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% Motivation

Quarkonium pair production

Single-parton scattering (SPS) Double-parton scattering (DPS)
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v Probe the quarkonium
production mechanism puzzle; |  proyide information on parton

*color-singlet processin leading- transverse profile & correlationsin
order NRQCD forbids feed-down proton

from excited C-even states

@
Q

v' Help better understand
background (Z + bb, WW * etc.)
in searches for NP

v’ Access internal dynamics of

protons, e.g. pindown the
linearly-polarized gluonsinside
unpolarized protons , yi,.1710.016s4)
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% Double parton scattering

» The most popular model due to limited knowledge:

1

O-QlQZ == mzi,j’k'lfdxldedx1dXéd2b1d2b2d2b

X (21, %2, b1, b2) X6 2 (1, %7 )82 (2, x5) X Ty (x5, x5, by — b, by — b)

Generalized double parton PDF

SPS parton-level cross-section

v" Assumption 1:factorization of transverse & longitudinal components
[;j(xq,x2,b1,by) = D;(xq,x,)T;j(by,by)
v" Assumption 2:no correlation
Dij(xpxz) = fi(xl)fj(XZ)r Tij(bpbz) = Ti(bl)Tj(bZ)
=> Pocket formula o = . (1S J% ao,
Q:Q, Oeff

V' oeir = |[d?bF(b)?|, F(b) = [ T(b)T(b; — b)d?b;: should be universal!
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Effective cross-section summary

» General purpose of DPS measurements: measure Oe¢f

v’ validate its universality or probe the dependence on process and energy

S 30 T T T ] T T T T "o  ATLAS (J/w " J/W’ \/S — TeV)
E [ ATLAS 1 ———ATLAS (@ jets, \s=7 TeV)
5 opf HERLL(20161101 7 DO (2y + 2ets, Vs =1.96 Tev)
o i | [=D0 (Jry+
i ] CHCb (Y(1S)+D’ ,
B 1 TH. ] LHCb (Y (1S) + D”
20 B T o T A [ A s=8TeV)
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- 4 ——DO (y + 3jets, 2014, Is = 1.96 TeV)
151 | 1175 71 ——DO(y +blc+2jets, s =1.96 TeV)
| % L |i 1 = CMS(W+2jets, /s=7TeV)
C - | L2 4 =+ ATLAS(W +l}qu [s=7TeV)
100 : I LHCb (Jiy + D, ‘ET;E;-'I(ND
i T DO (y 37615, 75 = 1.96 TeV)
- - I H —= CDF (y + 3jets, s =1.8 TeV)
S | —— CDF (4jets, Vs = 1.8 TeV)
B T 1 _—-UA2 (4 jets - lower limit, s = 0.63 TeV)
- ~ — _1 2= CMS (J /Y + ]/, \Js = 7 TeV)
0 1 03 1 04 [PLB 751 (2015) 479]
/s [GeV]
» | /1 pair production at LHCb will be an importantinput
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The LHCb detector

» A single-arm forward region spectrometer covering 2 <71 <5
> Runl (2011-2012): L, =3 fb 1 @7 &8 TeV; o(bb) ~ 250 ub™! @ 7 TeV [ERIC 71 (2011) 1645]
> Runll (2015-2018): Lipny =5~ @ 13 & 14 TeV ; 6(bb) ~ 500 pb~! @ 13 TeV [HEP 10(2015) 172]

HCAL
ECAL M5
SPD/PS T
RICH2 M M2
N
\\
pp interaction point =
iy g
|
v Vertex Locator: apv'x/y~10 pm, GPV‘Z~6O pum [JINST 3 (2008) S08005]

v’ Tracking (TT, T1-T3): Ap/p = 0.5 — 0.6% for 5 <p < 100 GeV/c

v RICHs: (K - K)~95% @ misIDrate (r —» K) ~5%

v/ Muon system (M1-M5): (i = u)~97% @ mislDrate (mr - u)~1— 3%
v ECAL: 0 /E~10% /NE ® 1% (E in GeV)

v HCAL: 6, /E~70% /VE ® 10% (E in GeV)

11/9/17 Liupan An 5/15



e ]/ pair @ 13 TeVipmu e,

»Data sample: pp collision datacollected by LHCb at /s = 13 TeV
correspondingto 279 pb~?!

»Fiducial region:both J /Y mesonspr < 10 GeV/c, 2.0 <y < 4.5

> The masterrelation
NCOT'

LintgxB2(J/Y - ptu~)

0O =

v'N¢°": signal yield after per-event efficiency correction
v'Efficiencies estimated using data & simulation

» Trigger targeted at selecting high quality muons;

require either J /1 to be triggered 80
=70

»Simple cuts applied 2%
v'Identified muons with good track quality; ggg

pr > 0.65GeV/c; 6 <p < 200 GeV/c; 510
2<n< 5; 3200

T 4y, 3150
good quality dimuon vertex “

v'Four muons to come from the same PV
v'Duplicate tracks and multiple candidates removed

Zy, 3100
" Mey,,, 3050
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% Cross-section

5MeV/c?)

~—r

Ncor /

»Signal yield obtained from simultaneous fit to the efficiency-corrected 2D
(M (ufup), M (usp3)) distribution

- —+— Data ] Nﬁ - —+ Data :
5000 - - 5000 - 3
= LHCD 13TV — Totalft 4 ZF LHCH13TeV — Totalfit
4000 @ J/Q/)l + J/¢2 __ 0 4000 = @ J/¢1 + J/¢2 ]
- — bkg+JA 3 5 : — bkg+JAby ]
30006 /7 Y U J/¢1 + bkg OZ 000~ /X I J/¢1 +bkg
- bkg +bkg 3 - bkg + bkg 3
2000 - ' 4 3 2000 - g =
- 4 : |

1000 & ; t 1000 E tH

3000 3050 3100 3150 3200 3000 3050 3100 3150 3200

M(pfpy)  [Mev/e?] M(pfpy)  [Mev/e?]

[JHEP 06 (2017) 047]

»Residual from-b component subtracted afterwards

v' The contribution determined using simulation together with ¢ (pp — bb) and
o(prompt J /) from J /i production measurement pyuep 10 (2015) 172]

»Result:
o(J/WYJ/Y) = 15.2 + 1.0(stat) + 0.9(syst) nb
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% Comparison to theory

o(J JAp) [nb]  pHEP 06 (2017) 047]

no pr cut pr > 1GeV/e pr > 3GeV/c

-LOCS 1.34£0.1757% — —

LOCO 0.45 £ 0.097 43202 —
spg | LOKT 6.3576 50 5.7 5500 2. 7557 00

NLO* CS' — 4.340.1755 1.640.1133
NLO* CS” 15.4 £2.2+31 14.8 +£ 1.7+ 6.8+ 0.6

- NLO CS 11.9739 —
DPS 8.1+ 0.9716 7.540.8715 49405510
LHCDb result 15.24+1.0+£0.9 13.5+0.94+0.9 83+0.6+0.5

DPS: assuming go¢ = 14.5 + 1.7737 mb  [proD 56 (1997) 3811

»LO CO : contribution very small

»LO CS/ NLO* CS’ and LO kt: need DPS contribution

»NLO* CS” and NLO CS : consistent with our measurement by itself;
overestimated if thereis DPS contribution
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Differential cross-sections ()

[JHEP 10 (2017) 068]
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Differential cross-sections (ll)
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5 osf brs 1 E s ]
: SPS: LO kr ] =3 LHCb 13TV 7
SRR S SPS: LO CS ; - =
- EEEAA . * 1 - -
R \ ..... SPS: NLO"CSfy ) n56ac 3 E
S g : X>< “‘ — —— SPS NLO CS<kT>i2GCV/C : ; E
..8 15 +<'x %SPS LO CO{kT>:0.5 CeVie ] = 4
- [T SPS: LO COppy=zavze 3 = E
L . [ —— -
oF xxxxx SPS: NLO CS ] = =
- LHCb 13TeV z . =
st - I
0E - M = " OB e eeereecssece:
0 L5 2 25 0 02 0.4 0.6 0.8 1
|Ay| |AG| [
. 50F T T ] —12 I
0 C ] O I n
=3 l . ~ *
BE. LHCh 13TV 5 E|2 b LHCb 13TeV -
S| 40F ™ - SF i
Sleasty - - {\ ]
= S AN 94 - gk .
S %; 30# “\ j 3 § 8: X’«x ‘\ :
b F * . X
o % = = rix ox 7
20F 1 E|IE H % )
- :1& E @“41 S .
155 = - \ .
10F it E : Q;Q_F :
E T T = - 2 ]
Sj% ..... P.._'%_.. E : ~~. xXxXxx ——i :
0 : PN S, ] 0 e e e 2P _
0 02 0.4 0.6 0.8 1 6 8 10 12 14
At m(Jpp Ji)  [GeV/c?]

11/9/17 Liupan An [JHEP 06 (2017) 047]  1(0/15



% Comparison to theory

» Differential cross-sections of different variables compared to theory predictions
v Most significant indication of DPS comes from |Ay|
v" DPS contribution essential forthe region |Ay| > 1.5
v" Also clear indication fromm(J /Y] /Y)

- B T T T T T T T T T T T T | T T T T T T T T ] |—|12 T T T T T T T T T | T T T
2 I DPS TR 1
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of xxxxx SPS: NLO CS 1 5|5 o P \ )
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[JHEP 06 (2017) 047]
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DPS+SPS fits

do
> Template DPS+SPS fits performed as e oppsFpps(V) + osps Fsps(v)
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% Effective cross-section

2
. . lo(J .
» Determined using o.s = —M; lying between 8.8~12.5 mb
2 0Opps
) NLO* CS”
Variable LO kt (k) = 2GeV/e (k) = 0.5 GeV/c NLO CS
pr(JRJRp)  9.7£0.5 8.8+ 5.6 9.3+ 1.0 —
y(Jp ) — 11.9+7.5 10.0 + 5.0 —
m(Jpb JhY)  10.6 £ 1.1 10.2£1.0 10.4 £ 1.0
|Ay| 125 +4.1 12.2 £+ 3.7 124+ 3.9 11.2+2.9
[JHEP 10 (2017) 068]
E 30 T T T T | T T T T T T T T ATLAS _
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£, - ATLAS - 1 —— ATLAS (4 jets, Is =7 TeV)
5 ogl [JHEP 11 (2016) 110] 1 —+—DO0 (2y +2jets, Vs = 1.96 TeV)
o - { —— DOy +Y, /s=1.96TeV)
- i LHCb (Y(1S) + D°’+, Vs =7 TeV)
o0l ", LHCb (r(1S) + D*", |s = 8 TeV)
-1 + B - ATLAS (Z + Jhy - lower limit, Vs = 8 TeV)
- I 1 —— D0 (Jy + Jhy, Vs = 1.96 TeV)
- 1 ——DO (y + 3 jets, 2014, Vs = 1.96 TeV)
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—+ DO (y + 3 jets, Vs =1.96 TeV)
—5- CDF (y + 3 jets, /s =1.8 TeV)
—— CDF (4 jets, (s = 1.8 TeV)
—-UA2 (4 jets - lower limit, Vs = 0.63 TeV)

1 1 1 1 | 1 1 1 1 1 1 1 1 * CMS (]/ll) + ]/lp' \/E = 7 TeV)

0 10° 10° [PLB 751 (2015) 479]
/s [GeV]
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% One theoretical application

» With the differential production cross-sections measured,
our measurement contains a wealth of information!

» It helps to measure the momentum-distribution of linearly-
polarized gluonsinside unpolarized protons

04 I [ [ [ 2 [
Gaussian 19, <k7> fit —
over [0 ;<M, . >/2
é 0a | [ w2l |
LHCb data —+—

0-2 1 + <M,,,> = 8 GeV 1

++ <kf>=4.9+0.8 GeV*
T

[GeV ]

do/dP,, | [5"* dodP
o

1
0 ' ! FEEE ey |
o 2 4 6 8 10 12 14
[arXiv:1710.01684] PWT [GeV]

*See Florent Scarpa’s talk for details
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% Summary

»] /1 pair productionat /s = 13 TeV measured at LHCb
v'Differential cross-sections as functions of various variablesare given
v'Results show evidence for DPS contribution

v 0.5 determined using SPS+DPS template fits

v'HepData record available http://dx.doi.org/10.17182/hepdata.79484

Thank you!
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Back up
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% Efficiency estimation

>‘gtot = EaccXEGECXErecsel XEPID X

‘/Eacc&grec&sel&gPID

* Factorization: e(J /Y J/Y) = e(J/Y1)xe (J/P2)
» £(J /) estimated using simulated J /Y sample; in bins of J /i pr and y

» Track detection efficiency corrected using data-driven method
* &pip Calibrated using data sample

v ecrc: global event cut efficiency
 Estimated from data

* Factorization: gtrig(//l/) ]/l/)) =1- (1 o gtrig ([/l/)l)))((l o Etrig(//lpz))
* &ig(J /Y) estimated using simulated J /1 sample; in bins of / /1 pr and y
» Validated using data sample
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