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Heavy Flavour Physics at the LHC

LHC provides high luminosity for heavy flavour physics processes
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
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https://www.nikhef.nl/~pkoppenb/hadrons/Masses.pdf

The CMS detector at the Large Hadron Collider

General purpose detector with cylindrical symmetry and (almost) full coverage of the solid angle
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CMS

Selected recent results from CMS e

e New structures in the J/YJ/P mass spectrum in pp collisions at Vs =13 TeV [PRL 132 (2024) 111901]

o  Observation of two structures near the di-J/y kinematical threshold, one of which compatible

with the resonance X(6900) reported by LHCb [Sci. Bull. 65 (2020) 23] and confirmed by ATLAS

[PRL 131(2023) 151902], and evidence of a third (new) structure

e Observation of = = Y(2S)= and studies of =, [arXiv, submitted to PRD]
o  First observation of the =~ » Y(2S)="decay and measurement of its branching fraction with
respect to = " = J/Y=', together with measurement of the properties of Eb*o
e Observation of I\b° » J/PW=K" [arXiv, submitted to EPJC]

o  Observation of a new /\bo decay and measurement of its branching fraction wrt /\b0 = P(2S)A


https://doi.org/10.1103/PhysRevLett.132.111901
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1103/PhysRevLett.131.151902
https://arxiv.org/abs/2402.17738
https://arxiv.org/abs/2401.16303

Di-charmonium spectrum at LHCDb

JIQI/P (» 4p) spectrum studied at LHCb using 9 fb™ of pp collisions at Vs =7, 8, 13 TeV

Background contribution for J/-pair production:

e NRSPS (Non-Resonant Single Parton Scattering)
e DPS (Double Parton Scattering)

Two different signal models are considered.:

I. (top) poor description of the “dip” at 6.7 GeV

A. background DPS + NRSPS

B. relativistic Breit-Wigner for X(6900)

C. two auxiliary BWs near kinematic threshold
Il. (bottom)

A. background DPS + NRSPS

B. relativistic Breit-Wigner for X(6900)

C. aBW (X(6700)) to interfere with NRSPS

A broad structure near the di-J/y mass threshold and
a narrow resonance, X(6900), renamed T " LlJ(6900) reported
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Di-charmonium spectrum at ATLAS U |
J/QJ/P and J/P+P(2S) in 4u final state studied at ATLAS using 140 fb™! of pp collisions at Vs =13 TeV §
- o
Prompt (SPS, DPS) and non-prompt (bb — J/¥J /vy + X) background contributions are considered g
Feed-down included only for di-J/y channel
4 mass data vs background predictions before fit for J/QJ/P and J/P+Y(2S)
Signal model: interfering BWs @ Gaussian resolution (introduced gradually to improve the fit)
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https://doi.org/10.1103/PhysRevLett.131.151902

Di-charmonium spectrum at ATLAS

CMS

di-J/W: models A and B describe the spectrum better

fitted mass in SR, Model A (left) and Model B (right)
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Di-charmonium at CMS: background description i
JIPJI/YP ( =+ 4p) studied at CMS using 135 fb™! of pp collisions at Vs =13 TeV (2016-2018)

Different background modelling (different acceptance):

e NRSPS and DPS: parameterizations from MC
e BW,_ near J/WJ/Y threshold takes into account for
o inadequacy of NRSPS near threshold
o feed-down of partially reconstructed higher mass states
o possible coupled-channel interactions, pomeron-exchange processes, etc.
o near-threshold enhancement is commonly observed in mass spectra of vector states with same
isospin (e.g. observed in J/QY¢ [LHCb PRL 127 (2021) 082001], J/Yw [BaBar PRD 82 (2010) 011101])
e Signal model: three BWs with Gaussian resolution from MC
(ranging from 10 MeV @ 6.5 GeV to 18 MeV @ 7.3 GeV)

135 fo " (13 TeV)
CMS Suv‘ofementaly

a == Fit
, =1 BW,
,  ==NASPS

Fit on full spectrum up to 15 GeV to verify the
adequacy of the background model: P(x?) = 98%

Candidates / 25 MeV

Fit fractions: 58% NRSPS, 25% DPS, 9% BW,_ g e e =
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http://dx.doi.org/10.1103/PhysRevLett.127.082001
http://dx.doi.org/10.1103/PhysRevD.82.011101
https://doi.org/10.1103/PhysRevLett.132.111901
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Di-charmonium at CMS: non-interfering resonances = 2 ©
Fit features are added by checking sequentially their local uﬁ': 'z D cms =

1 ' — -
statistical significance (> 3o required) % 140 —BW, ..BW, o
% 20 ~«BW,  Background Q
o
signal model: 3 non-interfering scalar Relativistic BW g ';
(&]
60
Two structures around 6.6 GeV (nhew) and 6.9 GeV g
(compatible with the LHCb observation) are observed. 0
Evidence for a third structure around 7.3 GeV also reported. ‘;E :
S -
Poor description of dips at 6750 MeV and 7150 MeV and ' ' R GeV]
overall poor fit P(x?) = 9% in the signal region
Mass (MeV) Width (MeV) Local stat. signif.
The description is improved by including interference BW, | 6552£10£12 12475533 | 6.50
between the three BW states (see next slide) BW, |6927:+9t4 122724 +18 9.40
+20 +59
NRSPS interfering with BWs is considered less BW, [ 7287 Twe®S |9 Tt 40

first error is statistic, second is systematic

probable as it is a mixture of J°¢ states
X(6900) confirmed at CMS. Values consistent with LHCb.
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Di-charmonium at CMS: interfering resonances

> 200 e CHE IO OV
Signal model with interference: improved fit P(x?) = 65% 2 cas
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Local statistical significance improved for each signal
(least significant: BW, 4.70)

Global significance for BW, with MC pseudo-experiments: 3.40
Better fit w.r.t. any “two-way” interference option (P(x?) < 30%)
Improved descriptions of the dips

Two structures (X(6600) and X(7100)) appear with X(6900)

X(6900) is compatible with the LHCb observation within 2o
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Di-charmonium at CMS: fit with LHCb model e

The LHCb signal models are also tested: similar results, but no improvement on the fit quality

LO6lLLL (720¢) CEL 1dd

LHCDb signal models + CMS background
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CMS Sunlvlem\ema,'y

§ Data ==Fit
- BW, =BW,
--BW, =NRSPS

e Modell (top):
[NRSPS + DPS + X(6900) +
+ 2BW below 6900]
o  X(6900) parameters in agreement
o but dip at 6.7 not well described
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o Larger X(6700) amplitude
o  X(7300) region not well described
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Study of = " » Y(25)=" at CMS L

=, baryon family: isospin doublets composed of bsq triplets (=, (g.s.), =, =,, according tojqs and JP)

First observation of = ° » Y(2S)=" (+ c.c.) at CMS using 140 fb” of pp collisions at s =13 TeV (2016-2018).

o 45 CMS 140 fb™" (13 TeV)
Normalization channel: = " » J/Y=" decay (well-known) 2 wp ! WSy Wi
g 3 E — 5 > y(8)E
J/LIJ / l_IJ(2$) = U‘+U‘-’ i /\'|'|'" N> pﬂ'_ g 22: -~ Background
5 20f
Signal yields extracted by means of UML fit: S o | L H
bt ) Mt
e signal: sum of two Gaussians with common mean T T 'sfg'M; (5293) ')‘[féo'v']
. ast . \J =) [Ge
e background: 1** order polynomial _— o e
sobem |
Yields corrected by total efficiency (acceptance, trigger, reconstruction) © g0 :Z‘_‘%W(ZS)E_
evaluated on MC $ }:g - Background
% 100f
Branching fraction measurement obtained by S 23
40: a . r
B(E; »(25)E7) 20
R=—"2 = 0.84702L (stat) + 0.10(syst) + 0.02(B) 0 bt '
B(E, —J/YE") o0 T miwe)cey
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https://arxiv.org/abs/2402.17738

Study of = "=+ Y(2S)=" at CMS

Excited baryon Eb*o reconstructed in = mr
(p; > 15 GeV, lyl < 2.4): structure not present in the
same-sign = 1T control region [backup]

Improved precision on Eb*° mass and width wrt
previous CMS measurement (5 fb™) and in agreement
with LHCb results [JHEP 05 (2016) 161, PRL 131 (2023) 171901]

m(Z;°) = 5952.4 + 0.1(stat + syst) + 0.6(mz- ) MeV

I'(E;%) = 0.870:22 (stat) & 0.16(syst)MeV

b
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=, °/Z," production rate in agreement with LHCb result:
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https://doi.org/10.1103/PhysRevLett.131.171901
https://arxiv.org/abs/2402.17738

. . . —_— ) cMS
Observation of multibody decay with J/(y="at CMS U=
First observation of /\0b + J/P=K" (+ c.c.) at CMS using 140 fb™ of pp collisions at vs =13 TeV (2016-2018)
Signal yield extracted by means of an Unbinned Maximum
Likelihood (UML) fit and later corrected by total efficiency (from MC): o Y(2S)» puTrt
N(/\ob > J/P=K) =46 + 11 o J/Uapuw

e = > A A=pT
UML fitt o
CMS 140 o' (13 TeV)
e Signal: t-Student (1 and o free, n fixed from MC) > g \ Dat
. s 40 ata
e Background: exponential © 35f — Fit
. --- A signal
First observation of this A°_ decay with 5.80 & e AT N - Background
(4] -
3 20}
B(A)—J/yE K S 15f
= B INE K 1338 £1.024+0.61+£0.03% & 15 @ T TTHHRAL
B(Ay—(25)A) (stay)  (sysy  (BF) 10
5E
Normalization channel: /\Ob = P(2S)A (similar kinematics) o b I I Y
5.2 5.4 5.6 5.8 6
Large statistical uncertainties due to small signal yield m (J/‘/’i_KJr) [GeV]
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https://arxiv.org/abs/2401.16303

Searches for exotics in multibody decays

CMS

Search for intermediate resonances limited by the low signal yield

Background-subtracted distributions (sPlot) to search for intermediate resonances are shown

Hidden-charm exotic states reported by LHCb in J/yp and J/YA systems (e.g pentaquarks in A_ » J/YpK)

First discovered multibody decay with J/$=

pentaquarks as intermediate resonance
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" possible search for doubly-strange hidden-charm
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CMS

. )
Conclusions e

e LHC provides high luminosity (heavy flavor production cross section several order of magnitudes
greater than at e’e” colliders) and the unique possibility to study heavy hadrons such as B. and
beauty baryons, which are not produced at Belle / Belle Il.

e CMS - together with other LHC experiments - is able to investigate various aspects of the heavy
flavour physics and explore different phase space regions

e As more pp collisions data are collected, new particles arise and are confirmed independently
from different experiments. Many new multi-body decays are now accessible and represent a
promising field to search for exotic hadrons once more statistics will be available.

e The Eb*° was the first particle ever observed at CMS (arXiv on 26 April 2012) and the second at
LHCDb. Larger data samples allow to establish the properties of the newly observed states, thus
increasing the understanding of the heavy flavoured particles’ spectra.
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Measurement of =_ O properties at CMS i
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. . —__ . . mfN) cms
Considerations on =, " isospin partners .

=, °/=, production rate in agreement with LHCb result: Rgo = ”(WAEE(;TEZXTEJM — 0.23 + 0.04(stat) + 0.02(syst)
o :ab

About ¥4 of = " baryons is produced from =, © ... the other %4?

—_ —_ = == ~ = =00} ~ 2
Reasonable assumption: B(E; — Zpm) ~ 100% B(Ey" — B, n") ~2B(E}’ — Ejn’) ~ 3

o(pp—E;° X)

Thus ~ 1/3 and REZ_ ~ 1/9 can be calculated assuming:

o(pp—E, X)

1.  same cross sections’ ratio

= o = -0y = = 0 , = 00y — .
2. B(z, »= m)=B(z, == m)=":
Overall % of = come from Eb*o +1/9 from Eb*' + Y2 +1/9 =5 of = " from Eb*

Other higher-mass excited =, states are =, sources:

prompt production from pp collisions estimated to be less than 2/3
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