Lancaster E<d
University ==

Associated production with onia,
double onia production at the LHC

Evelina Bouhova-Thacker

(Lancaster University)
On behalf of the ATLAS, CMS and LHCb Collaborations

FPCP2017, Prague, Czech Republic, June 5 -9, 2017



The study of double onia and associated onia production

offers new tests of Quantum Chromodynamics (QCD)

Distinguish between production of a heavy quark system in
colour-singlet (CS) and colour-octet (CO) states

The production of two objects in the same pp collision can be due to

. . the two objects are produced e H0 <0
Single Parton Scattering (SPS): by some process in a single
interaction of two partons

Double Parton Scattering (DPS); simultaneous interaction of two
pairs of partons, each producing iim

one of the two objects
independent and uncorrelated :(i%
SDPS _ 1 OA0B P 999999
OA+B — . .
* 1404 Oer G4 A=D ocft effective cross section ~(2 — 20) mb
0, A#+B

assumed to be independent of the scattering process and v/s

DPS not distinguishable on an event-by-event basis from SPS but expected to
differ in overall kinematic features, such as angular correlations

Large uncertainties due to possible higher-order SPS contributions, feed-down

and limited knowledge of the proton’s transverse profile
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Associated production with onia

Measurement of the production cross section of prompt J/) mesons in association
with a W= boson in pp collisions at v/s = 7 TeV with the ATLAS detector

JHEP 04 (2014) 172 arXiv:1401.283 ATLAS

Observation and measurements of the production of prompt and non-prompt J/\p mesons
in association with a Z boson in pp collisions at +/s = 8 TeV

Eur. Phys. . C75 (2015) 229 arXiv:1412.6428 ATLAS

Production of associated YT and open charm hadrons in pp collisions aty/s = 7 and 8 TeV
via double parton scattering

JHEP 07 (2016) 052 arXiv:1510.05949 LHCDb

Observation of double charm production involving open charm in pp collisions
at /s =7TeV

J. High Energy Phys., 06 (2012) 141 arXiv:1205.0975 LHCb



Vs =TTeV

Prompt J /1) in association with a W=
L=451f""

fiducial phase space 8.5 < pjj/w < 30 GeV |y‘]/¢| < 2.1

arXiv:1401.2831

and 0 7/y from arXiv:1104.3038

W Transverse Mass [GeV]

_|_ —_
J/b — pTp
wW* — e pr>35GeV |n*| <13 |n*| <2.5 atleastone pi >4GeV
W
Pt >25GeV  |n#| > 1.3 ") > 95 Gev )| < 2.4
- . SWRT o _ farlasis=77ev (Ld=a5m] L AN N e S
unbinned maximum likelihood (ML) fit & 5ol ATLAS Is=T7TeV, fLt=4 S
S - == Total fit — Total fit
. . . < - W Jhy P I | W + prompt J/
in the J/¢ invariant mass and S o[ pometcombinaores | 1€ 1 f- wnonprompt
, . £ | @ 10F 2% -0 W+ non-prompt combinatoricd
pseudo-proper time T to obtain yields for 2 E : -
prompt and non-prompt .J /¢ and backgrounds 205
3 E = ¢ E
assign weights with sPlot  axivphysiesio02083 } :
10 u i
T= E'p}J/¢ Mytp- $+T+ 3
Pr Pr 05558 3 32 34 L e R R R
u'u” Invariant Mass [GeV] Jhp Pseudo-proper Time [ps]
. L T T T T T T T T T T T T T 30 T L T T L T L L T L T
fit to the weighted W boson transverse mass § 005 ATLASNe-7ToV flaztsn | 13 ] amasiirmey [lot=a5m"
o . © 25F W+multi-jets hypothesis -
using templates to extract R0 — W tempiate S 4~ W+ prompt iy data |
g 0.04- multi-jets template ] ..g 20k = Total fit =
. . . +7.5 S . 2 E lllll Xnvu i-jets
signal yield: 29.27;¢ 5.1lo 2 oa S e
. . . B IS
including 1.8 = 0.2 from pile-up: 0.02" - §’ :
DPS yield:  10.8 £4.2 001 } E
assuming ooz = 15 & 3 (stat) T3 (syst) mb NS A e - T
ArXiv-1301.6872 0 50 100 150 200 0 50 100 150 200
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Prompt J /1) in association with a W=

Ratios of the W+

normalised to unit rapidity

fiducial RY9, = (51+13+£4) x 107°

inclusive RJ/w =

incl

isotropic spin-alignment assumed

last uncertainty from variations with 5 extreme scenarios

DPS subtracted RDTS sub

J/Y

— (78 +£324+22132) x 1078

(126 £32+£975%) x 1078

corrected for the fiducial acceptance of the muons from J /1)

compared to LO CS and NLO CO predictions
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W + J/v dominated by CS production

ATLASNs=7TeV, f L dt = 4.5 fo

-o- W + prompt JAp data

Estimated DPS contribution
DPS uncertainty

//////////////////////
//////////////////////////////////////////////////////////////////

Y I I
e

//////////////////////////////////A

15 2 25 3

AG(W,Jy)

Presence of both
SPS and DPS
contributions

prompt J /1) cross section to the inclusive W= cross section

arXiv:1401.2831

x107°
pp— prompt JAy + W : pp— W
ATLAS, (s =7 TeV, f L dt=4.5fb"

0<IyJ/wI<2.1, 85<p_,, <30 GeV
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Inclusive DPS-subtracted

Inclusive differential cross section ratio

PPo(W+Jhy)
y dp

> -

() pp— prompt JAp + W : pp— W

(2 6 ATLAS, (s =7TeV, [Ldt=45 fo"

= 107 :
—§— Data
XYY Spin-alignment uncertainty
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Prompt and non-prompt J/¢ in association with a Z @

Vs =8 TeV . J
o 90.3 fiducial phase space 8.5 < pT/w < 100 GeV |y‘]/¢| < 2.1 arXiv:1412.6428
T/ — wt = pp>35GeV  |nf| <13 [|nf| <2.5 p?) > 15 GeV ") < 2.5
Z =0, 0=p,e ph > 2.5GeV  |np¥| > 1.3 atleast one pi. >4 GeV p;(Z) > 15GeV |[n°P)| < 2.47
LARA AR AL LALAN RLRA RAARS RALS LAAR) RARRN RARR 81025' AL L ML -
unbinned ML fit in J /4 invariant mass 3 80F arLas "+ ata E q | ATLAS (s=8TeV 2031t ]
S F (5=8TeV, 20.3 fb —-;?;?:Iptsignal —f S . i?g::l
and pseudo-proper time to obtain yields for 3 ;z ----- Nor-promt signa 2 Promt signal
P :_ ..... Total background _: § 10:_ -rl\_lgtr;-lpbr:::(;;trzlug::l 4
prompt and non-prompt J/1 and backgrounds 3 G ] ‘

assign weights with sPlot

1E ¢ ¢ 1/ LI
10'1' /Illlli;lllllll ||||||||Alll| ||

signal and multi-jet background templates

for weighted Z mass used to extract signal yield

ool by beerslvina by P Ly Ly

— — 15-1-050 05 1 15 2 25 3
separately for Z — u"p"and Z — ete J6" 28 s 32 84 36 |
Jhp invariant mass [GeV] Jhp pseudo-proper time [ps]
Yields: prompt non-prompt
56+ 10+ 5 (50) 95+ 12+8(90) g BT s —
B L ATLAS ] B [ ATLAS ]
= 3o Is=8TeV. 20 fb_1z 1 I gob (s=8Tev,203f" E
. 2. 2 - PP~ promptJip + [%) [ pp— non-prompt JAp + Z ]
from DPS  11.1727 58728 5 oo —+ oas 1 5 o f + o ;
) 45 ’ L C [ Double Parton Scattering , ] Lﬁ - [__] Double Parton Scattering .
. L C [] Pileup ] C [_] Pileu ]
assumlng Oeff — 15 j: 3 (St&t) —3 (SySt) mb 20:_ [7Z) Pileup and DPS Uncertainty B 40:_ Pileus and DPS Uncertainty 3
arXiv:1301.6872 15:_ 3 30:_ 3
and o from arxiv:1104.3038 5 + ]
J/Y 10[- + . 20F . .
s C ] ] - I ]
i i i i IS S5 55, 10¢ E
assuming all observed signal in the first bin (< g) i |||.. i L 4 ;
. U - 1 15 2 25 3 ©o 05 1 15 2 25 3
is due to DPS, a lower limit is set on g.g > 5.3 mb 0 05 > > 3
AY(Z,Jp) AY(Z,Jhp)

presence of both SPS and DPS contributions



Prompt and non-prompt J/v in association with a Z %

Ratios of the Z + J/4 cross section to the inclusive Z cross section
arXiv:1412.6428

prompt non-prompt
fiducial PR, 7y = (36.8+6.7£25) x 1077 "R = (65.8+£9.24+4.2) x 1077
inclusive PRy = (63 13£54+10) x 1077 "PRRPY, = (102£15+5£3) x 1077

DPS subtracted PRYL 7 = (45 £ 13 £6£10) x 1077 "™RYISMY = (94£15+5+3) x 1077

. n
DPS fraction P fpps = (29 +9)% Pfops = (8 £2)%
. Inclusive differential cross section ratio

g 20 i< 1 O ] ; 1 0'5 | T T T T T T T T _E
S5 ’I\T 1 - ATLAS, /s=8 TeV, 20.3 fb - ] 8 ATLAS, (s=8 TeV, 20.3 fb 1 3
ﬂ 5 8: pp — prompt JAp+Z 1 pp — Z ] = slL pp — prompt JAp+Z : pp :’ YA .
~ B i = = t 3
o} 1 6? Iy l<2.1,85< thp <100 GeV -] é‘ 1 0 = 2 e S:i:-alignment uncert. 3
X N I T ] ? — . B Total theoretical uncert. ]
. 14F —¢— Data = N C [ NLO NRQCD CO ]
= C Spin-alignment uncertainty i 5 1 0-7 S W 5 glF..cs) ll;l:cC:gD cs _=
S. 12F v NLO NRQCD CS ] © . E [ Estimated DPS contrib.
! - @ NLONRQCD CO ] N F §
< {pf © NLONRQCD CO+CS - 2 108L _
= ~ % LOCsM ] =
m 8 } { Tj‘ : 'GGGGG64466;66644@4####6666644

- [/ ; . = 10°%F

6 7 . > g

4 - I /i @ -

E t L ///; 1 0_10 E_
2r L0y NLO - Ay

0 - : . : L et A\ e 1 0-1 10 | | | | |
Fiducial Inclusive DPS-subtracted 10 20 30 40 50 1 02

a higher production rate predicted through CO than through CS, CO dominant at high transverse momentum

The expected production rate from the sum of CO and CS is lower than the data by a factor of 2 to 5

discrepancy increasing with transverse momentum
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Production of associated T and open charm hadrons %l\a

arXiv:1510.05949

Vs=T7TeV £ =1fb~" fiducial phase space pj < 15GeV 2.0 <y’ <45 0 0so0rs
Vs=8TeV £L=2fb""! 1 <p% <20GeV 2.0<y" <45

Production of associated J/v and open charm hadrons

Vs ="TTeV L =355pb " fiducial phase space pq{/w <15GeV 2 < ¢y?/¥ < 4
3<p% <12GeV 2<y® <4

C = D" (K~n*), D* (K~ w*nt), DF (K*K ™ )on"), AT (pK )

Signal yield from an unbinned extended ML fit N A NS

% 2s0F a) o gzoo | b) 0]
to the 2D YC and J/¢C mass distributions: : ™o g + TSP
DY DT DY AT
T(1S) 980+ 50 556 + 35 31+7 11+6 i |
260 190 6o 2.50 P Ji T et e St
T(25) 184 +27 116 4+ 20 945 1+4 e [GeV/ ke[GO
(.70 6.40 2.50 0.90 g“éﬁ; - LHOb - @jz - N LHCh
T(3S) 60+22 55417  6+4 1+3 zv e 2. 1D,
3.10 4o 1.90 0.90 > N
J /1 4875 +£86 3323+ 71 328+22 116+ 14 ] E § 30
> 8o > 8o > 8¢ 7.30 - 1 &
background subtracted (weights from sPlot) R ]'%mK—ﬂl%gs Eée\f/c;]% N




YC and J/1(C results

Model independent production cross sections in the fiducial volume

e

arXiv:1510.05949
arXiv:1205.0975

corrected for acceptance, trigger, reconstruction, selection and particle identification efficiencies

TC' using trigger matched subsample (~20% yield reduction)

TC /s=T7TeV
_ x TSP _ 155491+ 7pb
X g YASDT _ g9 4 194 5ph

B
B
Ratios to inclusive production
RTUSD — (6.340.8+0.2)%
RTUSDPT — (344 0.8+0.2)%

ptu

Pt

extrapolating down to p% = 0and using fragmentation functions measured at Y (4.5)

RY(See — (77+1.0)%

Significantly larger than SPS predictions: Rgps = (0.2 — 0.6)%
Rsps = (0.1 — 0.3)%

J /¥ C corrected for efficiency of global event cuts
DPS expectations

Vs =8TeV V5 = 7TeV
Byt x o ¥IHP” — 950 498 + 11 pb 206 + 17 pb
Byt x o T5PT — 80 416 4+ 5 pb 86 + 10 pb

RYASDY — (7.840.9+0.3)%
RTUHPT — (254 0.5+ 0.1)%
DPS expectation

Rpps ~ 10%

in agreement

RY(5)e — (8.0+0.9)%

(LO NRQCD)

(kr-factorisation approach)

J/C DY Dt DT AF
oympc mb]  161.0+£3.7+£12.2 56.6+1.7+£59 305+26+34 43.2+7.0+12.0
LO 099 [nb] 1046 543 140.8 0.8+ 0.5
LO 099 [nb] 7.4+ 3.7 2.6+ 1.3 1.5+0.7 0.9+ 0.5
oPPS nb) 146 + 39 60 £ 17 24+ 7 56 + 22 oPPS using

Predictions from gluon-gluon fusion significantly smaller than observed
Better agreement with DPS models

arXiv:1103.0423
Oet = 14.5+ 17727 mb
Phys. Rev. D56 (1997) 381 |
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TC

(' results for o.g

and J /4

J/C 5 T DF AF arXiv:1510.05949
arXiv:1205.0975
o, (mb]  149+04+1.1757 17.6+0.6+ 13737 128+1.3+1.1757 18.0+33+2.1735¢
in good agreement with multi-jet production at the Tevatron  ¢®" =145+ 1.775 7 mb prys.revDs6 (1997) 3811
Neglecting the SPS contributions: incl. cross sections from arXiv:1509.02372 arXiv:1302.2864
TC Vs =TTeV Vs = 8TeV
0 0
o IPT 1944 2.6+ 1.3mb o DT 179241.941.2mb
- -
o PP 15924 3.6+ 1.5mb o P — 993+ 44422mb
T(1S)D%* 0.+
o PP — 18,0 + 2.4 mb o PP 17,9+ 2.1 mb
Y (1S)D%* : : . .
Average O'eff( ) = 18.0 £ 1.8 mb in agreement with multi-jet production
T(1S) C
: SRR TIVE TE T(S) J T(1S)C _Pr =P
Differential distributions for p.""), p/¥, pG, v 4C Ag, Ay, prtHC, yTASC P, YASC A= T e
— — — 05—
g FTT I 2 FTT o K2 F e s a)
—— 045E LHCb E — 09F b LHCb A S = J/q)Dj: .
04 Y ragpe 4 os ) Y(18)D+/ W 4 LHCb
6|l S 035 L E oS 07F /—: =< - ]
"Oﬂ = T "Uﬂ <o o B
e 03 collinear approximation // 4 0 06 // E 0-F j;}{
025 DPS estimate from data /3 0.5 /3 = 1
/1743 / bt
0.15+ + / = 0.3+ / = B —$— T i
01—t %%++ - = 020 7 - 0.05|- .
00s; L~ L3414 3 oaF o~ — R : :
007‘ | ‘0‘.2 | 0‘.4‘ | ‘0‘.6‘ | ‘O‘.S‘ | ‘71 007‘ | ‘0‘.2‘ | ‘0‘.4‘ | ‘0‘.6‘ ‘O‘.S‘ | ‘71 00‘ | ‘0‘.2‘ | ‘0‘.4‘ | ‘0‘.6‘ | ‘O‘.S‘ - 1
|Ag| /7 [Ag| /7 [Ag| /7

Good agreement with the DPS expectations as the main production mechanism
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Double onia production

Measurement of prompt J/P pair production in pp collisions at s+/ = 7 TeV

JHEP 09 (2014) 094 arXiv: 1406.0484 CMS

Measurement of the prompt J/\D pair production cross-section in pp
collisions at v/ s = 8 TeV with the ATLAS detector

Eur. Phys. J. C77 (2017) 76 arXiv:1612.02950 ATLAS

Measurement of the J /1 pair production cross-section in pp collisions at v/s = |3 TeV

Submitted to JHEP arXiv:1612.0745| LHCDb

Observation of Y(1S) pair production in proton-proton collisions at s+/= 8 TeV

Accepted by JHEP arXiv:1610.07095 CMS



ang

Vs =TTeV J/¢ pair production

L =4.73fb !

fiducial phase space 3 p Pr > 3.5GeV N1 < 1.2 arXivi 4060484
J/¢>65Gev 7/ pr>35—-2GeV 1.2 < |n*| < 1.6
p§/¢ - y? P < 1.2 pr >2GeV 1.6 < |n' <24
_ J
Pr (65 45) GeV 1.2 < |y /¢| < 1.43 4th,u péﬂ > 3 GeV InH| < 1.2
J
pTW > 4.5 GeV 1.43 < |yJ/¢| <929 p* >3GeV 1.2 < n*| <24
extended ML fit to the two invariant masses,
the proper-transverse decay length ct,,, of the higher-pr J/v and o &
the separation significance dd between the vertices of the two J /1) e :
signal weights with sPlot Sosse s s sos stors ( M“(Gw)
Nypyp = 446 £ 23 ol
cross section assuming isotropic decays

after efficiency and acceptance corrections

VN L SR R A A R OO S B
2004 002 0 002 004 006 008 0.1 (]

O-J/w J/ w B 1 . 49 :|: O . 0 7 :|: O | 1 3 nb high-p, Jhp ct,, (cm) Distance signifi;;;;; Bd

Ns=7TeV,L=4.71b

EQ_S__"C';\)I'S"W """" |'"'|"'.'|""|""|"'_

. . . . . . o o — Unpolarized JAhp
The differential cross section in bins of |Ayl|is sensitive to DPS 3 St unc |
B 2__ —}— Stat. and syst. unc. 7]

Jhp phase space:
p, >6.5 GeV/c forlyl < 1.2

non-zero value measured in the bin between 2.6 and 4.4 15} Py~ 6545 GoVic for 1.2 <1yl < 1.43°]

p,>4.5 GeV/cfor1.43<lyl<2.2

predicted to be populated via DPS production i3 —‘— ]

Oef = 8.2 £2.2mb extracted by Lansberg and Shao aivi1atossz  °f o= -

|12 . Ay | betWeen Jhp



f IR Prompt J/+) pair production ?
| fiducial phase space pj‘]/w > 8.5 GeV |y‘]/w| < 2.1 arXiv:1612.02950
pr>25GeV |t < 2.3
unbinned ML fit to the two invariant masses to extract di-J /1) signal

signal used to create prompt-prompt event weights from a 2D fit
to the transverse decay length distributions of the two J/@b

cross sections reported for two rapidity regions based on the sub-leading .J/) rapidity

9.7/, < 1.05 1.05 < |yg/4,| < 2.1
o9 rs = 15.6 £1.34+1.24£0.2 (B) £0.3(L) pb o9 s =135+ 1.3+1.1£0.2(B) £0.3(£) pb

after correcting for muon acceptance and assuming unpolarised production

Or/pgy =82.2+£83+63+£09(B)£1.6(L)pb Oripgy = 183+£9.2+6.6+0.9(B)£1.5(L)pb

the fraction of DPS events is determined by fitting DPS and SPS templates to the data |Ay| vs |A¢|
assign DPS and SPS event weights

fops = (9.2 + 2.1 + 0.5)% from |Ay‘

oDy =148 £3.5+1.5+£0.2(B) +0.3(£) pb

o measured from prompt di-J /1)

oY = 6.3 +1.6+1.0(8) £ 0.1(£) mb

lower than from other final states



Prompt .J /4 pair production

Differential cross sections as a function of the sub-leading J/+ pr, the di-J/v pr and invariant mass

arXiv:1612.02950
central and forward J/1, rapidity ranges

5103 ‘””””“‘”Ny(‘J}qlé)ﬂt;%.bé‘””‘”” E“’s ‘””””“‘”1‘.65;[)9(5/423'!2‘.‘1‘“”E/ events produced back-to-back
[ ] ata ata —
g 5 Stat + Syst Uncertainty g 5 Uncertainty |
= 10 Spin-Alignment =1 10 Spin-Alignment é events produced together
\'§- @AD;Z% sEstimate § : B DTI7$A Estimate B
E . Wm AT . 114" En T e and back-to-back to a gluon
§, e, A" |
PR B 1= E
N :
_q - .
107 0 DPS estimate from data
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
pT(J/w Jhp) [GeV] pT(J/w Jhp) [GeV]
= 10% Tarad T TR
o o Jeo B o -1
Total and DPS cross sections (full rapidity range) S (5=8TeV, 14 1" 5 f=atey 114t
in the muon fiducial volume: S 108 S e 4 3 10 e Dma
. . . = NLO" SPS+DPS Pred. - 3 E B DPS Pred. -
di-J /v pr and invariant mass, Ay and A¢ ES . [ 5 NLO" SPS+DPS Pred.
< 1 1e
- = -
N
~ NLO* SPS with a feed-down correction factor § [ T omll  Efgem 1 oS e |
compared to: 3 . o
] 10_ [y B
LO DPS normalised to measured
. . . -2 -2
disagreement for large invariant mass, large Ay 9% 10 20 30 40 50 60 70 %0 05 1 15 2 25 3 35 4
P (Jyp Jhp) [GeV] Ay(Jhp,Jhp)

and in the low-pr region

Data largely in agreement with NLO* SPS + LO DPS

contributions from feed-down and/or intrinsic parton transverse momentum needed

| 4



2/1227193;:}/1 J /4 pair production %l\a

: J Xiv:1612.0745 |
fiducial phase space pT/w <10GeV 2.0<y’/¥ <45 A
pr > 650 MeV 6 < p' >200GeV 2<np* <5 J/11 and J/1 assigned randomly
oS00 T T T T T T T T e s000 - T T T T T
i i i Z . [ LHCH13TeV ol 1 2. F LHOH 13T AP
= B e — Total fit 14 12 - — Total fit .
signal yleld.from an unbinned extended ML fit = 000~ = e = oo 6 =
I I i P C — bkg+Ji, 7 5 C — bkg+ JApy ]
to the efficiency corrected 2D mass distribution T A el taor [ N AR
corrected for acceptance, trigger, reconstruction, C bkg +bkg ] C bkg + bkg 1
selection and particle identification efficiencies 2000 7 2000 4 .
: _, b q 5
cor _ 3 1000 ae — ' 1000 s 4
fraction of candidates with a J/1 from b-decays: 4.5% 3000 3150 3200 3000 3150 3200
M(pfpuy)  [Mev/e?] M(pfpy)  [Mev/e?]
assuming unpolarised production
OJ/pd ) = 15.2+1.0£09nb +7% if Ao =£20%
compare measured 0 j /4 j /4 to theoretical predictions
LO CS LO CO LO kr NLO* CS°  NLO CS DPS DS using

arXiv:1509.00771
+3.2 +1.424-0.25 +3.843.8 51 4.6 1.6 O — L7
1.340.1757 045+£0.097 5 05, 63705756 154422700 11.9755 814£0.97;5  cn=145+1755 mb
CDF Phys Rev D56 (1997)

if all J/4 pairs are produced through DPS and 0 /y from arXiv:1509.00771

oY =73 4£05+1.0mb

LHCb measurement of 05/y4.7/4 = 9.1 1.0 £ 1.1 nb at/s = 7 TeV not precise enough to distinguish between DPS and SPS
arXiv:1407.5973 15



J /v pair production %

Differential production cross sections: arXiv:1612.0745
I/ J/b2
TR . br — —Pr
transverse momenta and rapidities of each J/v and the J/v pair, A¢, Ay and A= T
br Dbt

L ) E L A B e L R S L e | T T T T T T T T T ]
DPS 1 2 A DPS 1 E b E
77777 ~ SPS: LO kr = R ===~ SPS: LO kr x = LHCh 13TeV
===sses SPS: NLO* CS' 1 3| 20r \ =i SPS: LO CS 1 2 =
. * " n - L ) . * " | - - .
----- SPS: NLO* CS/(/kT>=0.5GeV/c B 3 S [ -----5PS NLO* CSI<,kT>=0<5GeV/C 1 |35 E
———-SPS: NLO* CS{, y _qayye e \\ ———-SPS: NLO*CS}, \ ycavje 1 ek E
== 5P5: LO COypy=0s5Gavye 3 = E°PS L0 COppyoscare 7 =L T |
[ SPS: LO COygpy=2 cevye - +\ [T SPS: LO COppy—2Geavie - HE E
E 101~ § 20 =
LHCh 13TeV RN . LHCb 13TeV | 15EF =

. = % - 10F

F——— - \ t i 55

e, 0........m...,.,..l.,,..::7,._..‘— i l 0E
10 0 0.5 1 1.5 2 2.5 0
pr(JfJf)  [GeV/d |Ay]

LO CS and NLO* CS”: (kr) = 0.5 GeV/c and (k1) =2 GeV/c

Neither the DPS model, nor any of the SPS models can describe simultaneously
the measured cross section and the differential shapes, however a sum can

A template fit to the differential distributions for the different SPS models

do

is used to get the DPS fraction = oppsFops(v) + osps Faps (v)

All fits indicate a large DPS contribution: (42 — 88)%

the CO contribution is significantly smaller than the CS one

including a CO component does not have a large effect on the determination of the DPS fraction

these translate into corresponding values for oeg: (10 — 12.5) mb (0.7/y from arXiv:1509.00771)

Smaller than the LHCb measurements in associated onia production

Slightly larger than the central production measurements by ATLAS and CMS
|6
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. . CMS
Vs =8TeV Y(1S) pair production
L =20.7tb™ |
fiducial phase space |y ¥ (1) < 2.0 ph > 3.5GeV |n*| <25 arXiv:1610.07095
CMS L=20.7 o (8 TeV) CMS L=20.7 fo (8 TeV)
> [ ¢ Data > r ¢ Data
% 25:——All1comp:>nents § 25:_ —AII1comp;>nents
2D unbinned ML fit to M{}) and M\?) B v 3 | -
g O s 3 o e
- [ - - Combinatorial 2 L - - Combinatorial
L 8 15 8 15_
NT(lS)T(lS) T 38 :|: 7 § 103_ ] § o
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8.5 9 9.5 10 105 11 8.5 9 95 10 105, 11
. . . . M, [GeV] ) M, [GeV]
an SPS prediction for T(1.5) pair production = 48 pb ) M) > M) )

cross section assuming isotropic decays
after efficiency and acceptance corrections

Y (18)Y(1S) = 68.8 £ 12.7+ 7.4 £ 2.8 (B) pb

different polarisations lead to variations in the range -38% to +36%

Assuming a conservatively low value fops ~ 10% Oer ~ 6.6 mb

DPS fraction estimated from oy (15)y(15) and
the cross section for T (1.5) pair production,
assuming SPS with feed-down = 48 pb  axiv:12105754

fops ~ 30% o ~ 2.2 mb

Consistent with the range of values from heavy-quarkonium measurements (2 — 8) mb
Smaller than multi-jet measurements (12 — 20) mb
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Summary

Many results from the LHC experiments shedding light on double onia and associated onia production

Experiment (energy, final state, year)

Data largely in agreement with NLO* SPS + LO DPS

CMS (v/s = 8 TeV, Y(15) + Y(1S), 2016)

AP

LHCb (/5 = 13 TeV, J/ + J/, 2017) -
CMS + Lansberg, Shao (v/s = 7TeV, J/vy + J/v, 2014) ——
[TT T T[T T[T I T T TT T TTTIT[TTTT
ATLAS
ATLAS (v/s =8 TeV, J/¢ + J /4, 2016) e

D@ (y/s = 1.96 TeV, J /v + J /1, 2014) o &
DO (v/s = 1.96 TeV, J/1p + T, 2016) B
LHCb (v/s = 7&8 TeV, T(1S) + D%, 2015)

LHCb (/s =7 TeV, J/¢p + AL, 2012) H——H
LHCb (/s =7 TeV, J/¢ + DI, 2012) o+

LHCb (/s =7 TeV, J/v + DT, 2012) —¢—
LHCb (y/s =7 TeV, J/v + DY, 2012) —e—
ATLAS (/5 = 7 TeV, 4 jets, 2016) —O—

CDF (v/s = 1.8 TeV, 4 jets, 1993) I A

UA2 (/5 = 630 GeV, 4 jets, 1991) F———
AFS (1/s = 63 GeV, 4 jets, 1986) |
D@ (/5 = 1.96 TeV, 2y + 2 jets, 2016) — e —

DO (/s =1.96 TeV, v + 3 jets, 2014) e

DO (v/s =1.96 TeV, v + b/c + 2 jets, 2014) F—a—
DO (v/s =1.96 TeV, v + 3 jets, 2010)

CDF (v/s = 1.8 TeV, v + 3 jets, 1997) H-{ HH
ATLAS (v/s =8 TeV, Z 4+ J/¢, 2015)  imeeeeceeeeccaaae >

CMS (v/s =7 TeV, W + 2 jets, 2014) [ -
ATLAS (/s =7 TeV, W + 2 jets, 2013)

0 5

O, [Mb]

10 15 20 25 30
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contributions from feed-down and/or intrinsic
parton transverse momentum may be needed

o measured from prompt di-J /1)

generally lower than from other final states

Theoretical predictions of the dependence of
Oeff on the process and the centre-of-mass
energy are needed

Expect a lot more+/s = 13 TeV results



Backup slides



The Large Hadron Collider And Its Experiments

LHC experiments

5 AN
: =
SIS c
LHC - B ERN
- ogPoint 8 7 ATLAS ALICE
' - Point 1 %Point 2

End Cap Toroid

f | SEEmems
wm““m;'

N v e

i Inner Detector
Barrel Toroid Hadronic Calorimeters

Photothéque - ES40 - VV10/09/97

A.Bav Beiiing October 2005 35

CMS Integrated Luminosity, pp
LHCb Integrated Recorded Luminosity in pp, 2010-2016

| e e B B R . [ — Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
Ko F . . . 3 . . ‘ . ‘ ‘ ‘ 60 = F - =
&=, 40F ATLAS Online Luminosity 3 - —— 2010, 7 TeV, 45.0 pb | ﬁ 2: ® 2016 (6.5 TeV): 1.67 /b ¢'012r
%‘ E ——2011pp {s=7Tev E 8 — 2011, 7 TeV, 6.1 1" z k © 2015 (6.5Tev): 0.32 /b al
o 35 == 2012pp (s=8TeV - -~ 2012, 8 TeV, 23.3 b | 150 é L8f ® 2012 (4.0 TeV): 2.08 /fb /
E qgf. — 215ep (s=13TeV E G|k —— 2015, 13 TeV, 4.2 ' 3 16§ R
El 30 ——2016pp (5=13Tev = © 4ol 2016, 13 TeV. 40.8 b ' 140 R 2010 (3.5 TeV): 0.04 fib
— = - ’ ’ " = il b
3 250 = £ g L,k
@ - E 3 & 12p 2011
[} C 7 - 130 ® C
= 20 - s 30 g 1f Voo
3 - g ® £ os /
O 155 — 5 20| 120 -
= = b 06 ‘
10:_ _: g E 1ol 110 0.4: / / 2015
- J1s - : / T
5 - % s 02F /.:4’
E J° = #x 50 i
= | | ‘—/-/I | 1 0‘ = o ) 3 Q & o"‘ e"‘ o Ovar =% ‘lﬁa; . B T ’J‘—SED T e I
‘)a(\ P\‘)‘ ‘)\)\ OG\ ™~ [ad ,"\‘\ 4\ 3N N \"—’0 40 .\‘“ 49 Month of year
Month in Year Date (UTC)

20



Prompt .J /4 pair production

arXiv:1612.02950

Differential cross sections as a function of the sub-leading J/% pr and the invariant mass
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Prompt .J /4 pair production

arXiv:1612.02950
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—— ATLAS (Jp + Jhp, Vs =8 TeV)
—— ATLAS (4 jets, Vs =7 TeV)
—— DO (2y + 2 jets, Vs =1.96 TeV)
DO (JAp + Y, Vs =1.96 TeV)
LHCb (Y(1S) + D°*, Vs = 7 TeV)
LHCb (Y(1S) + D°F, Vs =8 TeV)
------ ATLAS (Z + Jlp - lower limit, Vs = 8 TeV)
—— DO (JAp +JNp, Vs =1.96 TeV)
—— DO (y + 3 jets, 2014, Vs = 1.96 TeV)
—— DO (y + b/c + 2 jets, Vs = 1.96 TeV)
CMS (W + 2 jets, Vs =7 TeV)
—— ATLAS (W + 2 jets, (s =7 TeV)
—— LHCb (Jip + D°, (s =7 TeV)
DO (y + 3 jets, Vs = 1.96 TeV)
—=- CDF (y + 3 jets, Vs =1.8 TeV)
—— CDF (4 jets, Vs = 1.8 TeV)
— - UA2 (4 jets - lower limit, Vs = 0.63 TeV)

<> CMS (/s =8TeV, Y(15) + T(15), 2016)
<> LHCb (/s = 13 TeV, J/¢ + J /1, 2017)

® CMS + Lansberg, Shao (v/s = 7 TeV, J/v + J/, 2014)



AFS, 4 jets, pp, v/s = 63 GeV (no errors)
UAZ2, 4 jets, pp, v/s = 630 GeV (lower limit)

CDF, 4 jets, pp, v/s = 1.8 TeV

CDF, v/n°+3 jets, pp, v/s = 1.8 TeV
DO, JA T, pp, /5 = 1.96 TeV

DO, JAJAD, PP, /5 = 1.96 TeV

DO, v + b/c+2 jets,pp, /5 = 1.96 TeV
DO, y+3 jets, pp, v/s = 1.96 TeV

DO, y+3 jets, pp, v/s = 1.96 TeV

ATLAS, Z + JAb, pp, /s = 7TeV (lower limit)
ATLAS, 4 jets, pp, /s = 7TeV

ATLAS, W+2 jets, pp, /s = 7TeV
CMS+Lansberg,Shao, JAb JAp, pp, /s = 7TeV

| CMS, W+2 jets, pp, /s = 7TeV

LHCb, JA D™, pp, /5 = 7TeV
LHCb, JADZ, pp, /s = 7TeV
LHCb, JAWAZ, pp, v/s = 7TeV
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