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Introduce

J/psi pair produced in LHC

SPS: gg—J/YI/Y DPS: gg—J/YI/Y

Measurement of Jpsi Pair cross section can validate perturbative quantum
chromodynamics (QCD)

cc—3g 64.1% +1.0%
cc—y+2g 8.8% 20.5% > We choose Jpsi decay to two p channel:
cC — Y ~25.4% * The physics process is cleaner

« The lepton trigger is better to select signal

y — hadrons  13.5% £0.3% « CMS have the best technology to identity

y—e +e  594%+0.06%

you +pg 5.93%+0.06%




Introduce

» Measure the J/y pair production cross section using Run2(2016-2018) data in CMS
 Study the Fraction of DPS and SPS

SPS: gg—J/yi/Y DPS: gg—J/Pl/d

» The J/p pair production measurement has been done by LHCb, ATLAS and CMS

LHCb 7TeV 37.5pb? 2<n<4.5 pt<10GeV 5.1+1.0*+1.1nb

LHCb 13TeV 279+ 11pbt 2<n<4.5 pt<10GeV 15.2+1.0+0.9nb link
ATLAS 8TeV 11.4fb1 [n|<2.1, pt>8.5GeV 15.6+1.3+1.2+0.2+0.3pb for link

[n|<1..05
13.54+1.3+1.1+0.2+0.3pb for
1.05<|n|<2.1
CMS 7TeV 4.7fbt pt>6.5GeV: |n|<1.2 1.49+0.07+0.13nb link
pt>6.5—4.5GeV:
1.2<|n|<1.43

pt>4.5GeV: 1.43<|n|<2.2


https://www.sciencedirect.com/science/article/pii/S0370269311014729
https://arxiv.org/abs/1612.07451
https://arxiv.org/pdf/1612.02950.pdf
https://arxiv.org/pdf/1406.0484.pdf

Data and MC

/Charmonium/Run2016B-02Apr2020_ver2-v1/NANOAOD
/Charmonium/Run2016C-02Apr2020-v1/NANOAOD
/Charmonium/Run2016D-02Apr2020-v1/NANOAOD
/Charmonium/Run2016E-02Apr2020-v1/NANOAOD
/Charmonium/Run2016F-02Apr2020-v1/NANOAOD
/Charmonium/Run2016G-02Apr2020-vl/NANOAOD
/Charmonium/Run2016H-02Apr2020-v1/NANOAOD

2017 /Charmonium/Run2017B-02Apr2020-v1/NANOAOD
/Charmonium/Run2017C-02Apr2020-v1/NANOAOD
/Charmonium/Run2017D-02Apr2020-v1/NANOAOD
/Charmonium/Run2017E-02Apr2020-v1/NANOAOD
/Charmonium/Run2017F-02Apr2020-v1/NANOAOD

2018 /Charmonium/Run2018A-02Apr2020-v1/NANOAOD
/Charmonium/Run2018B-02Apr2020-v1/NANOAOD
/Charmonium/Run2018C-02Apr2020-v1/NANOAOD
/Charmonium/Run2018D-02Apr2020-v1/NANOAOD

SPS /SPS_TolJPsiJPsi_*-pythia8/Runll*NanoAODv7-*mcRun2*/NANOAODSIM

DPS /DPS_ToJPsiJPsi_*-pythia8/Runll*NanoAODv7-*mcRun2*/NANOAODSIM

We just use 2016 dataset in this presentation



Object and event selection

»>Trigger >JIy
HLT DimuonO_Jpsi_Muon The J/y was reconstructed by two muon

- 1<|nWiw)| < 2.2 pT(J/y) >6GeV

» Muon
- Standard Medium muon ID In(J/y)| <1 pT(J/p) >7GeV
e pT >=3.0GeV

Primuon ° * [m(dimuon) — 3.096GeV|<0.3GeV

* |[n(muon)|<=2.4

»J/yp Pair
* In one event, if the number of J/y candidates is larger than 2
minimal | m(J/p1)-3.092GeV/|? + | m(J/p2 )-3.092GeV|? is used to select one combination

« J/y pairs assigned randomly as J/p1 and J/p2

* J/wl(muonl2) and J/w2(muon34) do not share a common muon



J/p J/yp events extraction strategy

» The process contribution to the signal region are:
« Jly + J/y (signal)
« J/y + combinatorial
« Combinatorial + combinatorial

» Process modeling
 J/y: using double-sided Crystal Ball (DSCB) function

The parament get from DPS and SPS fit

(lz_;il)mf (3Xp( |m:|2) (& — |az| — w_—g)—nf,J for $_;E <—ay

fs(x;0) = ¢ exp(—1 (22)

(Izgl)nR exp (_lﬂ.‘:‘lz)(ﬁigl . |{]§H| + %)—ﬂﬂj rOl" % 2 (}IR:‘

):| for —ay, < % < (¥R

« Combinatorial component: use the 2nd Chebyshev Polynomial




Modeling the J/y

» Use SPS and DPS simulation sample to get J/y shape

36.3 b (13 TeV)

2500

Events/(0.01 GeV)

DPS

1000

500

'mIII\‘\II\‘\III‘\\Ill\\llllll

+ JpsiJpsi simulated events

CMS

Simulation — it
EXT PARAMETER
NO. VALUE

09567e+00 07054e-04

2 91199e-04

pha_

alpha_2 g

n_1 119e+00

n 2 .28899e+02

18000

16000

14000

Events/(0.01 GeV)

12000

10000

8000

6000

4000

2000

+ JpsiJpsi simulated events

CMS

Simulation

fit

EXT PARAMETER
NO. NAME
1 Jpsi_mean
2 Jpsi width
alpha_1
alpha 2
n_1
n_2

1.03025e-04
1.11878e-04

baTWI[II['IH[Ilflllll”ll\\ll”ll\\l[ll

» Use the double-sided Crystal Ball (DSCB) function to fit

28 I 34 32 £A0

J/pl (muonl?2)

34
m,[GeV]

* The shape are same in the SPS and DPS

2500

2000

Events/(0.01 GeV)

1500
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500

8000

6000

4000

2000

: C M S + JpsiJpsi simulated events
r Simulation fit
C EXT PARAMETER
L NO. NAME
— Jpsi_mean
B Jpsi_width
B alpha_1
I alpha_2
= . ‘
29 3 31 3.2 33 34
m,,[GeV]
-1
36.3fb" (13 TeV)
? c M S + JpsiJpsi simulated events
E Simulation fit
= EXT PARAMETER
o NO. NAME VALUE
c Jpsi_mean 3.09504e+00
~ . 2.98876e-02
= alpha 1 1.40078e+00
— alpha_2 1.44909e+00
E n_1 :
- n 2
: L
.8 2.9 3 31 3.2 33 34

my,[GeV]

J/p2 (muon34)

2.89219e-01



Extraction of the number of J/g J/@ events

Events/(0.01 GeV)

- -1
36.3 fb1(13 TeV) 36.3fb" (13 TeV)

2500 < 2400

B ¢ ¢ Observed & = ® Observed

| C M S total fit model S 2200 c C M S total fit model

- Jpsi1+Jpsi2 S 2000 Jpsi1+Jpsi2
2000 __ — - Jpsil+comb :-2 1800 :_ —— - Jpsil+comb

- comb.+Jpsi2 e = - — — comb.+Jpsi2

B #8E comb.+comb. 1600 B comb.+comb.
15001— 1400

B 1200 —
1000 |— 1000~

- 800

B 600

500— C
- 400
N 200
e L oo deoomdbmoend PO TN o i el Tt Wbt bed0vd e oo b3 it Pl . L R PR e
8.8 2.9 3 3.1 3.2 3.3 3.4 9.8 29 3 3.1 3.2 3.3 3.4

mmuom 2 mmu0n34

« We do the 2D fit invariance mass of muon12 and muon34 of data, and show the projections of the 2D fit

» The fit function is double-sided Crystal Ball (DSCB) function + 2nd Chebyshev Polynomial

I+l 0.631+0.033 14176+ 754
J/y+Comb. 0.327+0.024 7336+ 550
Comb.+comb 0.042+0.008 949+195

» The J/y Pair fraction is f(J/w1 J/p2) = 0.631 £ 0.033
* The J/y Pair events observed is 14176 754



fiducial inclusive cross section \,}
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The J/y pair production cross section is measured in the fiducial region where both J/y pt>6 and
absolute rapidity below 2.2 (when absolute rapidity below 1, J/g pt>7). The fiducial inclusive
cross section can be calculate as follow formula:

NCOT'T

o _ -1 2 _ + 0
Ofid =EB20 s L = 363fb B2(J /1 - uw) = 5.93 + 0.06%

The N can be obtained as:

Nobs

N = [ZN* _ Wreco/W1) Wreco /P2)
Werr (/Y1) Werr(J/P2) wérig(]/l/)p]/lpz)]_l

° NObS number of observed J/y Pair events in fiducial region

the probability for a J/p (|n| <2.2 and decaying to a pair of muon) decay to two muon within the
geometrical acceptance of detector(muon (|n| <2.4)

* w,.cothe probability for two muon from the J/yp which pass can be reconstructed by PF algorithm as
muon

* w.rr the probability for two muon from the J/y which pass the and w,.., can pass the event selection

* wirigger the probability of a event include a pair of J/y which have pass the , Wreco AN w,rr CAN PASS
the trigger

The method is similar to that used by LHCb Collaboration 10



Acceptance probability

= I mi
© 2F
3 = —0.98
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Jpsi pt [GeV]

NU

wacc DEN

DEN = Number of / /1) with || <2.2 and decaying to a pair of muons
NUM = DEN && muon || < 2.4

 The w,.. was calculated in the / /1 (pt , eta) plane

 DEN and NUM were calculated in generator level "



Reconstruct probability

0.7

Jpsi eta

0.6

0.5

0.4

0.3

0.2

0.1

5 10 15 20 25 30 35 40 0

Jpsi pt [GeV
_ NUM psi pt [GeV]
Wreco = DEN

DEN = Number of J /¢ with |n| <2.2 and decaying to a pair of muons with muon |n| <2.4(the NUM in w,, .. )
NUM = DEN && Pair of muons reconstructed by PF algorithm as muon

* The w,.., was calculated in the J/y (pt, eta) plane

* DEN and NUM were calculated in generator level
12



Selection efficiency

© —
o 2=
Z —
=3 —
g —0.8
0.5
= 0.7
-0.5F
— 0.6
1k
-15 0.5
-2
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | O 4
S} 10 15 20 25 30 35 40 ’
Jpsi pt [GeV]
— NUM

Weff = DEN

DEN = The NUM in @, ¢,
NUM = DEN && J/y and decayed muon pass the event selection

* The w.sr was calculated in the J /i (pt , eta) plane

» DEN were calculated in generator level but NUM were calculated in reconstruct level -



Events pass trigger probability

D
o

= 1
(0]

9, 0.9
5 35

] 0.8
e

W
o

10 15 20 25 30 35 40
__ NUM Jpsi pt [GeV]

Wtrig = DEN

DEN = event included a pair of muons which pass the w, .. ,wreco @aNd w55
NUM = DEN && event pass trigger

+ The w,rr was calculated in the(J /i pt, ] /i, pt) plane

« DEN and NUM were calculated in reconstruct level

- Since J/y pairs assigned randomly, w.,;, should be symmetric for J /1, and J /1, 14



Fit of corrected events

36.3 b7 (13 TeV) 36.3fb™' (13 TeV)
s P°F . 3 40000 - § o
g C CMS * 2:: f:\t’(::odel g § CMS ][\r m;e f::ernodel
g, 2000 C Jpsi1+Jpsi2 g‘35000 :_ | Jpsi1+Jpsi2
£ L —— - Jpsit+comb £ F P —— - Jpsil+comb
[ - — -~ comb.+Jpsi2 230000{— f ~ — ~ comb.+Jpsi2
« C B8 comb.+comb. = E .+ % #8 comb.+comb.
1500 — 25000 :—
L 20000F-
1000 — E
C 15000 :—
. L ) 10000
C l E
E 1/ 1_[ W 5000—
93 2.9 =33 a4 > 9.@.’_ I a4
36.3 fb ' (13 TeV) The weights 36.3 b (13 TeV)
(%; 2400 E_ ¢ Observed are com puted %40000 :_ i ¢ oObserved
s 2200 2 CcMmSs total fit model event-by-event g E CMS [\ total fit mode!
= 2000 = Jpsi1+Jpsi2 335000 — Jpsi1+Jpsi2
% 1800 —_— Jpsi1+coml.: g E —— - Jpsi1+comb
> E comb.+Jpsi2 ©30000— -~~~ comb.+Jpsi2
w 1600:— comb.+comb. w E B85 comb.+comb.
1400 25000— \
1200~ =
1000 20000 .L
800 15000/
600 f— E
E 10000 —
400— E
200F- 5000 / :
9% 35 . X I ¥ R ¥ 34 QM'T‘”‘%’ = e et Bl it
Minuon3s .8 29 3 < 32 33 34
Miuonaa
Corrected yield
y+diy 0.573240.0010 999234 4+501 * The J/y Pair fraction is 0.5731+ 0.0010
Jiy+Comb. 0.3678+0.0009 147101+372 * Number of J/y Pair events is 229234 +501,

the cross sectionis 1.80+0.02 nb
Comb.+comb 0.0590+0.0004 23599+161 15
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Extracting the DPS fract

lon strategy

JpsiPair_mass

- htemp
- Entries 19485
2500 — Mean 31.3
L Std Dev 18.52
e DPS
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Py . A S TR N
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« The SPS and DPS contribution can be separated because of their different kinematics

» The fiducial cross section is measured in individual bins of the rapidity difference or invariant mass

17




Modeling the J/y(1)

The individual bins of two J/y invariance mass are [5, 10, 15, 20, 25, 30] GeV
DPS

-1 1 4
36.3 10 (13 TeV) 3637 (13 TeV) i 36.3fb' (13 TeV) . 36.3fb" (13 TeV) . 36.3 b7 (13 Tev)
E s s z | s F -
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% 18000/ - S 2000~ % 220 $® f 2 .F
S CMS b s | § w CMS ’ 4+ ek it vy ¢ b CMS . 4+ dpsips! simulated evonts ¢ cms & Jpsiipsi simalated events. g ® CMS & Jpsiipsi simulsted events
" % oo Simulation n S Leb U N n S - Simulation R S [ Simulation ™
3 £ E E 2 o
E 8 E i
1400~ @ @ apf “or
1200f- 15|
[ 0 F
auu: o ol
80D 200 E
200F- F .
8% 5 . i L "'u‘ ILIAK J" lj WL
mdGe] ] 9 L = B T e

[5,10] [10,15] [15,20] [20,25] [25,30]

» Use the double-sided Crystal Ball (DSCB) function to fit DPS and SPS shape in individual
bins of two J/y invariance mass

18



Extracting the DPS fraction

The individual bins of two J/y invariance mass are [5, 10, 15, 20, 25, 30] GeV
Jpsil
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Modeling the J/y(2)

The individual bins of two J/y rapidity difference are [0, 0.5, 1.0, 1.5, 2.0, 2.5]

DPS

~ 36.3 ' (13 TeV) _ 36.3 b (13 TeV) 36.3fb" (13 TeV) . 36.3 7' (13 Tev) - 36.3 07 (13 TeV)
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“ 4 00—
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E 00—
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i cms b s | 2 oM L s | S L.F CMS [ 4 memiiene | 2 °F CMS |t m— S cms [+ e
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80007 =
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» Use the double-sided Crystal Ball (DSCB) function to fit DPS and SPS shape in individual
bins of two J/p rapidity difference

20



Extracting the DPS fraction

NG el

N AL

The individual bins of two J/y rapidity difference are [0, 0.5, 1.0, 1.5, 2.0, 2.5] GeV
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Using the rapidity
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Summary

Use the CMS 2016 data measure the J/p Pair production cross section in this phase space

In(J/p)| <1 pT(J/p) >7GeV
1<nJ/w)| <2.2  pT/y)>6GeV

The cross section is 1.80+0.02 nb

Use the SPS and DPS MC sample to do the J/p shape fit

Study the fraction of DPS
¢ fDPS =89.0 + 11.0% for meSinSi
* fops = 90.9 £ 9.1% for |Delta(Jpsil, Jpsi2)|

»Next step
» Use the full Run2 data, add the systematics

» Use the vertex information in event selection
22
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Data and MC
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/Charmonium/Run2017C-02Apr2020-v1/NANOAOD
/Charmonium/Run2017D-02Apr2020-v1/NANOAOD
/Charmonium/Run2017E-02Apr2020-v1/NANOAOD
/Charmonium/Run2017F-02Apr2020-v1/NANOAOD

2018 /Charmonium/Run2018A-02Apr2020-v1/NANOAOD
/Charmonium/Run2018B-02Apr2020-v1/NANOAOD
/Charmonium/Run2018C-02Apr2020-v1/NANOAOD
/Charmonium/Run2018D-02Apr2020-v1/NANOAOD

SPS /SPS_TolJPsiJPsi_*-pythia8/Runll*NanoAODv7-*mcRun2*/NANOAODSIM

DPS /DPS_ToJPsiJPsi_*-pythia8/Runll*NanoAODv7-*mcRun2*/NANOAODSIM

We just use 2016 dataset in this presentation
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Extraction of the number of J/g J/@ events

36.3 fb' (13 TeV) 36.3 fb' (13 TeV)
= 2400 3 2400
22200; CMS + ¥ Observed 222005— CMS + Observed
gm'_ 20005_ total fit model % 2000f— 4 —— total fit model
5 1800 e 5 1800 — el
“ 1600 Comb. W 400~ Comb.
1400 1200~
1200 1200
10005— 10005—
800F- 800
= 600
400 4005_
200f- 200%—
’ - J/L|J1 (r$11uon12)32 - - & 2 J/l.|J2 (muon34) 3 o
Process fraction Uncorrected Process fraction Uncorrected
yield yield
J/p1 0.796+0.009 179414207 J/p2 0.798+0.013 179871302
Comb. 0.204+0.009 4596+ 207 Comb. 0.202+0.013 45631302

We do the 1D fit separately for the invariance mass of muonl12 and muon34 of data

The fit function is double-sided Crystal Ball (DSCB) function + 2nd Chebyshev Polynomial

From the fit we can get f(J/w1) = 0.796 =0.009 and f(J/p2) = 0.798+0.013

The J/y Pair fraction is f(J/w1 J/w2) = f(J/wp1) * f(J/p2) = 0.635 + 0.011

The J/y Pair events observed is 14324 +284 >



Fit of corrected events

36.3fb7 (13 TeV)

36.3fb " (13 TeV) % woncof
52400:— & E e + Observed
g 2200; CMS * ¥ Observed 535000; CMS total fit model
g ZOOOE— total fit model g = sosi
H 1800E- —— Jpsi Eanoooz— -
- 15°°§_ com: 25000/
1400 F
1200 20000~
1000;_ 15000
800E- F
600; 10000;—
Zgg;_ 1/ | | i so00r-
E w c - e .
T Bk E—r 33 s Q;Wﬁ;;“ - X B Y M?;ﬂ“:-—'?zz
> -
36.3 b (13 TeV) . 36.3fb (13 TeV)
fg‘zaooz— R The Weights §4uooog CMS - -
g ZZZ; CMS o are Computed %35000;_ total fit model
% 1800 — Jpsi event-by-event anoooif :wb
w 1600;— Comb. _—
1400 E
1200f— 20000(—
1000;_ 15000
800 F
600 10000
400 E
200 5000~ .
 —Y B x E— 33 EE B.W Y E— WA
Process fraction corr yield Process fraction corr yield
Jip1 0.750+0.002 300772+911 J/y2 0.765%0.005 307202 +1909
Comb. 0.250£0.002 100430£911 Comb. 0.235%0.005 94454 +1909

» The J/y Pair fraction is f(J/w1 J/w2) = f(J/wp1) * f(J/w2) = 0.574 = 0.004
» Number of J/p Pair events is 230427 +-1626.59, the cross sectionis 1.80+0.02 nb
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Closure test (DPS private sample)

Use DPS private sample to do test

In(w)] < 2.4 2197 2201.1+115.3 2196.6+33.5 2197.1+31.3
lpr ()| > 3.5 118 126.84+21.0 117.6+3.3 118.0+3.2
reco. (1) 110 110.71+33.6 102.3+7.4 102.5+6.8
id. () 104 108.6143.0 100.3£9.9 100.4+9.1
vtx(uu) 83 96.8+45.6 85.71+10.3 86.019.5
HLT 60 73.0x63.2 54.816.6 55.1x6.3
4 ucut 52 56.31+61.3 48.016.4 48.216.1

 The DPS weights error are big
» Observed events and corrected events have good agreement
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Closure test (SPS private sample)

394514 +40222

In(w| < 2.4

lpr(W)| > 3.5

reco. (1)
id. (1)
vtx(up)
HLT

4 ucut

Use SPS private sample to do test

394844

75251

66964

65756

53772

40733

36320

81903 +18613
75576128854
74173 +36255
65585+ 37371
57159159898

43496 +56847

 The DPS weights error are big
» Observed events and corrected events have good agreement

394696 =6190

75619 +1974
68178 +3924
668165188
57180+5349
39898 3992

35053 +3850

394717 +5973

75776 +1941
6832113779
66950 +4983
57428+ 5146
40079 +3882

35201+3761
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