4042 [hep-ph)
@ J/y + 1, suppressed by C parity: LO at a3 [First evaluation ! (green band)]
10? P
=N ITeveLHC ] LO Ijy+1j
LB olor St £ 05 - %m'c:m DPS5PS
> L - Kom et.a
3w 1 Soaf— LHCb anl/wu/w
g 1E Color Singl
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@ The Py & M, distributions depend very much on the topology (see later)

® J/u+][y: ofeal = 4.83 nb; oS = 5.34 nb; oL = 515210+ 11 nb:
Only CSM SPS at low Pr?
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On the importance of a contributions to J/y + J /v & J/y + 7,

]PL H.S. Shao PRL 111, 122001 (2013)
J/M/

@ LOto]/y +]/yatas o
@ At NLO, t channel gluon exchange appear
(harder Pr spectrum)

@ NLO™ approximation to evaluate
the impact of QCD corrections [nicely confirmed by a full NLO]
L.P. Sun ef al. arXiv:1404.4042 [hep-ph]

@ ]/ + 1. suppressed by C parity: LO at a3 [First evaluation ! (green band)]
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@ The Py & M, distributions depend very much on the topology (see later)
® J/u+][y: ofeal = 4.83 nb; oS = 5.34 nb; oL = 515210+ 11 nb:
Only CSM SPS at low Pr?

@ J/y + 5. look for 7. in the J/y sample ? Avoid trigger issues ?
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies
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@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies
@ It can be affected by initial parton kg [« interest for TMD studies]
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies

@ It can be affected by initial parton kg [« interest for TMD studies]

@ By far insufficient (blue) to account for the CMS measured spectrum
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies

@ It can be affected by initial parton kg [« interest for TMD studies]

@ By far insufficient (blue) to account for the CMS measured spectrum
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@ «? contributions (green) are crucial here and do a good job even at P} ~ 30 GeV
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies
@ It can be affected by initial parton kg [« interest for TMD studies]
@ By far insufficient (blue) to account for the CMS measured spectrum
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@ «? contributions (green) are crucial here and do a good job even at P} ~ 30 GeV
) Slight offset up to P#w ~ 20 GeV [ about a factor 2, but well within error bars]
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On the importance of QCD corrections : Py enhanced topologies
JPL, H.-S.Shao PRL 111, 122001 (2013); PLB 751 (2015) 479

@ AtBorn (LO) order, the P4" spectrum is §(P}"): 2 - 2 topologies

@ It can be affected by initial parton kg [« interest for TMD studies]

@ By far insufficient (blue) to account for the CMS measured spectrum
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Pl;/.l// (GeV) data: CMS Coll. JHEP 1409 (2014) 094

@ «? contributions (green) are crucial here and do a good job even at P} ~ 30 GeV
) Slight offset up to P#w ~ 20 GeV [ about a factor 2, but well within error bars]
@ We do not expect NNLO (a?) contributions to matter where one currently has data

[the orange histogram shows one class of leading Py af contributions ]
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The so-called CMS puzzle
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The so-called CMS puzzle
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@ At PY¥ ~ 0, where the bulk of the yield lies, one has M, ~ 2m}. cosh %
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@ At PY¥ ~ 0, where the bulk of the yield lies, one has M, ~ 2m}. cosh %
@ Large Ay, i.e. large relative longitudinal momenta, correspond to large M.
[At Ay = 3.5 and Pr = 6 GeV, Myy ~ 40 GeV]
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@ At PY¥ ~ 0, where the bulk of the yield lies, one has M, ~ 2m}. cosh %
@ Large Ay, i.e. large relative longitudinal momenta, correspond to large M.
[At Ay = 3.5 and Pr = 6 GeV, Myy ~ 40 GeV]

@ The most natural solution for this excess is the independent production of two J/y
— double parton scattering
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The so-called CMS puzzle
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At P}¥ ~ 0, where the bulk of the yield lies, one has M, ~ 2m}.cosh %
Large Ay, i.e. large relative longitudinal momenta, correspond to large M.

[At Ay = 3.5 and Pr = 6 GeV, Myy ~ 40 GeV]
@ The most natural solution for this excess is the independent production of two J/y
— double parton scattering
o Predictions fOI' LHCb, DPS > SPS at large Ay C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
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The so-called CMS puzzle
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Predictions for LHCb, DPS >> SPS at large Ay
He & Kniehl found at LO that CO >> CS at large Ay; yet still in disagreement with

the data; NLO needed !
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At P}¥ ~ 0, where the bulk of the yield lies, one has M, ~ 2m}.cosh %

Large Ay, i.e. large relative longitudinal momenta, correspond to large M.
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[At Ay = 3.5 and Pr = 6 GeV, Myy ~ 40 GeV]

Associated quarkonium production

The most natural solution for this excess is the independent production of two J/y

— double parton scattering

C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002

Z. He, B. Kniehl PRL 115, 022002 (2015)

June 16, 2017

7119



On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions

D@, L = 8.1 fb’
m*m @ Data prompt
SP MC

m?m = DP MC
8388 Syst. uncertainty

N ents’ AlANY, J/y)|

2.5 3 3.5 4
|[AN(J/y, Jiy)| DO Coll. PRD 90 (2014) 111101
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions

. DO, L = 8.1 fb’
SPMC

= DPMC
5 Syst. uncertainty

Neyerts/ ANy, J/)
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3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

@ The DPS MC template is obtained from ¢P?S = 1 2%

2 Oeff
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions
S DO, L=8.11b"
e o Dita prom
SPMC

= DPMC
5 Syst. uncertainty

Neyerts/ ANy, J/)

0 05 1 15 2 25

3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

@ The DPS MC template is obtained from ¢P?S = 1 2%

2 Oeff

@ Fitting these MC templates, they splitted 129 + 46 fb
into oP"% = 70 + 23 fb and 0°"° = 59 + 23 fb by comparing the histograms

@ 028y =170130 fb and o5h° = 59 + 23 fb are still compatible at 1-o level
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In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions
S DO, L=8.11b"
e o Dita prom
SPMC

= DPMC
5 Syst. uncertainty
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ANy, Jy)] DO Coll. PRD 90 (2014) 111101

@ The DPS MC template is obtained from ¢P%S = %%
@ Fitting these MC templates, they splitted 129 + 46 fb

into P = 70 + 23 fb and 0°*® = 59 + 23 fb by comparing the histograms
@ 028y =170130 fb and o5h° = 59 + 23 fb are still compatible at 1-o level

@ In turn, they obtained o.¢ = 4.8 £ 2.5 mb
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On the importance of double parton scatterings at large Ay I

In fact, the argument of C.H. Kom, A. Kulesza, and W.J. Stirling was used by DO to
separate out DPS from SPS contributions
s DO, L=8.11fb"
e o Data prompt
SPMC

= DPMC
5 Syst. uncertainty

loyems/ AANI/Y, JI)|

0 05 1 15 2 25

3 35 4
ANy, Jy)] DO Coll. PRD 90 (2014) 111101

The DPS MC template is obtained from gPFS = 1 %

2 Oeff

Fitting these MC templates, they splitted 129 + 46 fb
into P = 70 + 23 fb and 0°*® = 59 + 23 fb by comparing the histograms

@ 028y =170130 fb and o5h° = 59 + 23 fb are still compatible at 1-o level
@ In turn, they obtained Ueff = 4 8+2. 5 mb
@ A question arises: using oPPS = 1 %% 4nd g4 = 4.8 + 2.5 mb,

can one acco&nt ffor the large Ay CMS data.?
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On the importance of double parton scatterings at large Ay II

@ Let us investigate the consistency
between D0 and CMS data
@ For that we assume: ¢P?S = %GUW—ZW

@ We take 0.¢ = 4.8 + 2.5 mb from DO

J.P. Lansberg (IPNO) Associated quarkonium production June 16, 2017 9/19



On the importance of double parton scatterings at large Ay II

@ Let us investigate the consistency
between D0 and CMS data

@ For that we assume: ¢P%5 = %%

@ We take 0.¢ = 4.8 + 2.5 mb from DO

@ 0y are fit from data with a Crystal Ball
function parametrising | Aggyx/|*

C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002
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On the importance of double parton scatterings at large Ay II
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On the importance of double parton scatterings at large Ay II
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On the importance of double parton scatterings at large Ay II

@ Let us investigate the consistency
between D0 and CMS data

For that we assume: ¢
We take oo = 4.8 + 2.5 mb from DO
oy are fit from data with a Crystal Ball

510‘2
2 04
DPS _ 1 9y0y S0
T2 o0 s
off 106
S)
=l

WWLO SPS+smearing 7 TeV@LHC
] glgo SPS ] DPS+NLO SPS

,_.
9
A

. .« . 2 T T T .
function parametrising [ Age—y x| 10 jrvenc [ Lo
C.H. Kom, A. Kulesza, W.J. Stirling PRL 107 (2011) 082002 2 ] ’ DPS
=10- 3
Gap between theory and CMS data is 2102 [IDPS+NLOSPS 1
Yy 410
o nr“ SPS
filled at large Ay and M, 10 ]
> -, WW7
by DPS + NLO* CSM SPS 107¢ REEESRES
10~ 3 3 4
Agreement not altered elsewhere; 1Ay between y (b

improved even at low P‘;w (see (a))

Conversely, fitting our own o, from the
CMS data yields 8.2 + 2.0 £ 2.9 mb

J.P. Lansberg (IPNO)

-

10—6,
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On the importance of double parton scatterings at large Ay II

MW LO SPS+smearing 7 TeV@LHC

@ Let us investigate the consistency 2 o A NLO'SPS [ DPs +NLO SPS
> -
between D0 and CMS data Q
= —4
0y 0 =10
@ For that we assume: ¢P?S = %M =
Jet S106
@ We take 0.¢ = 4.8 + 2.5 mb from DO 5

,_.
9
A

oy are fit from data with a Crystal Ball

. .. 2 - - .

function parametrising | Ageyx| 10 S TeveLHC m Losrs

—_ CMS Acceptance S

C.H. Kom, A. Kulesza, W.). Stirling PRL 107 (2011) 082002 2 DPS
=10- E
@ Gap between theory and CMS data is 2102 mbrs-vosEs |
a,
filled at large Ay and My, £107F 1
= " W7
by DPS + NLO* CSM SPS 107¢ AR
10-° i 3 3 4

@ Agreement not altered elsewhere; IAy| between ¢ (b)

-

WLO §P§ WNLO SPS [ DPS+NLO SPS j
a® SPS

improved even at low P‘;w (see (a))

@ Conversely, fitting our own 0e¢ from the
CMS data yields 8.2 + 2.0 £ 2.9 mb
F 7 TeV@LHC (IR

@ Fit done prior the ATLAS analysis — P S . g

| , i | e ]

good agreement ! " - ST
Myy (GeV) (c)
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Our fit of the double parton scatterings

1 [T LO SPS-+smearing ]
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Our fit of the double parton scatterings

[T LO SPS+smearing Bi
% NLO® SPS

DPS  (ffj] DPS+NLO" SPS
== vty SPS

@ To assess the systematics, we used 3 fits of oy,
@ Fit1: CDF and LHC data as done by Kom et al
@ Fit 2: CDF and LHC data (including new larger-Pr data)
@ Fit 3: only CDF data (supposedly close to the DO template)
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Our fit of the double parton scatterings

[T LO SPS+smearing Bi
% NLO® SPS
DPS  [ffj] DPS+NLO" SPS 3

@ To assess the systematics, we used 3 fits of oy, Z 5 v S5
@ Fit1: CDF and LHC data as done by Kom et al ? :ZS
@ Fit 2: CDF and LHC data (including new larger-Pr data) 5 w0
S 107

@ Fit 3: only CDF data (supposedly close to the DO template)

@ Effect of the unknown J/y polarisation checked : 20% v
for DO vs 25% quoted by CMS Y v
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Our fit of the double parton scatterings

@ To assess the systematics, we used 3 fits of oy,
@ Fit1: CDF and LHC data as done by Kom et al
@ Fit 2: CDF and LHC data (including new larger-Pr data)
@ Fit 3: only CDF data (supposedly close to the DO template)

o Effect of the unknown J/y polarisation checked : 20%

for DO vs 25% quoted by CMS
@ Sources of uncertainties:

@ Template for oy (see above)

@ The CMS data uncertainties (incl. pol.)

@ The theoretical uncertainties on the NLO* CSM SPS yield
Result of the fit of the DPS yield via oeg on the 18 CMS values.

Oefr [mb] Xr%n,f d.of.
oy Fit 1[25] 11+29 19 16
oy Fit 2 8.2+22 18 16
oy Fit 3 53+14 19 16
Only LO SPS N/A 76 17
Only NLO* SPS N/A 26 17

Associated quarkonium production
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Our fit of the double parton scatterings

[0 LO SPS-+smearing Bi
% NLO® SPS
DPS  [ffj] DPS+NLO" SPS 3

@ To assess the systematics, we used 3 fits of oy, Z 5 v S5
@ Fit1: CDF and LHC data as done by Kom et al E ::‘
@ Fit 2: CDF and LHC data (including new larger-Pr data) 5 w0
< 10

@ Fit 3: only CDF data (supposedly close to the DO template)

@ Effect of the unknown J/y polarisation checked : 20% v
for DO vs 25% quoted by CMS ¢ S
@ Sources of uncertainties: |

T LOSPS gpen.
& NLO® SPS ey SPS
DPS+NLO* SPS

@ Template for oy (see above) Z 10
@ The CMS data uncertainties (incl. pol.) T
@ The theoretical uncertainties on the NLO* CSM SPS yield 5l
Result of the fit of the DPS yield via o on the 18 CMS values. 1041 7 TeveLHC
M Actep.
Oefr [mb] Ko d.o.f. 10} 2 : =
oy Fit 1[25] 11429 19 16 ® 18y] between
oy Fit 2 8.2+22 18 16 n LOSPS [ DPS+NLO" SPs 3
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Our fit of the double parton scatterings

[0 LO SPS-+smearing Bi
[ NLO* SPS
DPS  [ffj] DPS+NLO" SPS 3

@ To assess the systematics, we used 3 fits of oy, Z ey SPS
@ Fit1: CDF and LHC data as done by Kom et al E :3:
@ Fit 2: CDF and LHC data (including new larger-Pr data) ’g 105
5 o

@ Fit 3: only CDF data (supposedly close to the DO template)

@ Effect of the unknown J/y polarisation checked : 20% i i “ W
(@ P} (GeV.
for DO vs 25% quoted by CMS -

@ Sources of uncertainties: 1

LO SPS o S
KO8 Ss ey SPS

DPS+NLO" SPS

g
B

@ Template for oy (see above) 2 10 t ]
@ The CMS data uncertainties (incl. pol.) :;T 102 5 B
@ The theoretical uncertainties on the NLO* CSM SPSyield 5 1| p
Result of the fit of the DPS yield via oeg on the 18 CMS values. 1074 1TeveLic
ecep.
Oeff [Mb] X&of d.o.f. 1075 Fit2 ; 5 3 3
oy Fit 1[25] 11+29 19 16 ® 18yl between
oy Fit 2 8.2+22 18 16 n Losps MM EPT%\IPLSO' SPS
oy Fit 3 53+14 19 16 b NLO"SPS pecw s
O‘;;ly LO SPS N/A 76 17 Z :3; 3 oS
Only NLO* SPS N/A 26 17 10 & R e
ES 104 E
@ PP computed for DO & LHCb; agreement checked: = w-
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Comparison with ATLAS data

fs=8TeV, 11417

fres =92% £21%

WTLAST

E=8Tev, 140"

ATLAS Eur. Phys. J. C (2017) 77:76
T
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Comparison with ATLAS data

ATLAS Eur. Phys. J. C (2017) 77:76

RTLAS T T
E=8Tev, 140"
=85% £21%

fs=8TeV, 11417
fres =92% £21%

3

Data
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{5 DPS Pred.
[ NLO* SPS+DPS Pred.
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N ]
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ATLAS extraction: oo = 6.3 + 1.6(stat) +1.0(syst) + 0.1(BF) + 0.1(lumi).mb,
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Harvesting new quarkonium data

30 ~ ATLAS (np J/y+Z, Lansbérg-Shao)
re+ ATLAS (J/w+Z, Lansberg-Shao)
25 | o1 CMS (J/y+Jhy, Lansberg-Shao) E
DO (J/w+Y, Shao-Zhang)
o0 b DO (Jiy+Jhy) ]
= e+ ATLAS preliminary (J/y+J/y)
[ v+ CDF (4 jets) %
— 15 f = CDF (y+3jets) A T4
6‘5 & DO (v + 3 jets)
10 | ATLAS (W + 2 jets) 3
o+ CMS (W + 2 jets)
5 | { f
0
0.1 1 10

Vs [TeV]

4 quarkonium extractions using theory ingredients !
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Comparison with the new LHCb data at 13 TeV

LHCb JHEP06(2017)047

o(yy)nb no Pr cut Pr>1GeV Pr>3GeV
NLO* CS 15.4 +£2.2731 14.8 £ 1.7 6.8 +0.672
NLOCS 11.9%3% — —
DPS (o= 145+ 1745 mol | 8.1 0.9718 7.5+0.8713 4.9 +0.5%59
Data 152+1.0£0.9 135+09+09 83+0.6+0.5
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Comparison with the new LHCb data at 13 TeV

LHCb JHEP06(2017)047

o(yy)nb no Pr cut Pr>1GeV Pr>3GeV
NLO* CS 15.4 +£2.2731 14.8 £ 1.7 6.8 +0.672
NLOCS 11.9%3% — —
DPS (o= 145+ 1745 mol | 8.1 0.9718 7.5+0.8713 4.9 +0.5%59
Data 152+1.0£0.9 135+09+09 83+0.6+0.5

o Agreement between CSM NLO and data
@ Large scale uncertainty for the NLO*, greatly reduced at NLO

o REMINDER: it is not an option to “switch off”/ignore the NLO CS
contribution [parameter free]
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.
Comparison with the new LHCb data at 13 TeV

LHCb JHEP06(2017)047

o(yy)nb no Pr cut Pr>1GeV Pr>3GeV
NLO* CS 15.4 +£2.2731 14.8 £ 1.7 6.8 +0.672
NLOCS 11.9%3% — —
DPS (=551 ms) | 8.1+0.9718 7.5+0.8713 4.9 +0.5%59
Data 152+1.0+£09 135+09+09 83+0.6+0.5

o Agreement between CSM NLO and data

@ Large scale uncertainty for the NLO*, greatly reduced at NLO

o REMINDER: it is not an option to “switch off”/ignore the NLO CS

contribution [parameter free]
@ Yet, room for DPS; however tension if 0.5 ~ 7 mb

Tension between LHCD and other di-J/y extractions  [rapidity effect ?]
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479
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@ Even though we find it a natural, accounting for DPS introduces another parameter
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479

@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
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@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479

@ Even though we find it a natural, accounting for DPS introduces another parameter
@ How to check that one is not playing with a further d.o.f. on the theory side?
@ DPS vs SPS dominance are characterised by different feed-down patterns

@ We define Féw (Fu"fv,) as the fraction of events containing at least one . (')
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479
Even though we find it a natural, accounting for DPS introduces another parameter

How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by different feed-down patterns

We define Fﬁw (Fu"fv,) as the fraction of events containing at least one . (')

@ Under DPS dominance (e.g. large Ay), o0FS = 7 2—‘:{’” (m: symmetry factor)

Flo, = FY o (FX 4 28t 4 oFY ) BY, = FY x (BY 4 2Fdirect 4 o)), plirect = (pdirect)?
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479
Even though we find it a natural, accounting for DPS introduces another parameter
How to check that one is not playing with a further d.o.f. on the theory side?

DPS vs SPS dominance are characterised by different feed-down patterns

We define Fﬁw (F;’fv,) as the fraction of events containing at least one . (')

@ Under DPS dominance (e.g. large Ay), o0FS = 7 2—‘:{’” (m: symmetry factor)

Flo, = FY o (FX 4 28t 4 oFY ) BY, = FY x (BY 4 2Fdirect 4 o)), plirect = (pdirect)?

@ Under SPS CSM dominance,
° F%, is slightly enhanced by symmetry factors,
° FVX,;,, unlike single quarkonium production, is not enhanced and is found to be small
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479
Even though we find it a natural, accounting for DPS introduces another parameter
How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by different feed-down patterns

We define Fﬁw (F;’fv,) as the fraction of ev;g;ts containing at least one y. (y')
— m 040

@ Under DPS dominance (e.g. large Ay), o, 3 o (m: symmetry factor)

Flo, = FY o (FX 4 28t 4 oFY ) BY, = FY x (BY 4 2Fdirect 4 o)), plirect = (pdirect)?

@ Under SPS CSM dominance,
° F%, is slightly enhanced by symmetry factors,
° FVX,;,, unlike single quarkonium production, is not enhanced and is found to be small

@ Overall : | (CSM) SPS | DPS
FY, 45% 20%
Fl’;;', small 50%
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479
Even though we find it a natural, accounting for DPS introduces another parameter

How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by different feed-down patterns

We define Fﬁ” (F;’fv,) as the fraction of events containing at least one . (')

{4
@ Under DPS dominance (e.g. large Ay), o0FS = 7 2—‘:{’” (m: symmetry factor)

Flo, = FY o (FX 4 28t 4 oFY ) BY, = FY x (BY 4 2Fdirect 4 o)), plirect = (pdirect)?

@ Under SPS CSM dominance,
° F%, is slightly enhanced by symmetry factors,
° FVX,‘ , unlike single quarkonium production, is not enhanced and is found to be small

v
@ Overall : | (CSM) SPS | DPS
FY, 45% 20%
Fl’;;', small 50%

@ Hence the importance of measuring J/y + y' and J /vy + x.
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Predictions: excited states and more

JPL, H.-S.Shao PLB 751 (2015) 479
Even though we find it a natural, accounting for DPS introduces another parameter

How to check that one is not playing with a further d.o.f. on the theory side?
DPS vs SPS dominance are characterised by different feed-down patterns

We define Fﬁ” (F;’fv,) as the fraction of events containing at least one . (')

{4
@ Under DPS dominance (e.g. large Ay), o0FS = 7 2—‘:{’” (m: symmetry factor)

Flo, = FY o (FX 4 28t 4 oFY ) BY, = FY x (BY 4 2Fdirect 4 o)), plirect = (pdirect)?

@ Under SPS CSM dominance,
° F%, is slightly enhanced by symmetry factors,
° FVX,‘ , unlike single quarkonium production, is not enhanced and is found to be small

v
@ Overall : | (CSM) SPS | DPS
FY, 45% 20%
Fl’;;', small 50%

@ Hence the importance of measuring J/y + y' and J /vy + x.
@ Back to the first slide, J/y + 7, can also tell something about DPS and about o
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Part I1I

Charmonium + charm
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Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated over Py

S. J. Brodsky and JPL, PRD 81 051502 (R), 2010
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Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated over Py

@ SPS sensitive to intrinsic charm at RHIC $-J. Brodsky and JPL, PRD 81 051502 (R), 2010

@ Rate significant & y-dependence could give info on ¢(x)

< plot for RHIC kinematics
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%
2
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— J/w + D or J/y+lepton in the yield integrated over Py

@ SPS sensitive to intrinsic charm at RHIC $-J. Brodsky and JPL, PRD 81 051502 (R), 2010

@ Rate significant & y-dependence could give info on ¢(x)

plot for RHIC kinematics
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— J/w + D or]/y+lepton at large Pr (say, Py > 15 GeV)
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Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated over Py

@ SPS sensitive to intrinsic charm at RHIC $-J. Brodsky and JPL, PRD 81 051502 (R), 2010

@ Rate significant & y-dependence could give info on ¢(x)

plot for RHIC kinematics

&
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— J/w + D or]/y+lepton at large Pr (say, Py > 15 GeV)

@ Near D or lepton: signal of ¢ - J/y + ¢ “fragmentation”
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Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated over Py

@ SPS sensitive to intrinsic charm at RHIC $-J. Brodsky and JPL, PRD 81 051502 (R), 2010

@ Rate significant & y-dependence could give info on ¢(x)

plot for RHIC kinematics
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— J/w + D or]/y+lepton at large Pr (say, Py > 15 GeV)

@ Near D or lepton: signal of o J/w + ¢ “fragmentation”
@ Nonear Dingg — gg — 381[ g = J/yct (If any ¢, both are away)
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Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated

@ SPS sensitive to intrinsic charm at RHIC
@ Rate significant & y-dependenc

g8 & 8

N(Ip+c) I NQI+X) (%)

over Pr

S. J. Brodsky and JPL, PRD 81 051502 (R), 2010

e could give info on ¢(x)

plot for RHIC kinematics

— J/w + D or]/y+lepton at large Pr (say, Py > 15 GeV)

@ Near D or lepton: signal of o J/w + ¢ “fragmentation”
@ Nonear Dingg — gg — SS[ g = J/yct (If any ¢, both are away)

— First measurement by LHCb (pT >3 GeV = p

h K
AT AUATE ot too small)

LHCDb, JHEP 1206 (2012) 141

1
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Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated over Py

@ SPS sensitive to intrinsic charm at RHIC $-J. Brodsky and JPL, PRD 81 051502 (R), 2010

@ Rate significant & y-dependence could give info on ¢(x)

) (%)

plot for RHIC kinematics
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N(Ipc) /NG

0

o

— J/w + D or]/y+lepton at large Pr (say, Py > 15 GeV)

@ Near D or lepton: signal of o J/w + ¢ “fragmentation”
@ Nonear Dingg — gg — 381[ g = J/yct (If any ¢, both are away)

charm quark

— First measurement by LHCb (PP >3 GeV =pr not too small)

At low Pr, we should Hey
be careful about the kTm ol gt fl;

smearing effecton A .2
\u ‘ T_;E

U 5 0 0‘2 0 1 D 6 ﬂ 8 1
Pl (Gev /e Ag] /x

LHCDb, JHEP 1206 (2012) 141

J.P. Lansberg (IPNO) Associated quarkonium production June 16, 2017 16 /19



Double charm: J/y + D
— J/w + D or J/y+lepton in the yield integrated over Py

@ SPS sensitive to intrinsic charm at RHIC §:J- Brodskyand JPL, PRD 81051502 (K), 2010
@ Rate significant & y-dependence could give info on ¢(x)

) (%)

plot for RHIC kinematics
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— J/w + D or]/y+lepton at large Pr (say, Py > 15 GeV)

@ Near D or lepton: signal of o J/w + ¢ “fragmentation”
@ Nonear Dingg — gg — SS[ g = J/yct (If any ¢, both are away)

— First measurement by LHCb (pT >3GeV = pCha'm % ot too small)
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LHCDb, JHEP 1206 (2012) 141
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— Yet, rates are hinting at a &8m1nant bPS component [0e¢r above 10.mb ?]
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.
New ideas to investigate DPS; unique to LHCb

e Updated J/y + D study w/o p% cut [asymmetric cuts to be avoided]

e Extension to D + 7; larger samples than J/y + 7. ?
[escape trigger limitations ?]

@ D + y. necessary to complete the picture [confirm DPS dominance or ?]
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@ We have showed that both DPSs and the NLO QCD corrections to SPSs are crucial
to account for the existing di-J / y data [not too be overlooked in data-theory comparisons]

Confirmation by the recent ATLAS study using our predictions (see ATLAS, EPJC (2017) 77:76)

o Still for di-J/y, this provide evidence for

(i) the dominance of a (LO) CS contributions for the total cross section,
(ii) the dominance of > (NLO) CS contributions at mid and large Pw,
(iii) the dominance of DPS contributions at large Ay and at large My,,.

@ We have also derived generic formulae predicting feed-down contributions or,
equally speaking, charmonium-pair-production rates involving excited states, in
case DPSs dominate. These do not depend on oefs.

@ Oefr < 10 mb, i.e. large DPS, is also required to describe J/y + Z, J/w + W, & Y + ] /v

DO PRL 116 (2016) 082002 + H.S. Shao - Y. J. Zhang PRL 117 (2016) 062001; JPL, HSS, N. Yamanaka, 2017
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equally speaking, charmonium-pair-production rates involving excited states, in
case DPSs dominate. These do not depend on oefs.

Oefr < 10 mb, i.e. large DPS, is also required to describe J/y + Z, J/w + W, & Y + ][y

DO PRL 116 (2016) 082002 + H.S. Shao - Y. J. Zhang PRL 117 (2016) 062001; JPL, HSS, N. Yamanaka, 2017

Lower limit on gt from Z + (b - J/y) JPL, H.S. Shao NPB 916 (2017) 132

Hint at a flavour dependence of o ?

As outlooks, TMD-oriented studies using associated quarkonium production

should now become Eossible for di-J/w, Y + v, later for Q + £*¢~
W. den Dunnen, JPL, C. Pisano, M. Schlegel, PRL 112, 212001 (2014); JPL, C. Pisano, M. Schlegel, NPB 920 (2017) 192; JPL,
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CEM results for single J/y
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Comparison between the ATLAS data (EPJC 76 (2016) 283)and the CEM results for
do/dy/dPr of ]|y + a recoiling parton at (left) LO and (right) NLO at /s = 8 TeV.
[The theoretical uncertainty band is from the scale variation.]

J.P. Lansberg (IPNO) Associated quarkonium production June 16, 2017 21/19



|
On the (non-)importance of CO channels for di-J/y

J.P. Lansberg (IPNO) Associated quarkonium production June 16, 2017 22/19



|
On the (non-)importance of CO channels for di-J/y

MMMLO CO+sm
1 i LO NRQCD+sm 4
S FEINLO" CS+LO CO
3 107
o
£ 1072
i
o 103
8
) 7TeVelHC
T 10 CMS Accep. 4
SPSonl i/
oS b axXivilososo
L 0 10 20 30 40
Py (Gev)

Single //y LDME fit: M. Butenschoen, B. Kniehl arXiv:1105.0820, PRD 84 (2011) 0515
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On the (non- )1mp0rtance of CO channels for di-J / v
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@ Adding CO using NLO LDMEs of the Hamburg group has no impact
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On the (non-)importance of CO channels for di-J/ w
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On the (non-)importance of CO channels for di-J/ w
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Single //y LDME fit: M. Butenschoen, B. Kniehl arXiv:1105.0820, PRD 84 (2011) 0515

@ Adding CO using NLO LDMEs of the Hamburg group has no impact

@ Same with other NLO LDMEs, by the PKU group (incl. my co-author), by the IHEP
group as WCH as bY BOdWil’l et al. PRL 110 (2013) 042002 ; JHEP 1505 (2015) 103; PRL 113 (2014) 022001
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@ Adding CO using NLO LDMEs of the Hamburg group has no impact
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H. Han et al. PRL 114 (2015) 092005

@ Ignoring all previous constraints and fitting (one channel at a time) the LDME on
the CMS data one gets irrealistically large values:
(O (3st1y) = 0.42 £ 0.12 GeV? & (0¥ (1s1¥1)) = 0.91 + 0.22 GeV?> 11!
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