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Hadron spectroscopy at CMS

LHC provides high luminosity: heavy flavor production cross section

several order of magnitudes greater than at e-e colliders

But the hadron collisions environment is characterized by

complex initial state and high background

CMS exploits its 41T coverage and high resolution to perform
challenging measurements in Heavy Flavor physics using data

from both proton-proton (pp) and lead-lead (PbPb) collisions

The presented recent CMS measurements concern both

conventional and exotic spectroscopy in the charm (X(3872))

and beauty (B_ mesons, A_ and =_baryons, bottomonia) sectors




CMS

Recent CMS results

= e Measurement of the Y(1S) pair production cross section and search for

% resonances decaying to Y(1S)u' in proton-proton collisions at vs = 13 TeV

x| s g S e e e T e = .,

° [PLB 808 (2020) 135578] ™~ Not covered today
(S '. _____________________________
e
(e]
i e Observation of the B_° + X(3872)¢ decay [PRL 125 (2020) 152001]

e Evidence for X(3872) in PbPb collisions and studies of its prompt production
at Vs, = 5.02 TeV [arXiv:2102.13048, submitted to PRL]

(2]

Z

(@]

i o Observation of B® » Y(2S)K® ' and B®_ » Y(2S)K°_decays

“ [CMS-PAS-BPH-18-004]
2 ° Measurement of B (2S)" and B_*(2S)" cross section ratlos:_l_n_gljg_’c_q_r]_p_[gt_g_q ______
Z o
S
§ e Study of excited A ° states decaying to A _°mm in pp collisions at

@ Vs =13 TeV [PLB 803 (2020) 135345]

2

G e Observation of a new excited beauty strange baryon decaying to Eb'rr+rr'

[PRL 126 (2021) 252003]
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https://www.sciencedirect.com/science/article/pii/S0370269320303828?via%3Dihub
https://doi.org/10.1103/PhysRevLett.125.152001
http://arxiv.org/abs/2102.13048
https://cds.cern.ch/record/2776784?
https://doi.org/10.1103/PhysRevD.102.092007
https://doi.org/10.1016/j.physletb.2020.135345
https://link.aps.org/doi/10.1103/PhysRevLett.126.252003
https://indico.lip.pt/event/592/contributions/3430/

CMS

Observation of B ° » X(3872)¢ decay

Search on 140 fb™ of pp collisions data at v's =13 TeV during 2016-2018 at LHC
X(3872) [aka x_,(3872)] does not fit €C spectrum: narrow state above DD threshold
Investigate X(3872) production in weak decays from beauty mesons

Ratio R: production cross section measured w.rt Y(2S) (normalization channel)

BIBY X (3872)¢|BIX(3872)—J fymn~]  NIBi=X(3872)¢] epo 5,4

R BIB)—9(28)g]B[¢(28) T /¢mm-]  N[BI—(25)¢] e

BYX(3872)¢

e X(3872) and Y(2S) both reconstructed in same final state J/{( = u'Ww) m'mr
e $(1020) reconstructed in K’K" final state

o N[BSO > X(3872)/Y(2S) ¢]: signal yields for X(3872)/Y(2S) » J/yrr'mr

o s(BSO =+ X(3872)/Y(2S) §): overall reconstruction efficiency

e Many systematic uncertainties cancel in the ratio (nearly identical kinematics)



B.° » 1(25)/X(3872)¢ signal extraction

e HLTrigger requirements: J/Y+track from (common) displaced vertex

e J/W+4tracks vertex, with two OS tracks compatible with ¢$(1020) » K'K"

e Separate m(J/Pm'm) mass windows for (2S) and X(3872)

CMS

e Improved resolution with m(BY) = m(J/¢YK* K- nt ") —m(J/pn* 7)) + m GG v e

e Signal extraction optimized with (separate) further selection (MC-based studies)

Two separate 2D UML fits:

% P(2S): Double-Gaussian
% X(3872): Double-Gaussian

(with shape fixed by Y(2S))
% $(1020): BWeGaussian

> N(B.L > y(2S)$) = 15359 + 171
> N(B.° » X(3872)¢) = 299 + 39

(syst.) non-Bso contribution estimated
on data (background subtraction):
1.2% on X(3872)/Y(2S) yields’ ratio
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S E © ST o OV - L E—
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20E 20:— e, S
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Details on event reconstruction, signal extraction and systematic uncertainties in backup
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CMS

X(3872) production in weak decays

€p0_, FoTTTTTTTTTTmmmmmmmmmees
Efficiency correction (estimated on MC): Eiﬂ = 1.136 == 0.026 ! >1, because of tighter
Bs—X(3872)¢ | requirements on
. . . + m(rm'mr) for X(3872) !
Ratio R and X(3872) production in weak decays
(P(2S) decay chain well-known): E_[LHCb’ JHEP 02 (2021) 024] i
|
R =[2.21 4+ 0.29 (stat. ) £ 0.17 (syst. )| % i Rﬁ)cé(sfi)f%fﬁb = (2.4240.23+0.07) x 1072 |
|

B(BY — X(3872)8)B(X(3872) — J /bt ) = (4.14 + 0.54(stat) + 0.32(syst) = 0.46(B)) x 100

Consistent with analogous B° B(B'— X (3872)9)
decay, but two times smaller |B(B*—X(3872)K*)

= 0.482 + 0.063(syst) £+ 0.037(syst) £+ 0.070(B)

thanB+ :—"‘I"'\|"'I‘II "'I"‘I"'N"'I"—: :—‘"‘I""I""I""I""N"|"|""’L:

Significantly lower than the '*:' BI-X(3872)¢ : B v(2S)¢ _'E— :

correspondin 2S) decay: | EI: 0 o ' :

B(B, J:b(zs)cﬁ) g:Lp; 87) + 0.1); : _.i— B O: : T EL.— :

B(B+—>¢(2S)K+) a _f— Bo—>X(3872)K0—; - B—w(2S)K° +o— =
I

An explanation has been

L *X(3872)K 1 ¢ B* > w(2S)K* -

proposed [1] within the : oXEeTAKY o p TOEERR
Bl T v b b by b f g | R e—

tetraquark model of the 0 2 4 6 8 10 12 14 16 0 1 2 3 4 5 6 7,
X(3872) state. B(B—X(3872) h)x B(X(3872)—Jyz*z-), 10°° B(B—y(2S)h), 10

[1] [Maiani et al., PRD 102 (2020) 034017]
" Vincenzo Mastrapasqua _ gthSeptember 2021 - PANIC2022 ... B



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132001
https://doi.org/10.1007/JHEP02(2021)024

CMS

X(3872) production in PbPb collisions

: kinematical range:
1 15< Py < 50 GeV/c, lyl <1.6
(2018) at CMS at Vs, = 5.02 TeV per nucleon pair R e '

1.7 nb” (PbPb 5.02 TeV)

First evidence using 1.7 nb™ of PbPb collisions data

@40()%_ cms 15<p <50 Ge\1//g _3
UML fit to extract signal yields for Y(2S) and X(3872)  zus ™" cent 0'50% 3
Final state: J/Y( = u'w) ' SO |
Significance for inclusive X(3872): 4.2c N E
; b-enricheld(/xy >lo.1mn;) +data . —%3

60E — —total fit E
E - - --background _52

Prompt fraction estimated with MC studies
Yields corrected by acceptance and overall efficiency

Entries / (10 MeV/c?) E
3
| AR LR R LU L |

10; - 4 +__

Ratio of corrected yields for prompt production in AN
Pbpb CO"iSiOhS Qpp: 18 1.7 nb™' (PbPb 5.02 TeV)
- CMS
1-6:_ Prompt
e compatible with 1 (within 10) £l raf <16, 000%
e compatible with PP =041 (within 20) o 112 I
) 1
><2}20 8 W pp (7 TeV)
Much larger data sample expected in Run-3 at LHCin ' F =< 12icH)
. £ B pp(8TeV)
order to improve the measurement and understand the g o4f Il < 0.75 (ATLAS)
internal structure of X(3872) and the differences of its 0.2¢

production mechanism w.r.t. Y(2S)
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CMS

Intermediate resonances in B decays

) 0 0+ 0 0 CMS Preliminary 103.7 fb' (13 TeV, 2017-2018)
Observation of B* » P(2S)K" m'm and B » Y(25)K", 3 | Data
=
10° F — Fit
(+ c.c) decays at CMS using 103.7 fb™ of pp collisions % —-B signal
=2 r % e BY signal
. (] s
data at vs =13 TeV during 2017-2018 at LHC 8.l — Comb. bkg.
c
4]
@) [
. . bt A
=> Final state accessible to both B and B-bar ”ﬂw** Tll \ *
10 F Vo
¢  time-dependent CP violation R R e e ear 's.lxl
. M. oeyo [GoV]
-  Multi-body decays I
O B° = Y(25)K°: signif. 5.20
&€ search for intermediate exotic resonances O B°= ¢(25)K°s; control channel
................................................................. CMS _ preliminary 103.7 fb' (13 TeV, 2017-2018)
. > ;
: 2- and 3-body invariant mass distributions of 2 soop '
0 0 it = 500 —— B signal
: the B” » Y(2S)K" m'm decay products do not 3 ool - B = wESKKET
3 [ —— Comb. bkg.
: show any significant exotic narrow structure in = ey
: O 200
- addition to the known light meson resonances : ook : o
- (p(770), K*(892)*, K1(127O)°) within the current 810 515 520 525 530 535 540
: : My es)Knir 1OV

: available statistics see backup]
: O  B° = (2S)K_mr'm: signif. > 30
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CMS

Study of excited A ° states into A °rr'm

Search on up to 140 fb" of pp collisions data at s =13 TeV during 2016-2018 in the
kinematic mass range: m(A_°m'mr) in [5.90, 6.40] GeV

e Near kinematic threshold: observation of excitations A (5912) and A _(5920)
e Higher-mass regions: signals consistent with A _(6146) and A (6152)

/\bo reconstructedin: """ """ 777 S :

E 2) /\bO > P(2S

4

—
+

1 t|
>
o

Event selection (summary):

combination of triggers targeting J/y » p'w
P(K) >3 GeV; In(u)l <2.2; P (up) > 1%; m(pp) in [2.90, 3.95] GeV
J/P [P29)] if m(up) <[>] 3.4 GeV; m(J/Ym'm) in [3672, 3700] MeV
Im(ptT) - M, "¢ <10 MeV; P__(pTT) > 1%;
Primary Vertex selection (T(/\bo) negligible) and PV refitting excluding tracks
involved in the reconstructed decay chain
e Selection on /\bO flight distance and its alignment with /\bO momentum
" Vincenzo Mastrapasqua _ gthSeptember 2021 - PANIC2022 .9



CMS

AT signal extraction

o Ab° signal yields: J/YA:39k;  P2S)(» W' WA: 3.4k;  P2S)(=» pummA: 4.3k
e Two OS additional tracks from PV (control region: SS tracks)
e Mass resolution improved with M, = M(Ajn"n7) — M(A}) +miP®
e Further selection optimized for the two regions: "\07+72 5.95 GeV

CMS up to 140 fo'' (13 TeV)

UML fit to data 1T ! f Daa
801 — Signals
B ---- Comb. bkg.

e Signals: Double-Gaussian (resolution from MC) 60

e Background: threshold function (x-x)° "
________________ 1 L
Two signals observed: ' 4 A (5912) (5.70) :/ 201
I L
|
|

Candidates / 1 MeV

LRGN Y Ly
5.91 5.92 5.93 5.94 5.95

.l:l N\ (5920) (>60) m. . [GeV]

e Two A_signals and broad excess: 140209 pto 140 7(13 TeV)
Breit-Wigner ® DoubleGaussian
e Background: (x—xo)B * 1sLorder polynomial

120F
100F

Single peak at 6150 MeV (., = 3.8 MeV; signif. > 60) "

Candidates / 5 MeV

1
I
. Signal compatible with A (6146) + A _(6152)
. 2-peak / 1-peak hypothesis:  Lratio = 0.40

—————————————————————————————————————————

Details on event reconstruction, signal extraction and systematic uncertainties in backup




CMS

Investigation on /\b0rr+rr' higher-mass region

Broad enhancement below 6100 MeV not
present in control region

Vv
—
o
o

Me
™
o

Possible sources ruled out: 100F

Candidates / 5

e Partially reconstructed decays
[e.g A (6146), A\ (6152) » A °rr'mri®, 1° lost]
e Excited A_decaying into A _°K*rT*

(by changing mass hypothesis on tracks) i e Y
mAgmt [GeV]

Veto on £ *, £ ** contribution in A °rr*
invariant mass ranges leads to a better
agreement between SS and OS mass
distributions

The presence of intermediate Z *, Z ** cannot
be tested with the current data size

CMS up to 140 fb™' (13 TeV)

Candidates / 5 MeV

Similar structure observed at LHCb [2] shortly
after, interpreting it as a further excited /\bO

state [/\bo(6072)] [2] [LHCb Collab, JHEP 06 (2020) 136]
" Vincenzo Mastrapasqua  gthSeptember 2021 - PANIC2021 .1



https://doi.org/10.1007/JHEP06(2020)136

CMS

New excited beauty strange baryon into Eb‘rr+rr‘

Search on 140 fb™ of pp collisions data at v's =13 TeV during 2016-2018 at LHC

_

=,» =, according to j__ and JP)

=, baryon family: bsq iso-doublets (g.s.: =, =

Search for = exated states in = =, ™, with = = reconstructed in:

(IR J e
2) =+ JPAK 4 =
) =, =+ Q Awpr
3) Eb- - J/LIJZOK O =A%, T ——
I not reconstructed :
Event selection for Eb' reconstruction: B RS :
e combination of triggers targeting J/Y » P’
e pH)>3GeV;Inl <2.4, P (up) > 1%; Im(pp) - M, P21 <100 MeV

o Im(prr)-M "P° <10 MeV; p_(A) >1GeV; P (pT1) > 1%
e Further selection separately optimized for each decay channel, including

selection on = " flight distance and its alignment with = ~ momentum

Details on event reconstruction, signal extraction and systematic uncertainties in backup




CMS

— " signal extraction: UML fit to data

—b
. CMS 140 b (13 TeV)
e Fully reconstructed signals: 3 F | paa -
. . = C
Double-Gaussian (resolution from MC) < 120 —Fit
. . @ L — Signal
e Partially reconstructed signal: S 1005 oo, bk,
. . 0 —
Asymmetric Gaussian (shape from MC) i .
. o 60—
e Combinatorial background: ° T
40—
o J/Y=: 1% order polynomial - { it
o J/YAK™ exponential function 20_§{]I;lﬂl] }[ﬁﬁiﬂm {ﬁ'l % *'ﬁ'mﬂ*'r"#hkﬁﬁ%ﬂf

565 570 5.75 580 5.85 590 595 6.00

N(=, = J/Y=) =859 + 36 events M(JIWE) [GeV]
N(Eb' -> J/L|J/\OK') = 815 + 74 events 140 fb" (13 TeV)

> 500
()
N(Z, = J/PE°K) = 820 + 158 events = "
L . . g | |
Excited = " candidates’ reconstruction: S 300f Mg Fh
- | +
. 8 200:— 1 Data fit
® Mass windows for = candidates (see plots) S — Fit
e Two OS tracks from same PV as = - 100 A s
i = -\~ S 4\ Comb. bkg
(negligible (=) = 1.6 ps) Y Y (R Y o T
e Control region: SS tracks from same PV as = ° M(J/yAK') [GeV]
PDG

e Mass variable AM =m(E, 777~ ) —m(E, ) — 2my
(insensitive to potential mass shift due to losty__)

Vincenzo Mastrapasqua 8th September 2021 - PANIC2021 13



CMS

Excited = " signal extraction

Dominant contribution of intermediate Eb*°: =" - Eb*orr‘, Eb*o N Eb‘rr+ is

suggested by analogy with =_family and theoretical studies

Additional cut: m(E;°) —m(E, ) — myPY < 20.73 MeV > C e EﬁJ,ij,“;;i onc]
(peak expected at 15.73 MeV) § 201 t Efta
é :_ — Signal
Fully reconstructed channels are combined R 15; ----- Comb. bkg.
(same resolution, = " » J/PZOK 30% larger res.) S 10;— ]
UML simultaneous fit: T } \HH }\ il ‘!H ! H'
T v WAL WL TS +
e Signal: Relativistic BWeDouble-Gaussian ’ 20/\//(5;, nﬁon‘)— M?%g)—anﬁDG [Mel/o]o
e Background: (AM)® threshold function CMS 140 16 (13 TeV)
g g i Data 5 — JpsK-
M(=,") = 6100.3 + 0.2(stat) £ O.1(syst) £ 0.6(=,) MeV < b h — :‘gnal
r(Eb**—) < 19 Mev @ CL:95% % 15f_ Comb. bkg.
(narrow resonance, 13 MeV below A_°K" threshold) § o
Local statistical significance: 6.2-6.7¢
5 ‘
The decay sequence suggest: qu =1,JP=3/2 AR
beauty partner of the charmed EC(2815) baryon ° « M(Z; J'cﬁorr) - M?%;) - 2rr?£DG [Mel/o]o

Vincenzo Mastrapasqua 8th September 2021 - PANIC2021 14



Conclusions

e A new decay involving X(3872) has been observed, with its production
suggesting a non-conventional description of the state.
Further investigation on the nature of X(3872) can be performed on data
from PbPb collisions. This will be improved with the larger data sample

expected in Run-3.

e Recent results from the CMS are also in general good agreement with
previous results from other LHC experiments on conventional spectroscopy:

low-mass resonances, B (2S) doublet, A, and =_excited states

e CMS proved to be suitable for challenging measurements in Heavy Flavor
physics. The larger statistics available at Run-3 will improve the
measurements, thus leading to further comprehension of Standard Model

and Quantum Chromo-dynamics



THANKS FOR
YOUR ATTENTION

vincenzo.mastrapasqua@uniba.it
vincenzo.mastrapasqua@cern.ch
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CMS

B.° » X(3872)¢: event selection

HLT requirements:

- two muons compatible with J/ (p (1) > 4 GeV,In(u)l < 2.5, m(up) in [2.9, 3.3] GeV, P > 1%)
- additional track (p; > 1.2 GeV) from same pp vertex and transverse significance > 2

Offline requirements:

- two OS muons (trigger matched) + soft-muon identification
- M kinematically constrained to J/Y in J/WKKr fit
- PV chosen by minimization of B_ candidate’s pointing angle
- no PID@CMS: the candidates must pass the following selection
m(J/YKKrm) in [3.60, 3.95] GeV; m(KK) in [1.00, 1.04] GeV; m(B ) in [5.32, 5.42] GeV
- the candidate is discarded if more than one mass assignment passes the selection (MC eff 99%)

Channel optimization (Punzi figure of merit):

- py(B)>10GeV; P (B)>7%; p(rm) > 0.7 GeV; p.(K) > 2.2 /1.5 GeV (max/min)
- decay length significance B_ > 15; cos(transversePointingAngle) > 0.999 (%)
- m(rmm) > 0.45 GeV for Y(25); > 0.7 GeV for X(3872) only difference between channels

(*) cosine of the angle formed by the flight direction and the momentum in the transverse plane



B.° » X(3872)¢: systematics

Vincenzo Mastrapasqua

Uncertainties on the ratio R

CMS

Source

Uncertainty (%)

m(KTK™) signal model

m (KK~ ) background model
m(J/p 7t ) signal model
m(J/p 7"t~ ) background model
Non-B? background

Simulated sample size

Total

<0.1
2.5
5.3
4.3
1.2
2.2
7.7

8th September 2021 - PANIC2021
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B® = Y(2S)K® ' 2-body mass distributions

&

‘?Q

Data distributions

bkg-subtracted (sPlot)

MC do not take
intermediate resonance
structure into account,
thus providing poor

description of data

MC is re-weighted in
order to match data
(iterative procedure on
the multi-dimensional

phase space)

Candidates / 30 MeV Candidates / 45 MeV

Candidates / 30 MeV
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b * . * i MC
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CMS

B® = Y(2S)K® rr*m: 3-body mass distributions

e Data distributions

bkg-subtracted (sPlot)

CMS Preiminary 103.7 b’ (13 TeV, 2017-2018) CMS Preiiminary 103.7 fo' (13 TeV, 2017-2018)
~ 700p ~ 400
[} s [}
= 600 * Bko.-subtracted data = 350F } Bkg.-subtracted data 1 |
© E | MC Q E | MC :
< E ! * o 300 & i
e MC do not take ~ S0F ¢ weighted Mc gt = 5o} ¢ Weighted MC {* - }!f' ;
: : g LA 5 200f it ‘
intermediate resonance 3 .| g B ~ f
S E .  150F i i
. © % X © 3 204
structure into account,  © %} iy * o1 P
100 .".' o X s |
thUS prOV|d|ng poor O:.J.-.-IA..;I....i.I'....l....l....l....l... O.I.......l‘...... PP I T T T T
40 41 42 43 44 45 46 47 08 08 10 11 12 13 14 15
description of data My [52V] Tiee (V]
CMS Preiminary 103.7 b (13 TeV, 2017-2018) CMS Preliminary 103.7 o' (13 TeV, 2017-2018)
> 500 > s00fF
[} [}
= + Bkg.-subtracted data = { Bkg.-subtracted data *
. . . Q 400f i MC by Q 400fF §mMC 2 o
e MC is re-weighted in ~ ) Weighted MC - * ~  Weighted MC ! !
9L 300 i o 300 | » ‘
© ©
order to match data b b !
T 200 2200 §
m m .
(iterative procedureon  © © 100 t
L i
L)
i i i oL 1...“1“..1“..1.“,1.,.,1....1....1,
the multi-dimensional 044 45 46 47 48 49 50 51 44 45 46 47 48 49 50 51
mw(zs)xﬁr [GeV] IIIV(ZS)KSK, [GeV]

phase space)




B_(25): hyperfine structure

B_*(2S) » B_*m" m followed by B* + B_Yy,__

Soft photon (55 MeV in the rest frame) not ;;:ct::?dr?\ods:}ieo{lo" :)rllwct)?gn -
detected, we end up seeing i

B."(2S) » B_ ' 1 plus “missing energy” 25 BQS_’Q———:ssMev

Same final state as B (2S) » B_m" o TRV mr R

A two-peak structure in the Bc 1" T mass i
distribution is expected, i
with the B (2S)* peak at a mass shifted by ww |
AM =[M(B_") - M(B )] - [M(B_*(2S)) - M(B_(2S)] '

2P—%

which is predicted to be around 20 MeV.

The two-peak can be appreciated only if AM The solid and dashed ines
indicate the emission of

value is larger than experimental resolution! B | s PO e, [ ompcRveY

1S- S|V ssmev
B, = 6275 i -

|
|
|
|
|
|
|
|
|
|
|
|
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|

Predictions indicate:

[M(B_*(1S)) - M(B_(1S))] > [M(B_*(2S)) - M(B_(2S)]
that would imply that the
B_"(2S) peak is the lower peak!




CMS

B_(2S): production ratios

* Observation of B (2S)" and B_*(2S)" states with pp collisions at v/s =13 TeV

C

with 143 fb™ (full Run-2 data) [A] [A][CMS. PRL 122 (2019) 132001]

NEW Measurement of relative cross sections:
Differential cross sections in p_ and rapidity bins

Kinematical range: p_(B_") > 15 GeV and lyl < 2.4

R**: relative cross section of B *(2S)" to B_*
R": relative cross section of B (2S)" to B '
R**/R": relative cross section of B_*(2S)" to B (2S)"

+_7(B(2S)") p o mp g« N(B2S)")  e(BE)
Rt = (B B(B.(2S)" - Bin"m™) = N(B7) e(Bc(25)+)'
*+ =‘7(B:(28)+) e + 4+t e —\ N(Bz(zs)-*-) e(Béb)
R = = (B) B(B(2S)" - B "m ™) = N(BY)  o(B:(29)7)
R* /R* — o(B:(2S)") B(Bz(2S)"” —» Bi*m*m—) _ N(BZ(25)") e(B.(2S)")
o(B.(2S)") B(B.(2S)" » Bfm*tm~)  N(B.(2S)") e(B:(2S)")

B."(2S) » B_"miT followed by B * = B_+ vy, ( = 55MeV: missing energy not detected )
The B_" meson is assumed to decay to the B_ground state and a soft photon with a BF of 100%


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132001

CMS

B_(25): event selection

HLT Requirements (DoubleMu4_JpsiTrk_displaced):

- OS muon pairin[2.9, 3.3] GeV u*
- dimuon vertex x? probability > 10%

- distance of closest approach between muons < 0.5 cm
- significance(flight distance) > 3

- pi(H) >4 GeV && In(p)l < 2.5 e |
- cos(dimuon_transverse_pointing_angle) > 0.9 (%)

- third track (from pp-vtx, p; > 1.2 GeV, n <2.5,sip > 2) p p
B.(2S) —» B m* ™

Offline requirements:

- Muons matching trigger muons

- High quality muons

- In(n)l < 2.4 and cos(dimuon_transverse_pointing_angle) > 0.98 (%)
- muons close in angular space: (An)? + (Ad)? < 1.22

Integrated Luminosity per year: 2.8, 36.1, 421, 61.6 fb
(*) cosine of the angle formed by the flight direction and the momentum in the transverse plane



B_(25): B_ reconstruction

B_candidates fit

Signal: weighted sum of two gaussians with same mean | wG(u,o;) + (1 — w)G(u, o),
w = 0.47 o, = 21 MeV o, =42 MeV

Background:
- Combinatorial: Chebychev polynomial
- J/JWK: shape from simulation
- J/prT + X: ARGUS function

- cMs © § Data
2000 — L=143" : : — Fitresult
_ L {s=13TeV : @ B » Jjy 2 signal
+/- :

N(B ) = 7629 +/- 225 events : W K
%1500_ | B:')Jll{,‘z."l’x
= B . I Comb. backg.
ln = .

n E
01000}

= 0, Bmss
S B
>

w

6.2 6.3 6.4 6.5
M()hy %) (GeV)



B_(25): signal yields

Details on event reconstruction
and systematic uncertainties in backup

B "~ J/Ym’ candidates fit
N(B ") = 7629 +/- 225 events

B_(2S) candidates:
- m(J/Pr') in [6.2, 6.355] GeV
- B_" + two OS tracks

Signal: two gaussians
Background:
Combinatorial: Chebychev-3 polynomial
B_" » J/YK" contribution: two Gaussians
N(B_"(2S)) = 67 +/- 10 evts
N(B_(2S)) =52 +/- 9 evts
AM = 28.9 +/- 1.5 MeV

Yields enter the ratios once
corrected by relative efficiencies

Events / 15 MeV

500

6.0 . 6.2 6.3 6.4 6.5

i { Data

— Fitresult

i W B - Jy x signal
Pl B oIy K

; Bl -y +X
{1 Comb. backg.

M@y ") (GeV)

CMS

143 fb (13 TeV)

Events / 10 MeV
= N w S [4)) [«2]
(=] o o (=] o [=]

(=)

¢ Data

— Fit result

I signal

BB (WK r'n

~—__ 1 Comb. backg.
B.(25)*

|

6.7 6.8 6.9 7.0 7%

M(B: 7'7°) - M(B)) + mg. (GeV)

R* =(3.47 £ 0.63 (stat) = 0.33 (syst) )%,
R*" = (4.69 £ 0.71 (stat) & 0.56 (syst) )%,
R*" /R =1.35 £ 0.32 (stat) & 0.09 (syst).



ms,

B_(2S): cross section ratios

Reconstruction efficiencies (MC studies):
tatistical: finite si foi lated ¢ Central Stat. Spread Pions
- statistical: finite size of simulated events 3355 7¢(87) 019 11% 18%  42%
- dispersion: average over four years e(Bz(2S)")/e(BZ) 0187 1.0% 16% 4.2%
. . . . * + + 0 0, .
- pions: T reconstruction efficiency (BB )/eB ()] 0B Ade 0Fk

B o + *+ *+ /R+
Systematic uncertainties: R+t R*t R**/R

J/¢p ™ fit model 55 55 —
- from signal yield Bf 7t 7t~ fit model 59 29 29
. . . Efficiencies: statistical uncertainty 1.1 1.0 14
(evaluated with different fit models) Efficiencies: spread among years 1.8 1.6 0.9
- from efficiency Efficiencies: pion tracking 42 42 —
. . L . . Decay kinematics 15 69 42
- from correlations in di-pion kinematics Helicity angle 10 60 35
Total 95 120 6.4

Results:

R* =(3.47 £ 0.63 (stat) == 0.33 (syst) )%,
R*" =(4.69 +0.71 (stat) = 0.56 (syst)) %,
R**/R* =1.35 £ 0.32 (stat) = 0.09 (syst).



B_(25): Differential cross section and mmr mass distribution >
No significant dependence of the cross section on pT(BC+) or n(BC”) observed
10EMS 143 fb* (13 TeV) 10EMS 143 fb* (13 Te
: +R* ; +R*
8:- -é-R*‘ BE- -&R*+
g°F g 6;'—‘{»— |
@ 4E i @ 4 E
:e;F TR g :ﬁ T{
2 i§ 2
- | ! | | L | - P | P |
o
& i
20 30pT(B:) ((4309\/) 50 60 0.0 0.5 1.?},'(3:) 15 2.0
CMS 143 fb™ (13 TeV)

Invariant mass of di-pion system

Different models [B] [C] bring to different predictions
on the production ratios and di-pion system

Observed shapes are consistent with each other
and different from phase space, but the difference
is not fully significant at the available level of

statistics and uncertainties

[B] [Berezhnoy, A. V. et al. Mod. Phys. Lett. A34 (2019) 1950331]

[C] [E_Eichten, C. Quigg, PRD 99 (2019) 054025]

Normalized mass distribution

¥ B.(29) data
I @ B,(2S)" data
gal, — B.(2S)" phase space
----B(2S)" phase space

.............................

I I | 1 I L 1 1 1 L L 1
400 500

M(z*m”) (MeV)


https://arxiv.org/abs/1904.06732
https://arxiv.org/abs/1904.06732

Excited /\bO into /\b°rr+rr': event selection

CMS

Requirements:

- two OS muons + soft-muon identification, with p_(u) > 3 GeV, In(u)l < 2.2

- m(up) in [2.90, 3.95] GeV: <34 ->J/Y > 3.4 > Y(29)
- OS tracks (pions) with p. > 0.35 GeV
- kinematic vertex fit J/yrm: Y(2S) cand. if mJ/rm) in [3672, 3700] MeV

- N candidate (to pm): P > 1%, Im(pr) - m .| <10 MeV

- JIPPERI)A P, > 1% to form A candidate

- PV chosen by minimization of A _candidate’s pointing angle

- PV refitted after removing the tracks associated with the J/d (Q(2S)) and A candidates
- decay length significance A_> 3; cos(transversePointingAngle) > 0.99 (*)

A, T optimization (Punzi figure of merit) - pions p_ sorted 1, 1,

. High mass region:
Low mass region:

- p4(m) > 1.4 GeV; p () > 0.7 GeV;
- pyA) > 16 GeV

B I:)vtx(/\b) > 2%

- P (A TT) > 8%

- only highest p_ candidate kept

- p4(m) > 0.3 GeV; p(rm,) > 0.35 GeV;

- cos(transversePointingAngle) > 0.995
- cos(pointingAngle) > 0.995

- p(m ¢(25)) > 0.4 GeV




Excited A_°into A _°'m: systematics

CMS

Source M(Ap(5912)%)  M(Ap(5920)%) M(Ap(6146)Y) M(A(6152)°)
Signal model 0.005 0.011 0.21 0.23
Background model 0.004 — 0.16 0.14
Inclusion of the broad excess region N/A N/A 0.35 0.14
Fit range — — 0.40 0.02
Mass resolution 0.007 0.001 0.01 0.09
Knowledge of T’ N/A N/A 0.43 0.26
Total 0.009 0.011 0.77 0.41

Vincenzo Mastrapasqua

8th September 2021 - PANIC2021
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CMS

Excited = "into Eb'rr+rr‘: event selection

Requirements:

- two OS muons + soft-muon identification, with p_(u) > 3 GeV, In(u)! < 2.4; P (uy) > 1%
- Im(pp) - mwl <100 MeV;
- N\ candidate (to pm): Im(pm) - m | <10 MeV; P __ > 1%, p_(\) > 1GeV

Separate optimization per channel (Punzi figure of merit):

=+ PSS > A =, » J/YAK (and J/PZK)

- p,(m)>0.25 GeV - Im(pm) - m [ <9 MeV; p(N) > 2 GeV

- P (AT)>1% - pK) > 1.2 GeV

- py(E) >3 GeV; Im(Am) - m_ < 9.5 MeV; - P4(E) >3 GeV; Im(Am) - m_| <9.5 MeV;

. kinematic vertex fit with J/WV constraint - kinematic vertex fit with J/W constraint

- P (Z)>1%; p,(Z,) > 10 GeV - PRE) > 1% p(=)>15Gev

- PV selection by minimization of =_ - PV. S§|9Ct'0n by minimization of =,
pointing angle pointing angle

- significance of transverse distance of - significance of transverse distance of
=, vertex from PV > 3 =, vertex from PV > 3

- cos(transversePointingAngle) > 0.99 - cos(transversePointingAngle) > 0.993

- cos(pointingAngle =, Z) > 0.999 - significance of transverse displacement

- significance of transverse displacement of Afrom = > 20
for pion > 0.9 - significance of transverse displacement

for kaon > 0.6



. - - I S .
Excited = "into = T systematics

CMS

Sources of systematic uncertainties:

Alternative signal models: single/triple gaussians used to model resolution)
Alternative background models:
o threshold function * exponential
o threshold function * 1** order polynomial
Largest deviations in mass: 0.01 MeV (signal models), 0.04 MeV (background models)

Blatt-Weisskopf barrier factors included in Relativistic Breit-Wigner function:
o baseline:r=3.5GeV', =1

Test withr=1and 5 GeV'or1=0

r variations negligible; | = O leads to mass difference 0.01 MeV

Include difference in resolution between measured and simulated mass:
resolution scaled up and down by 1.074 factor (obtained by comparing =, in data/MC)

Resolution rescaling leads to deviation of 0.02 MeV

Different fit range in AM (80, 120, 150 MeV instead of 100 MeV) brings deviation of 0.02 MeV

Total systematic uncertainty on the measured mass difference: 0.05 MeV




CMS

Search for narrow resonances in Y(1S)u

Measurement of fiducial cross-section for Y(1S) pair production and search for
resonances decaying to Y(1S)up in pp collisions at vs =13 TeV with 35.9 fb"' (2016 data)

d  Quarkonium pair production mechanisms at LHC:
single-parton scattering (SPS): dominant » strongly correlated = small |Ay|
double-parton scattering (DPS): difficult to calculate = less correlated =» large |Ayl
d Y(1S) pair production is standard model reference in the search for tetraquark
bound state or generic narrow resonance with mass close to twice the Y(1S) mass

e 4y (final state) paired in Y states (J/y = u'u” vetoed) o T
e fiducial region: ly(Y(1S)) < 2.0 h

e p. thresholds for barrel/endcap after pairs are formed || = EFventscormected by efficiency
and acceptance (MC estimated)

""""""""""""""""""""""" 1 - Signal model [Y(1S)]:

35.9 fb™ (13 TeV) 35.9 fb? (13 TeV) : sum of two Crystal Ball functions

< 1400F T "% Observed — Total e > 1400F T} Observed —Total - .
R LCMS  mm viis) : Yas) - Y(1S) + comb. 8 LCMS mm vais) < Yas) - Y(15) + comb. ] 1 with common mean
o 1200F == Y(25) + X --Y3S)+X ] - 1200F -m Y(25) + X - Y(35)+X 1
S ook - Comb. + comb. : = oA - Comb. + comb. ] 1 - Background model:
o . =} . .
- N = = 1 - .
= 800} = 8oof : Y(2S), Y(3S): gaussian
1 800 : . o
o soof § soof 1 - combinatorial:
> aoof % | 2"%order Chebychev
S 200 S 200f i 1

0t= ok S : More details in backup

9 T Tos 71
my, (GeV) ms, (GeV) e - - -



CMS

Y(1S)Y(1S) production: event selection

HLT requirements:
- three muons
- two muons with mass in [8.5, 11.4] GeV
- dimuon vertex x2 probability > 0.5%

Offline requirements:
- p(K) > 2 GeV and In(p)I < 2.4
- Best vertex-x2 for arbitration of best muon combination (98% eff on MC)
- Three (of four) muons must be associated with trigger muons
- MK mass closest to Y(1S) world-average for arbitration
- New p_ threshold for muons: p_(n) > 2.5 GeV
- prob(x2, 41) > 5% and prob(x?, Y(1S)) > 0.5%
- muons separated with AR > 0.02
- on OS mixed-pairs: veto on J/Y mass
(window of 2¢, resolution depends on kinematics in [0.03, 0.12] GeV)

Extra requirements (Y(1S) pair only):

- ly(up)l < 2.0
- p,(1) > 3.5 GeV for central muons, In(p)l < 0.9

Extra requirements (resonance search only):
- mass of Y(1S) candidate within 20, resolution depends on kinematics in [0.06, 0.15] GeV



Y(1S)Y(1S): shape of Y(1S) signal

Process Uncorrected yield
Y(1S) + Y(15) 111+ 16
Y(2S) + Y(2S) 3.6 135
Y(3S) + Y(3S) 15 B
Y(1S) + combinatorial 166 + 33
Y(2S) + combinatorial 25+ 18
Y(3S) + combinatorial 1135
Y(2S) + Y(1S) 19410
Y(3S) + Y(1S) 17+ 11

Combinatorial + combinatorial 561 + 41




CMS

Y(1S)Y(1S): yields

Event-by-event weight:

= [A AN (1 — (1 — &™) @ =)™ ),

A: acceptance for Y(1S) to pu in fiducial region

g'®°: probability that a Y(1S) to pu with ly(Y(1S))l < 2.0 and In(u)! < 2.4 is selected
"™ probability that a selected Y(1S) has prob(x?, Y(1S)) > 0.5%

g®V: probability that a selected event has prob(x?, 41) > 5% and cross-paired
muons have invariant mass out of [m(J/Y) - 20, m(J/Y) + 20]

Shape of Y(1S) signal from simulation: > 9000F——T— 13 TeV
& 500 CMS t  Y(1S)Y(1S) simulation

- Sum of two Crystal Ball S g > == PR
. ~— 6000F
with same mean L Y
. ) 55000:
- Different resolutions for 23 4000
barrel/end-cap muons 0%
2000;
1000F
I

S RV SR T 0.8
m,, (GeV)

Vincenzo Mastrapasqua 8th September 2021 - PANIC2021 36



Vincenzo Mastrapasqua

Y(1S) pair production as background source

Mass resolution improved (by 50%) with '714,, = My,

Y(1S)Y(1S) background

Yield extracted from data region
IM(Y,,,5,) - Y(IS)I < 20Y(1S): N(YY) =74 £ 13 evts

Shape from MC: sigmoid * falling exponential,
with f_ . (DPS-to-inclusive fraction) from

fiducial cross section measurement
Combinatorial background

Control region: P__(4y) in [107°, 10~]
Fit with different models:

e Gaussian + 3"%-order Chebychev
e Breit-Wigner + 3%-order Chebychev
e 6M-order Chebychev

Fit parameters are not used in the signal region

8th September 2021 - PANIC2021

CMS

— My, + My(1s),

already formed at HLT level

13 TeV

Dot T P
Sora- GMS :
- 't Simulation _ ;
a 0.12 E -
= [--DPSY(S)Y(1S) iI: ]
S o% E
e o SPSY(1S)Y(1S) 55
= 0.0 (19Y(1S) ¢

OIOGEfiAverage

0.04( .

0.02 ‘ —:

0:||1| [ R
14 16 18 20 22 24 26 28
my, (GeV)
35.9 o (13 TeV)

% 405_ CMS ¢ Observed
(©) E 2 Gaussian + Chebychev (3)
wn 355 — — = Breit-Wigner + Chebychev (3)
oS 30;_ Chebychev (6)
~ E
@ ’
e F
(O] =
> =
L

\ One pp pair (from Y(1S)) is
T
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CMS

Y(1S)Y(1S): effect of the polarization

Y(1S) pair polarization assumed to be negligible in acceptance and efficiency
corrections

Previous measurements from CMS [D] and LHCb [E] show no polarization in
single Y(1S) production

Polarization affects the angular distribution of the Y(1S) » yu decay products:
d’N 1
dcosfdp 3+ Ay
- (8, ) direction of u*
A

- Ay " Aecp: angular distribution parameters

(14 Aycos? 6 + Ap sin? 6 cos 2¢ + Agysin20cos ¢),

Effect of polarization on fiducial cross section:

Ag —1.0 —0.5 —-0.3 —0.1 +0.1 +0.3 +0.5 +1.0
Ao Ed = 60% —22% —-12% -37% +34% +4+94% +14% +25%

[D] [CMS Collaboration, arXiv:1209.2922]
[E] [LHCb Collaboration, arXiv:1709.01301]
" Vincenzo Mastrapasqua ___ gthSeptember 2021 - PANIC2022 .. 38



https://arxiv.org/abs/1209.2922
https://arxiv.org/abs/1709.01301

Y(1S)Y(1S): systematic uncertainties

Uncertainty source Uncertainty (%) Impact on oy (pb)
Integrated luminosity 25 2.0
Muon identification 20 1.6
Trigger 6.0 4.7
Vertex probability 1.0 0.8
B(Y(1S) = utu~) 4.0 3.2
Signal and background models 12 1.0
Method closure 155 1.2

Total 8.1 6.4




) CMS
INFN

Upper limits on resonance production in Y(IS)W'™ &= 2

T T T CMS 35.9 fb! (13 TeV)

I Fit on data with an example tetraquark S 45T T T T T
1 o F ¢ Observed Total 3
sig nal (mx = 19 GeV) Q) 405_ Combinatorial bkg Tetraquark (m = 19 GeV)
LO 35 e Y(S)Y(15) E
. . S 30: ‘

e Signal: DoubleGaussian @ 25F

. o ge C . F

e Significance: ~1o © 20¢

10

No significant excess is observed between
17.5 and 19.5 GeV (near Y(1S)Y(1S) mass)

1
1
|
1
1
1
|
1
1
1 S B
: Ll 15F
1
1
|
1
1
1
|
1

Upper limits @ CL=95 % are set

35.9fb" (13 TeV)
Considering similar kinematics between and % CMS —— Observed
T —— Medi ected
Y(1S)Y(1S) and bbbb resonance (same c | Tetraquark — 68:0'22::;6 j
production Xsection (*) and BF into 4 muons), E [ 95% expected
° —
a resonance with mass m, = 19 GeV would °
o~ 102
produce around 100 candidates in our data S
(*) Y(1S) pair production fiducial cross
section (lyl < 2.0) is measured:
Ogg = 79 £ 11 (stat) = 6 (syst) =3 (B) pb, L
17.5 18 18.5 19 19.5
No significant excess compatible with a generic my (GeV)

resonance is observed [see backup]



) CMS

Search for narrow resonance in Y(1S)U W U2 2

Bottomonium state (x,(1P) as a proxy in PYTHIA 8.226) is used to model the
resonance signal. Simulated mass values: 14, 18, 22, 26 GeV.

Large mass window (from 16.5 to 27 GeV) explored to search for narrow resonance

No significant excess of events compatible with a narrow resonance is observed
in data

Largest excess (2.40) for scalar hypothesis (m, = 25.1 GeV)

Limits on production cross section w.r.t. the resonance mass are set

359 fp“ (13 Tev) 35.9 fo' (13 TeV)

T

35.9 fo' (13 TeV)

z’ -CMS Observed o 10°-CMS Observed 13 e CMS —— Observed

I — [ 1 © : —— Median expected 1 © F o —— Median expected
g Scalar Median expected c | Pseudoscalar p 1 ° " Spin-2 p
o I I 68% expected o — I 68% expected o i I 68% expected
£ , [ ] 95% expected E [] 95% expected E [ ] 95% expected
: 10 . :
(&) o (&)

Qo 2
o S o
102F
10
i 10}
C 1 L . L L | s ] [ R i 1 . L L L 1
20 25 20 25

m, (GeV) my (GeV) m, (GeV)




