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S/ Motivation

* Structuresin J /Y] /Y mass spectrum at LHCb, CMS, ATLAS
* Dips observed in data —— explained by interference in all three experiments
* Theoretical situation difficulty & confusing

« Same JP¢ between components? J7¢ =?
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S Data samples and event selections

*¢* Use the same data sample and event selection criteria in BPH-21-003
+* 135 fb'! CMS data taken in 2016, 2017 and 2018 LHC runs

uy 1/ pr() > 2 GeV (2016) & pr (1) > 3.5 GeV (2017, 2018)
s : (] < 24
% 2.95 GeV < M(u*u~) < 3.25 GeV, then constrain to J /1 mass
Iy pr(J/Y) > 3.5 GeV
B 1/Y, Soft Muon ID (very loose)
Ha

Vertex Probability(uTu—u*tu=) > 0.5%

** Main selections:
* Fire corresponding trigger in each year & offline selection

* Multiple candidates’ treatment:
Select best combination of same 4u (~0.2%) with
2 _ (maltu) =My (ma(ete) My
Am = 5 + 5
ml mZ

Keep all candidates arising from > 4u (~0.2%)

+* Signal and background MC samples produced by Pythia8, JHUGen, ...


https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
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Spin-parity analysis

(] General case
e Characterized by Q= (cos@*, d4, D, cosb4,cosb,)

* 0":the angle between incoming g(g) momentum and / /1) momentum in the X rest frame
¢ @,:the azimuthal angle between ] /1) decay plane and [T]~ decay plane in the X rest frame
e ®@: the azimuthal angle between two [*]~ decay planes defined in the X rest frame

* 04:the helicity angle between / /1)1 momentum and [ momentum defined in the J /1 rest frame
* 0,:the helicity angle between / /1), momentum and [ momentum defined in the J /1, rest frame

* Multiple dimension fit
* Using all amplitudes (likelihood fit, full amplitude analysis)

1 Follow the Higgs approach, two simplifications
 Hypothesis testing
* One observable optimal for separating two hypotheses (evaluated using MC & MELA)


https://spin.pha.jhu.edu/
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Spin-parity and amplitudes

U Polarization in production X
* spin-0: unpolarized in any case, gg — X | e ;(51)
* spin-1:qq — X produce /, = +1 ‘ ‘\
* spin-2: gg — X produce /, = 0, +2, minimal coupling: /], = +2 | ./
qq — X produce /, = +1 2(q) ’.,\

[ Polarization in decay
Constraints: parity conservation, identical / /1) bosons

Aj ., helicity amplitude, A(= +, —, 0) helicity of J /Y
A++ H ) J/l// X J/l//

A__ R R ) ‘ ‘‘‘‘‘‘
™ o @Y B ) e @ T
(2 amplitudes remain) P N . """ N

A Spin-0: A, =A__, Ay for 0F
+0

A A, =—A__,Ay=0for0" H =
AO+ Spin-1: A,, =A__ = Ay =0,A,g= — Ay, =A_y = —Ay_for 1~
A_O A++=A__=A00=0,A+0=—A0+=—A_0=A0_f0rl+
AO_ Spin-2: A,, =A__, A,y =Ay,=A_g=Ay,A,_=A_, for2"
A+_ Ay =—A__ A=A =—A =4,

=] A00=A_+=_A+_=0f0r2_
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Monte Carlo modeling

Pythia8: NRSPS—Non-Resonant Single Parton Scattering

99(99%) = J /Y] /b - pruptu”
DPS—Non-Resonant Double Parton Scattering

JHUGen: generate gg(qq) = X = J/Y J/W = 4u
with different J* : 07,07, 1%,17,2%,2~

Private work (CMS simulation)
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https://spin.pha.jhu.edu/

4 Spin-parity discriminants

MELA (Matrix Element Likelihood Approach): create an optimal observable to separate JF¢

Pi(mX' 'Q)
Pi(mX, .Q) + CinPj(mX, .Q)

Dij (mX, ﬁ) =

Q= (cosB*, @4, D, cosby, cosb,) Yo ()
P; the matrix element squared
¢;; calibration constant for a given value of my

Private work (CMS simulation)
—— T 10
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Fit model

template fit is NOT good at separating spin-parity hypothesis = 2D template

Mass: separate signal and background

pdfm(m) = Npy, - IBW|*?®R(My) + Nygrsps * pdfyrsps + Npps - pdfpps
+|ry - exp(i¢py) - BW; + BW, + 15 - exp(igp3) - BW;s|?

D,-: distinguish between different spin parities

T(my, Dy-): 2D template from JHUGen for my — Dy- correlation

@0+(m4”, Do_) t@O—(n”'{u:v D()—)

Private work (CMS simulation)
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Private work (CMS simulation)

X(6900)
LS

0-

mJ,WJ,W [GeV]

— template fit:

Prig(Mays Do)

m4p(GeV)


https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf

CMS ¢ ; : =8 ® BPH_21_003 135fb" (13 TeV.
= & Fit model N I Tew
"0 Mase . . s e\ | =
(] Mass shape from MC is not perfect — use analytic mass shape! S w1 /ALY intevering BWa
pdfi(my,Dy-) = pdf;(my) = T;(Dg-|my) e L i A E

pdf (my) : analytic function o % N TR F
T(Dy-|my) : conditional template, normalized on D,- i AERID. —

T(m ) Dna- [Eg B R AR YOS TR TR N A A A

T (Do Imy) = 20 T m o

fDO_ T(mX) DO_) _ 6§5 7 75
T(my, Dy-): 2D template from MC simulation by JHUGen for my — Dy- correlation

mJ/ uy [G eV]

U Final 2D fit model: pdf(my, Dy-) =
Nyrsps * pdfnrsps(Mx, Do-)
+Npps * pdfpps(Mmy, Dg-)
+Nwo * pdfpwo(my, Do-)
+N(interf—BwiBw2Bw3) * [f o+ * pdf 0%t (interf—~-BW1BW2BW3) (my, DO‘)
+(1 = fo+) * pdfo-(interf—sw1Bw2sw3) (Mx, Do-)]
fo+: fraction of 0 signal component

1 Perform pseudo-experiments
v’ Validate the fit package

v Test the expected sensitivity of the fit model over the toy dataset 10


https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf

CMS ,
- R 2 ~ Ry
-F
2

Summary

(J Develop the spin-parity framework
v’ Create discriminants to separate different spin parities
v’ Construct 2D interference fit model

J Checks on the framework are done
v’ Validate the fit package
e fitis unbiased, and the uncertainties are appropriately estimated
v’ Evaluate the sensitivity
* achieves a separation between J¥ = 0" and /¥ = 0~ with a significance of >> 5o

THANKS!
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| Fit validation

Perform pseudo-experiments to validate the fit package

* Generate toy samples from the final 2D model

* The yield of each component is determined by the fit to the J/{ J/{ mass spectrum in data
* True value of f+ is 0.5: 50% 0 signal + 50% 0~ signal

* Perform unbinned likelihood fit to each toy sample (only float f;+)

A fit projection of mass Projection of T(Dy-|my) on Dy- The pull distribution of f,+
Private work (CMS simulation)
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Expected separation 0" vs 0~

Perform pseudo-experiments to test the expected sensitivity of the fit model over the toy dataset
* The yield of each component is determined by the fit to the J/J J/{ mass spectrum in data

* True value of [+ is set to 0 and 1, separately
* calculate the significance of the separation between J* = 0t and J¥ = 0~
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Key: Mu

on
Electron

: -1
St T 13.11" (13 TeV, 2016)
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> 10 Tri th
L CMS e p; )
(\D 10 Pre[iminary I
= —
€ 10° >
o) . Y
Lﬁ 1 08 Y I low mass double muon + track

double muon inclusive
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10°

10*

c'Im ‘i“ zIrI 3'I“ "I'| si“ T 71'“ (LY L ! G e | ! L SN (S |
. 1 10 10°
1 coverage (track & muon): [-2.5,2.5] W invariant mass [GeV]
B R 1 Excellent detector for (exotic) quarkonium:
I = 2018, 67.9 fb! i

* Muon system
High-purity muon ID, Am/m~0.6% for J/y

60}

Total integrated luminosity (fo—1)

"l  Silicon Tracking detector, B=3.8T
20( Ap+/p~1% & excellent vertex resolution
0 " o

. — Special triggers for different analysis at increasing Inst. Lumi.
OIS N N R RS

Date (UTC) U py (up) pr, (uu) mass, (uu) vertex, and additional u
2016+2017+2018: ~145 fb1
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E: + } CMS Data % =F ﬂ + { CMS Data g 250:_ # + { CMS Data
_H H* Hﬁ « LHCb Data § 2°°;_ HH# * H} « ATLAS Data § 2°°;— HH? J[ H} o ATLASData* 18
}J#}ﬂ" 1} f. :HH . 150:_ + H + ﬁ ++++ 150:— { ++ L' .ﬂ {'ﬂ‘}
20T T e, I . # : foooft i
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3 ﬁ #} #ﬁﬁ}& ﬁﬁﬂ# Hﬁ*ﬁ};&ﬂﬁ sof_ . . it ¢ }Jrﬂ}%{. . o ft ¢ ++H+++} i ++
Sci.Bull.65 (20%) 23 Phys. Rev. Lett. 131 (2023) 15;302

CMS vs LHCb comparisons:
e 135/9 = 15X (int. lum.)
(5/3)* = 8X (muon acceptance)
Higher muon p; ( >3.5 or 2.0 GeV vs >0.6 GeV)

Similar number of final events, but much less DPS
2X yield @CMS for X(6900)

e CMS vs ATLAS comparisons:

e ATLASis 1/3-1/2 of CMS data (trigger?)
e ATLAS used dR cut—remove high mass events

e CMS has slightly better resolution

CMS has good sensitivity to all-muon final state in this mass region
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Phys. Rev. Lett. 131 (2023) 151902
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Spin-parity analysis

J Develop the framework

« MCmodeling gg(qq) = X = ]/ ]/} — 4u with different J*

 MELA developed to create optimal observable (discriminant) to separate pairs of hypotheses
e Construct two dimensional template with mass(X) and discriminant

* 2D template fit to data

é 160%— IIIIIIIIIIIIIIIIIIIIIII cs. —;
. 9 1405_ | ¢ Data —Fit _f
» As the first stage: 3 i Tow. oakoroms
IS 100; \ F. - Interfering BWs _;
 Work on interference 8 o R -"; e, SR %
 Assume BW,, BW,, BW5 have the same J” T % ikt
 Focuson 0%,0” s ° RS BB ;
Fie T dud —
55 ¢ ?W**ﬁ&w # *#;# Y BpH-21-003

My, [GeV]

pdfm(m) = Npy, - IBW|*®R(Mp) + Nyrsps - Pdfnrsps + Npps - pdfpps
+|r; - exp(i,) - BW; + BW, + 135 - exp(ih3) - BWs|?
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https://spin.pha.jhu.edu/
https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf

CMS,/| [
. Monte Carlo modeling

Pythia8: NRSPS—Non-Resonant Single Parton Scattering
99(99%) - J/] /Y - prumptus
DPS—Non-Resonant Double Parton Scattering

JHUGen: generate gg(qq) = X = J/Y J/W = 4u
with different J¥ : 0%,07,1%,17,2%, 2~

Private work (CMS simulation)

o ] original 0* 350000 ‘ ‘ a0
: P A+ P e 050 | 050
FIrSt fOCUS on _] — O VS. — O _ -~ - = < 350000 original 0 300000 original 0
— ~ 7 f mn
7 N . 7 \ / \ 300000 250000[ i -
1 //(o> 2 w1 (0) (D) o2,y o(0) pr(D) Fo(2) s ] oo
—i * %k * * 4 * * SUV = ]
A(X — VV) = 1 mV6162 —|}_| 2 fp,y f A+ 94 f;u/ f | 200000} 7
| \ 150000 N
\ P 0+ I \ 0+ P e o o 150000~ 1
= r % =07/ g ]
\ '] / \ h Y, \ ] P ioG600E ] 100000,
N ~ -
\ - _ / ~_ 7 - - o ‘ R 50000[- 1 g
H P __ + P __ - H 1cti1 fo0 305 As.;‘o 315 320 3.25 Qoo 3.05 Mlaleﬁ‘ X 350 3.25
MIELA can re-weight J* = 0" to/© = 0~ to increase statistic m; (GeV) ms (GeV)
Private work (CMS simulation)
riginal 0 * SN R I 1 J L I EI ‘O,i fhal & ri‘in .
140000 g'lioa- _ ol gng.)r:flo 1 oo} — grlg:’alo ] 10000[- 0}_’)()_'0 4 10000} g,ioa,lo 3}
120000 orainal 0 original 0~ | | original 0~ original 0~ ) original 0~
! 12000( :
10000} . 80001 N PthefbreAn o S A AR 1 80001 FL_eFFFr i o HH LA A U1 of
100000 ‘
b i 10000} -
80000 1 So00P s *L‘ L N 5000 SO W P 6000} . 6000,
d ol N X L 1
sooo}- | | (] . gl i
60000 A A T o 1 . .
| 6000]- 4000 flat for Sp|n—0 1 4o0or flat fOF Spln'o
40000|- o 4000~ 4000[- ]
1 1 2000 1 2000}
20000[- e E 2000 1 —
8o G:SW 7.0 7]5 856 8f5 9.0 0—— - - L] 0 =3 2 k1 0 1 é é 0760 -0.‘75 »o.‘so -0.25 0.60 o.és 0.50 0.‘75 1.00 18

L 1 | 1 L L Il
-3 -2 -1 0 1 2 3 -1.00 -0.75 -0.50 -0.25 0.00 025 0.50 0.75 1.00
May, (GeV) b cos 81 b1 cos(6 ")
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https://spin.pha.jhu.edu/

Chs, | 7275 -
S Modeling of Interference

L Generation is based on JHUGen+MCFM Interference of two BWs
* Interference of any pairs of resonances Private work (CMS simulation) =
* Based on modeling of off-shell Higgs + new resonance o | o 719
* Mohit and Jeff did custom work to adjustto X + YV — Y1) — 4f ok
|T1Alei(p1 + 1"2A2 + T‘3A3ei(p3|2 = 0'06;-
1y 2 X| A |24, 2 X | A, |41 2 X | A4 |2 L
1 1 2 2 3 3 0.04f
+T1T2COS g01 XR8(2A1A§)+T‘1TZSL'TL§01 le(_ZAlA;)
+1,13¢08 3 XRe(2A,A%)+1,1r385inps XIm(2A,A%) " .l'ﬁl I, Mass
+T'3T'1COS ((pg - (pl)XRe(2A3A9{)+T‘3T‘1$iTL(§03 - ¢1)le(—2A3AD E : J ‘ .
 Create templates soof- |

* Pure terms: MC modeling directly
 Interference terms?

600~
4001~

2001~

% 01 02 03 04 05 06 0.7 08 09 1

Discriminant
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S| Modeling of Interference,

Private work (CMS simulation)

O Create templates ool
* Interference of 2 BWs: |A; + Ay|? = |4A{|? + |4,|? + Re(2AA%) '
e Subtract pure terms out to get interference term '5 Interferenqe of two BWs
* Repeat for each pair with reaI/imaginary couplings "o
* Re(24:43)=|A1 + A2| — |A1]% = |45]? oot ﬁ l|
o Im(—24,4%) = |A1e‘z + A51% — |44 — |4,|? e T
* 9templates (3 pure + 3 real + 3 imaginary) A+ B+ C|2 _ |A|2+ |B|2+ |C|2
| | ) n . ‘ - : Ex; . X+ Y - l//l// . 4f
T‘1A1 el¢1 + T2A2 + T‘3A3 el(p3| == i Exi/BWZ'.I‘nterference P +
T12X|A1 |2+T‘22X|A2 |2_|_7A32><|A3 |2 0 —‘B\\/}\Lelrlsw3lnterference J"=0
+1175€08 @ XRe(2A,A5)+1 1ysing XIm(—2A,A%) ] } g T———
+1,13C08 3 XRe(2A,A%)+r,r3sinps XIm(2A,A%) 2004 P

131708 (3 — 1) XRe(2A5A7)+r3rysin(@s — @) XIm(—2A35A7)

60 . 65 7.0 7.5 tt.. 8.0 8.5 9.0

Fit parameters: ry, 13, @1, @3 | - May (GeV)

+2Re(AB*) + 2Re(BC*) + 2Re(CA¥)



Modeling of Interference

JHUGen & MICFM package + weights: modeling of 9 contributions separately
Fit validation: perform template fit to data (only one bin for discriminant)
Consistent fit result with analytical fit to data

T
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-50

-100

™
= function comparison
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— BW3 . 140
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Consistent fit result

1D template fit Direct mass fit
with roofit

1.7010:12
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—0.9419321

2144182
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CMS,/ |

Monte Carlo: Re-weighting

Disagreement on mass distributions between MC and analytic functions from published paper

Reweight mass distributions to match analytic functions

Reweighting is not a necessary requirement. Templates can be made without reweighting

Events

Private work (CMS simulation)
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CMS | 73
o A =
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H

MC tuning

[ Inconsistent kinematic distributions between data and MC samples

Events

Data

BW quark-antiquark annihilation qc_l - BW - ]/l/)]/lp - ‘L[+ﬂ_l,l+‘u_
BW gluon fusion gg - BW - ]/l/)]/l/) - ‘u+ﬂ_ﬂ+,u_ } . |
— NRSPS: gg(99%) = J /] /P — ptp-ptp= = SIMEar
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0.01

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

OI_]FIZOI I l40II I60 80 100 120
pr(ptu ptum)[GeV]

 Discriminants are sensitive to pr, angle, ... distributions — sensitive to MC simulation

O MC tuning in Pythia8 to improve the agreement between MC and data

* NRSPS MC:
v pTdampMatch=1, renormMultFac=10, pTmaxFudge=2 [Green light in Generator Meeting on Oct 16]
* Signal MC: [report in P&P meeting on Nov 15]

v' pTmaxMatch=1, f.scale € Uniform [5, 50]

» Perform sideband consistency study


https://indico.cern.ch/event/1335023/contributions/5619913/attachments/2734843/4755332/pythia8tuning.pdf
https://indico.cern.ch/event/1338469/contributions/5666105/attachments/2751637/4789797/talk_2023_11_15.pdf

Sideband consistency study

* Sideband region: M(X) € [9, 15] GeV
* Mixing NRSPS and DPS: yield of is determined by the fit to the J/{ J/{ mass spectrum in data
* Improved agreement of kinematic distributions
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CMS. Sideband consistency study

Improved agreement of the discriminant Dy-between tuned MC and data

Discriminant to distinguish between 0+ and O-:
PO_(mX' 'Q)

é
DO—(mx, Q) = — —
P0+(mx, Q) + CO—XPO—(mx, Q)
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Fit model |ry exp(i¢p1) BW; + BW, + 13 exp(i¢p3) BW3|?

Y
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