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Overview

o Observation of the Ag — JIwE"K™ decay

» Observation of 2, — w(25)Z" decay and studies of EZO baryon

aty/s = 13 Tev

e Conclusion and summary

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS



Observation of the
A) = JIwE K™ decay

CMS-BPH-22-002, arXiv:2401.16303
Submitted to EPJC

Kirill Ivanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS


http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-22-002/index.html
http://arxiv.org/abs/2401.16303
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e 3-body decays of b-hadrons to charmonia are good laboratory to search for the
intermediate “exotic” (multi-quark) resonances

e Important for our understanding of QCD mechanisms behind hadron formation

e Qver the last years, LHCb Collaboration has reported several new pentaquark-like
particles in J/ys + light hadron final state (with hidden-charm and hidden-charm

strange)

 While many of the observed states are narrow, a 6D amplitude analysis is often
required to disentangle between various overlaps and interference

Kirill lIvanov, FPCP 2024
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Previous CMS efforts
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Later LHCb observed here PA (4338)0 (we were not sensible)

e Due to excellent muon system, CMS Experiment is contributing to hunt for exotic states

M(Ap) [GeV]

\w iy — ut " in the final state (see also talk by Kai Yi about X — J/ywlJ/y)

« We have previously studied B* — J/ywAp decay with Run-1 (later LHCb observed there
Py//\s(4338)0 with Run-2 data) and have reported the observations of BT — w(2S)¢pK™,

Ag — J/wA¢ and B — w(2S )Kgﬂ+ﬂ_ decays, where exotic contributions could be

searched with larger statistics
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No exotic contribution observed so far!
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« The double-strange pentaquark candidates P;SS could be searched in the 3-body decay involving J/yE™

All above gives us the motivation to search for the A — J/wE~K™ decay at CMS, which is reported in this talk

Kirill lIvanov, FPCP 2024
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CMS Analysis Overview

« We use full Run-2 CMS data (140 fb~!, \/E = 13 TeV) to reconstruct two decays of Ag baryon:
e The signal one (not observed before!) — Ag — JIWwE KT withJ/w - utu~, 2tracks + VO= A — prn
o The normalization one: Ag — w(2SA, with w(2S) = J/wyr n~, 2 tracksand VO = A — pr~

« We measure the ratio of the branching fractions £ = 9% (Ag — J/I/IE_K+> | B (Ag — l//(ZS)A)

* The topologies are similar, have the same ‘L/&/j
number of muons and tracks in the final
states — it allows to reduce the
systematics related with the
reconstruction and trigger efficiencies in

R

* The signal is expected to be very low —
Punzi Figure or Merit is used for the
optimization of selection criteria

Events are selected using trigger, requiring a

dimuon J/y vertex, displaced from PV, with a
track compatible to be produced in this vertex

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS
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Observation of the Ag — JIwE"K™ decay S
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e Signal shape: Student’s r-distribution, its shape free (right) or partially fixed from MC (left)
Background: Exponential function

* Local statistical significance from likelihood ratio technique (Sig. + Bkg. versus Bkg. only hypothesis)
is 5.8 sigma for the baseline fit and varies from 5.3 to 5.9 considering systematics

* Branching fraction of the new decay is estimated to be:

B (A - IWwEKY)  N(AY = Jw="K) e B (y(2S) = Jyntn
R = (A ) _ N ) Sresn |2 ( — ) _ [3.38 + 1.02  0.61 £ 0.03] %
B (A - w(29A) | N(AD > wQS)A) |eyzk+| BE - An)
from data fits from MC simulation
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Observation of 2, — y(25)Z~ decay and
studies of EZO baryon at \/E = 13 TeV

CMS-BPH-23-002, arXiv:2402.17738,
accepted by Phys. Rev. D

Kirill Ivanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS
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g denotes u or d quarks for =2
=k 3

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS



Previous results of Eb resonances
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CMS Analysis Overview

» We use full Run-2 CMS data (140 fb~ !, \/E = 13 TeV) to reconstruct &, ground state via
wE (=J/wE and w(2SE" withy — u u~ orw(2S) — J/wyr n7) and J/wAK™ channels,
where latter one also presents the partially reconstructed J/ l//ZOK ~ component

e Search for the new (non-

observed) decay 24

2y — w(25)E" is performed! s A 3

e Then &, is combined with a soft
positive pion track from PV

. Westudy E,° — B, 7" decay to
update EZO parameters w.r.t.

previously reported
(also known as Z,(5945)")

Similar J/wA K~ scheme and
selections are provided in backup

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS
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* Signal: double-Gaussian (MC-shape scaled to data); Background: linear/exponential function

Partially reconstructed =, — J/l//ZOK_ decay: asymmetrical Gaussian (from MC)
photon from > - Ay is too soft to be reconstructed

o For B, n™ studies, fully reconstructed E; = green lines, £40(x30) MeV for J/wE~(J/wAK")
channels,
partially reconstructed =, = purple lines, [5.63, 5.76] GeV window
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Observation of =, — l//(ZS)_‘_ decay W
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e Signal shape: Double Gaussian, shape is fixed from MC but allowed to be scaled from data
Background: 1st order polynomial

e Local statistical significance from likelihood ratio technique (Sig. + Bkg. versus Bkg. only hypothesis)
Well above 5 sigma for both w(2S) — u*u~ and modes w(2S) — J/yr n~

* Branching fraction of the new decay is estlmated to be:

B (5 = w2S)E™)  Nz_yose| | €zompz- | By — ptp”
R = (i - ) _Nevesed | e | B ) =10.847021 + 0,10 % 0.02
%B (85 = JIWwE™) | Nz—yye- CEopes)E| B (w(2S) — ptu~)

from data fits from MC simulation
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Exploratlon of Z, n™ system
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near the kinematic

threshold in M(Z, z™) for all 4 channels of E;
reconstruction

* No other structures observed in the near-
threshold area (as expected)

Mass difference variable AM = M(Z,z%) — M(E},) — m-PC
and PV refit technique (see backup) are used to improve
detector resolution
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e Combinatorial background is
in agreement with wrong-sign (showing us that

the bkg is combinatorial indeed)
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mass and I are shared parameters of the fit
Background is described \w (AM )“ threshold function

from MC simulation
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BLUE method is used to combine results
from different channels
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Conclusion and summary

 CMS Experiment is actively contributing to the heavy flavour physics, providing the
observations of the new beauty decays

o We report first observation of Ag — J/wE"K" decay and measurement of ratio

. . . . 0 —-—
¢ 2-b0dy Intel’medlate |nvar|ant Mass B(Ab0_> ]/1’IJH K+) — [338 +1.02 (stat) +0.61 (syst) +0.03 (B)]O/O-
distributions are also explored B(Ap = $(25)A)

 We report the first observation of =, — w(25)=" decay and measurement of ratio
B(E; — P(2S)E7)

B(E, —]J/pE~)
*o

e Measurement of E* = Hb(5945)0 resonance mass and natural width using 2,° — E, 7™

= 0.8470%% (stat) £ 0.10 (syst) & 0.02 (B)

with 25 coming from J/wE™, w(2S)Z~, J/wAK™ and J/wZ K™ is performed, consistent
with LHCb and good precision is observed — great contribution to the world-average

M(E:%) =5952.4+0.1 £ 0.6 (mg ) Mev I'(2£%) = 0.871023 (stat) 4= 0.16 (syst) MeV.

”*O/Hb production ratio is also reported (second measurement after LHCDb)

— E0X).B(EN 5 E -t
R.x0 = o(pp = EpX) (H_b o) _ 0.23 4 0.04(stat.) & 0.02(syst.)
“b o(pp = &, X)

e Stay tuned for the new flavour results from the CMS Collaboration!
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. . . .

CMS Experiment at the LHC, CERN
| Data recorded: 2018-Sep-08 02:36:01.428900 GMT
Run / Event / LS: 322430 / 379062570 / 243
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Thank you for your attention!
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Do you have any questions?
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Backup slides
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The CMS Experiment

L=3.0fb" (Vs = 13 TeV, 2018)

Moo 10'° :
Char ged Hadron (e.g.Pion) Trigger paths
— — — - Neutral Hadron (e.g-Neutron) CMS .
""" Photon 9
10° 5 preliminary .
JAp .

BS

oy
Y I low mass double muon + track
double muon inclusive

2,
_Illlll'ﬂl IIIII|T|] Illlll'ﬂl I'T II|'|] IIIIIIH] IIIIII|T| IIIIIIH] T TTTTI

y4
10°
10°
10°
| I | | | 1 11 1 1 I | 1 | 1 1 1 1 1 I
1 10 100
m m 2n am n s on m uwru invariant mass [GeV]

 The CMS Experiment at the LHC was designed mainly for high-p

physics (Higgs, top-quark, SM precision measurement, New Physics
searches etc)

* However, robust muon system, good p resolution and perfect vertex

reconstruction provide promising opportunities for heavy flavour and
quarkonia-related analyses
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Punzi optimisation detalls

Punzi formula is used for optimization,
with SC recommendation

as it does not rely on S normalization
463

f =S/C2+ 4B +5V25 + 8VB + 4B)

S is number of signal events from MC
(double-Gaussian function with common mean)

B is expected number of background events in
the signal region

Extracted from data with mppg (AD)£20 ¢
region excluded from the (bkg-only,
exponential) fit.

Wrong-sign events are added to the sample to

improve statistics.
CS and WS distributions are found to be consistent.

The bkg integral in the signal region is taken as B

Variables
Mass windows:

m(A), m(E7)
Distance significance between vertices
ny/Gny(E_' A(l))) ’ ny/Gny(A' £7), ny/Gny(Ao' PV)

Angle between particle momentum and the line
passing joining its birth vertex and decay vertex
COS(Lyxy, Pr) (™, Ap), COS(Lyy, Pr) (A E),
COS(ny, ﬁ) (Abr PV)

Transverse momentum
pr(A3), pr(/¥). pr(E7). pr(A). pr(K*), pr(n7)
Vertex fit probabilities

Pvtx (A(l))) Pvtx E_) Pvtx (A)

Track impact parameter w.r.t. PV
IPS(tT), IPS(K™)

Kirill lIvanov, FPCP 2024
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A) — JIwE~K* systematics

Source Uncertainty (%)
Tracking efficiency 2.3
pr(A}) spectrum 4.7
Signal model 3.9
Background model 6.7
Non-1(2S) contribution 2.5
Limited size of MC samples 5.6
Selection efficiency 14.3
Total 18.2

Total uncertainty is calculated as
sum in quadrature of individual sources

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS
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Branching fraction ratio discussion &

—| L | L | [ | L | [ | L | T T | T
» We compare our result for the measured 9 - CMS supplementary This CMS result |
ratio with other “similar” decays: - + R(“:ngfy“ ) -
a b-hadron H,, decays to J/y or w(2S) (both i R(Ay)
referred as ) plus a light hadron A - " R(Ao—vA) -
— — - ~ RB—y¢) -
e Our R(E, — wZ=") seems to be an j . R(BO—yK*) -
agreement with others, but uncertainty is large - . R(B—yKY) —
B R(B*—yK*)
« The previously measured R(Ag — wA\)ratiois [ - R(B*—yK" -
In disagreement with the theory prediction — O|2 | 0|4 | O|6 | O|8 - |1 - 1|2 | 1|4 | 1|6 }
will R(Z, — wE") repeat this “baryon R = B(H —y(2S)h) / B(H —Jiyh)

deviation”?

e In general we do not see any clear, “straightforward” trend for these ratios,
likewise there is no great theoretical model to describe this plot

e Both new, precise measurements of such ratios and theoretical predictions
are required, especially for the beauty baryon sector (A, =, £2, decays...)
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EZO results discussion

Niignal AM T (&0 RE],;O
CMSRun-15fb~' | 224+54| 14.84+0.74+0.28 21417 —
{ CMS Run-2140fb—" | 400 +30 | 15.81040.077 +0.032 | 0.87 4+ 0.21 4 0.16 | 0.23 4 0.05 |
LHCb Run-1+29fb~! | 2019 +58 | 15.80£0.02+0.01 | 0.87 +0.06 + 0.05 — 4)

This analysis results

e Qur results are in perfect agreement with previous CMS and LHCb Run-1

measurements;

also with new LHCb Run1+2 results presented at Moriond 2023

e Qur accuracy is similar, but less than LHCb
However the precision is compatible

 New results would be important independent contribution w.r.t. LHCb to

the world-average:

—*()

no other =, results are expected from anyone else in reasonable future

rather than this CMS publication

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS




Trigger strategy

e While the analysis in general uses combination of all charmonia-compatible dimuon CMS HLT paths,
we need to select a single dedicated HLT for &% and production measurements

KV to ensure robust signal yields and efficiency and cancel trigger-related systematics

» We select the HLT suitable for the decay topology; then re-do our fits it data to estimate signal yield NV we use for
the ratio measurements

e Generated MC events are required to pass the selected HLT using the same reconstruction algorithm we have for
data — extract efficiency € for the for the ratio measurements

_ _ Jly
JIyor y(2S) 2 — JIWE~ 2, — JIwAK
N b A
s N S w(28)= (Iu+ s h
_ , , : _ * We use dedicated HLT:
,U + ,l/t . Incluswe.dlmuon trlggefs are used: LT_DoubleMu4_JpsiTrk_Displaced
HLT_Dimuon25_Jpsi
* HLT_Dimuon18_PsiPrime  Require OS muons from displaced

vertex with J/y mass window and
pr(u™) > 4 GeV

and Trk from this vertex with p; > 1.2
GeVandd,,/ 04, > 2

Require OS muons from one vertex
with J/yw(y(2S)) mass window and
pr(uTpu™) > 25(18) Gev

. R (Ey - w(29)E") 4
B (55 — liyE) 2 Rey (JIyAK™)

P Rz (J/wE")

HLT_Dimuon20_Jpsiand HLT_Dimuonl3_PsiPrime
are used for the 2016 conditions

This selection is very tough — there was no good inclusive dimuon HLT @ Run-2!
New BPH Run-3 trigger Parking would significantly improve w E~ signal

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS



JIw=" decay scheme
Jly

o pr(u™) >3 GeVic A
o n(uT)| <24

o IWyprop > 0.01

|my — m[chl < 10 MeV

Avtxpmb > 0.01

pr(nz) > 0.3 GeVlc
pr(A) > 1GeVic
E“vtxprob > 0.01

+
~g|

cos(Z,A) >0

pr(8) > 2.5 GeVlc

|+, ~ — mf/’l’;Gl < 100 MeV

|my - —mz| <9.5 MeV

dxy(ﬂE) > 1 O-xy(ﬂE)

cos(E,, Z) > 0.999

- -
it —
° |mJt//.:— mg;|<4OM€V C‘((\ ““"
° (E‘b)vtxprob > 0.01 p——
=
D
° (E‘b)detach significance >3 imp‘ie'
arc e i
_|_ 1alC> e#?® 2D P
—_ e S, S s
° pT(':'b) > 10 GeV/c 71 & o on-‘ug .‘ - \’[ Sr?’z:\(;es na\Yse
g 198" e e 0N - p-ph
¢ P— hal9 t S
cos(PV,Z,) > 0.99 bﬁ\g\?” =) b . " o \60‘6323“’”5 o
° ’ ‘:b . L 4 e - P as in
. e,
¢ A and
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o pr(u™) >3 GeVic J/l/j p

o |nu™)] <24

|my —miPC| < 9 MeV

j

pr(A) > 2 GeVlc

=
_|_

tl

§|

« J/ l//vtxprob > 0.01

Avtxprob > 0.01

|+, - — mﬁﬁGl < 100 MeV

2 |

cos(A, Z,) > 0.99

4
4
X 4
fit y 4
. My k- — mEZ | <30 MeV PN
X 4
& e
¢ (E‘b)vtxprab > 0.01 (\OOO, R Y4
’ e pr(K)> 1.4 GeVic
P T
(Eb)detach significance >3 ' - 7
o do(K) > 05 6, (K) oo™
« pr(Ey) > 15 GeVic -
i “ g
s al tind
cos(E,, PV) > 0.999 . sta- "0 o0l
e jUg2 e alle® alyse® BT_
Q‘ p— rge—co £ One W\th Sh\jSK;S n
/\Q o = C ed as "hi CN\SB
W h‘b P is Se\eso'm orevio”
’. . " aﬂg\
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Different approaches for exited B-hadrons mass calculation

e We can extract “raw” 4-momenta from prompt PV’s tracks or make exited
B-hadron vertex fit and extract 4-momenta from fit for signal enhancement

(used in CMS BC+JZ'+7Z'_ PRL 122 (2019) 132001 analysis)

* More complicated approach for exited B-hadrons study was applied for the

current =, " study (analogously to recent CMS A27Z'+7Z'_ PLB 803 (2020)
135345 analysis):

o We fit ALL the tracks forming the PV + B-candidate (about 20-100 tracks in
each) and use 4-momenta from this vertex fit. The PV refitting procedure

has improved the Z; 717~ mass resolution by up to 50%
b

Kirill lvanov, FPCP 2024 Heavy flavour spectroscopy and properties at CMS
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=, analysis systematics

Source Uncertainty (%) Source JJWE~ (%)  J/WAK™ (%)
Signal model 8.8 B, fit model 4.0 6.9
Background model 4.5 =¥ fit model 7.7 6.7
R+ uncertainty 5.0 Tracking efficiency 5.2 5.2
MC finite size 4.6 MC finite size 6.5 4.4
Total R systematics 12.0 Total Rz systematics 12.0 11.3

Source AM (MeV) T(E[) (MeV)

Signal model 0.003 < 0.01

Background model 0.002 0.04

Fit range 0.023 0.13

RBW shape 0.022 0.02

Mass resolution 0.004 0.08

Total 0.032 0.16

Total uncertainty is calculated as
sum in quadrature of individual sources
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