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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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Selected recent results at LHC

A selection of recent results from the LHC Collaboration is here presented

e Heavy Flavour exotic spectroscopy:

o Observation of a di-charmonium resonance X(6900)

] LHCb: Sci.Bull. 65 (2020), 23
] CMS: CMS-PAS-BPH-21-003
] ATLAS: ATLAS-CONF-2022-040

o T%)(2900)**/%in B DD ‘i decay

in preparation

LHCb-PAPER-2022-026 and LHCb-PAPER-2022-027 !

LHCb-PAPER-2022-031

o X(3960) candidate in B" » D_"D_K" | LHCb-PAPER-2022-018 and LHCb-PAPER-2022-019
o J/PAresonance in B = J/YAp decay

e Heavy Flavour production and conventional spectroscopy:

o B_=J/YD) decays ATLAS: JHEP 08 (2022) 087

O X4(3872) production in pp /pPb /PbPb  LHCb: LHCb-CONF-2022-001 CMS:  PRL 128 (2022) 032001

o  Simultaneous triple J/ production CMS:  https:/arxiv.ora/abs/2111.05370 (submitted to Nature Physics)



https://doi.org/10.1016/j.scib.2020.08.032
https://cds.cern.ch/record/2815336
http://cds.cern.ch/record/2815676
https://doi.org/10.1007/JHEP08(2022)087
https://cds.cern.ch/record/2807146
https://doi.org/10.1103/PhysRevLett.128.032001
https://arxiv.org/abs/2111.05370

Heavy Flavour exotic spectroscopy



X(6900) at LHCb in 2020

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

Two structures are reported:

e A narrow resonance, X(6900), renamed TW(69OO)

e A broad structure near the di-J/y mass threshold

Background contribution for J/ pair production:

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

Two signal + background fit models are considered:

e Model 1 (top) - poor description of the “dip” at 6.7 GeV
o  background
o  Breit-Wigner for X(6900)
o  two auxiliary Breit-Wigner (near threshold)
e Model 2 (bottom)
o a “virtual” X(6700) to interfere with NRSPS is added
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Sci.Bull. 65 (2020), 23
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X(6900) at CMS in 2022

JIQJI/P (» 4p) spectrum studied at CMS using 135 fb™ of pp collisions at Vs =13 TeV (2016-2018) CMS-PAS-BPH-21-003

Event selection and reconstruction:

Background model:

3-p trigger: 'y from J/ + third muon (on muons from J/: pT(wu‘) > 3.5 GeV in 2017-2018)

blinded signal region m(J/yJ/Y) in [6.2, 7.8] GeV (from preliminary investigation on 2011-2012 data)

p(K) > 2.0 GeV; In(u)! < 2.4, loose muon identification

m(u'K) in [2.95,3.25] GeV;  p(W'w) > 3.5 GeV Pvtx(wu‘) > 0.5%

common vertex fit: P (4p) > 0.5%

Arbitration of multiple candidates: 72 = (ml(u"u‘)—M//w)z e (mz(u"u‘)—M//w)z
o  Select best combination of same 4 (from MC: 0.2%)

o Keep all candidates arising from more than four muons (from MC: 0.2%)
_CMSI Pre;limingry ‘ . 135 Il‘b“ (1§Tev_)
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NRSPS: threshold function * pol2 * exponential 2 HYW® .. BW3 —Background 1 r------------ .
J 1 x?-Prob =79%

NRDPS: threshold function * pol2 * exponential 1 E |62 15]Gev |

BWO: Relativistic Breit-Wigner near J/{J/y threshold R g
o inadequacy of NRSPS near threshold s : : : : : .

Data-Fit
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LddoLosows o
T

o feed-down of partially reconstructed higher mass states

o possible coupled-channel interactions, pomeron-exchange processes, etc. A B R T R § R R R v R
My [GeV]
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X(6900) at CMS in 2022

CMS signal + background model

Three Relativistic Breit-Wigner (J° = 0") are considered

Mass (MeV) Width (MeV) Local stat. signif.
BW1 6552 +10 + 12 124+£29+ 34 >570
BW2 6927+9+5 122+22+19 >9.40
BW3 7287 £19+5 95 +46 £ 20 > 410

first error is statistic, second is systematic error

LHCDb signal models + CMS background

e Model1:

o X(6900) parameters in agreement
o  butdip at 6.7 not well described
e Model 2:

o  Larger X(6700) amplitude
o X(7300) region not well described

Vincenzo Mastrapasaua

CMS Preliminary 135 b (13 TeV)
> (- . T L2 T T T -3 LS i
3 1801 i : —
o 160F- Data —Fit 3
g 140 = ==BW1 1 BW2[X(6900)]
§ 120 wn BW3 — Background
e 100 ~
© sof —
o § A s H 1% q_
40 g 78!
e 1 20— &
1 = § 7 .
| X(6900) confirmed at CMS 1 _ 0 e - -
: ; | . SN0 VOO S0 00 3 ER TS SO |
| Values consistent with LHCb ! 2 2 TG P0A #é{’ %%M‘Ham} {‘H_n W&l
o LB BT AT N st P
b G s 011, Mt & (AR ! ¢
g At * ¢ |
6 65 7 75 8 85 9
My [GeV]
CMS Preliminary 135 b7 (13 TeV) - CMS _Preliminary 135 fb™' (13 TeV)
> E T T T T T 3 350 = T in T T T =
2 160 ¢ Data —Fit = 2 it ¢ Data — Fit g
o) F = 0 = Y =
& 100 “BWO  ==BWi = SoE _ s BW2[X(6900)] - NRDPS 3
2 E — E E i E
5°F Nnore mEWENEl 5°F i L --X(6700) —NRSPS |
g 100p E 200 % ---(X(6700)+NRSPS) Interf. E
O 80 = O 1s0E- 2 E
60— 3 E E
g » 3 100 —
40— % = E
20F- 50— £
g; e ey e L S T ) g_ - ™
E o i T e "LT g 3 %L. 1 Y;r :
§3 | Tt *#;‘ *?f "A’ ,?i'r"{"a”*‘ﬁﬁf*h“‘““‘é%é: §3 4m ot My T LR LT T TR
jg b (3 b i E Yo b ? . 1 T % 1 Jl L. Y‘ 1T
E L 75 85 4 65 75
My [GeV] My [GeV]

x%>-Prob =10 in [6.2, 7.8] GeV

17th Auaust 2022 - Flavour2022

x%>-Prob =10 in [6.2, 7.8] GeV




Cms,

X(6900) at ATLAS in 2022

JIQJI/P and J/P+P(2S) in 4p final state studied at ATLAS using 139 fb™! of pp at Vs =13 TeV ALAS-CONFE-2022:-040

_ Signal region | SPS/DPS control region | non-prompt region
Prompt (SPS, DPS) and non-prompt
P ( ) . P P . ( bb — J/ ¢J/¢) Di-muon or tri-muon triggers,
background contributions are considered Opposite charged muons from the same J /¢ or ¢/(2S) vertex,
Loose muon ID, p#z'“ >4,4,3,3 GeV and |11 2,3.4] < 2.5 for the four muons
myy € {2.94,3.25} GeV, or my(as) € {3.56,3.80} GeV,
Event selection, reconstruction and definition — Loose; vertex cuts i, , /N < 40and g /N < 100,
of signal and control regions W g .
Lyy <0.2mm, |Lyy | < 0.3 mm, Vertex X;F/N > 6,
Lo mgy, < 7.5 GeV, 7.5 GeV< my, < 12.0 GeV (SPS) lLf;”l > 0.4 mm
4 mass data vs background predictions AR < 0.25 between charmonia | 14.0 GeV< m, < 25.0 GeV (DPS)
before fit for J/YJ/P and J/P+P(2S)
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X(6900) at ATLAS in 2022
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J/QJ/Q: best fit obtained with 3 interfering BWs,
70% worse fit quality for 2-resonance fit

6.9 GeV resonance confirmed, consistent with LHCb

= 6.87 £ 0.0370°GeV
I =0.12+£0.04") 03 GeV

Similar results using LHCb Model 1 as signal model,
Model 2 disfavoured by fit quality
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fitted mass in SR, 3-resonance fit (2 out of 4 degenerate fit results)
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Fit on J/YY(2S) mass spectrum, significance:

e Model A: 460
o X(7200): 3.20
e Model B:4.30

Evidence for an enhancement at 6.9 GeV and 7.2
GeV, but other explanations are possible
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Observation of tetraquarks in B — DD/«

CMS

Two decay channels reconstructed at LHCb using 9 fb™ of pp collisions (Run 1+ Run 2)

e 3751 Bt — D Djn" cands (purity: 95.2%)
e 4008 BY — P’ Dfx cands (purity: 90.7%)

Amplitudes for intermediate resonances derived from helicity formalism

Approximate isospin symmetry = parameters shared between channels
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LHCb-PAPER-2022-027
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Observation of tetraquarks in B — DD/«

CMS

Fit with additional D_'rr* resonance, named Te (2900)++/°

B - DD Bt — D Dfn*
9 LI N R S RS SR I T LB ;\ 501 75 S B PR T S G 0 e R T ] Total fit
- a 1 Dy +
& 1 LHCb 1 & LHCb ] D; (2460) D;
+ | 9! ! L - D 2600) D;
S 80f i 1= ] - D3 (2750) D}
S Preliminary ] & sl Preliminary ] Dy (2760) D}
% 60 &3 ] D(3000) D}
b= k= IH : D*(2010)- D7
| 3 N oy
2 4 g% 1 ] T%4,(2900) D
O O } J* A G | 1 Dsr S-wave D
5 20 Ju * . Wy J :. Data
2y - . ’31 1 Background
0 ‘ P | e g s = 0 f‘ I ¢ n; L ._A...--*r "‘I‘N -
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M(D_m) well described adding a JP = 0" resonance in each channel (significance > 90)
JP = 0" favoured over other spin-parity assignment by over 7.5¢
M =2.908 + 0.011 £ 0.020 GeV

Resonances’ parameters measured: M=0136 £ 0.023 £ 0.011 GeV

First tetraquarks composed of [cdud], [csad]: ongoing search for isospin partner T%,(2900)" — Df «°



CMS

Observation of tetraquarks in BT — D D, K+

LHCb-PAPER-2022-018

360 BT — Df Dy K cands reconstructed at LHCb using 9 b of pp collisions (Run 1+ Run 2) HCh PAPER. 2022019

Near-threshold enhancement observed in m(D_"D ) 5 E LHCb
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X(3960) describes near-threshold peak
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CMS

Observation of tetraquarks in BT — D D, K+

Component  JP¢ M, [MeV] [y [MeV] F (%] S [o]
______________ | X (3960) 0VF  3055+6+12 48+17+10 242+76+79 126 (143)
i Fit results i X0(4140) 0tt 4133+ 7+11 69177 17.7+49+ 7.7 3.7 (3.9)
|1 1 (4260) 1=~ 4230 59 3.7+£04+3.0 3.1 (3.3)

(4660) 1~ 4633 64 22+02+05 29 (3.2)

NR S-wave i i 46.6+133+11.3 3.1 (3.4)

First uncertainty is statistical, and second systematic

Assuming that X(3960) is that same particle as X,(3930) (OK within 30), the following ratio is evaluated:

I(X»D*D") _ B(B*—D*D K~)FF},, ..

T(X-D!Df) ~ B(B*-D!D,K )FF¥X .,

= 0.29 4 0.09 (stat) £ 0.10 (syst) = 0.08 (ext)

Conventional charmonia prevalently decay into D(*)D(*)
Ratio smaller than 1 implies the exotic nature of the state

e Precision measurements on X(3960) and x,(3930) needed to understand if they are the same particle
o X(3960)/x,(3930) / X,(3915) » J/Ypw decays could give further information on the exotic nature



Observation of J/WA resonance in B~ — J/1¥Ap

CMS

Decay studied at CMS (19.8 fb™!, 8 TeV): inconsistent with flat phase space L
JHEP 12 (2019) 100 & 18-2{:
Analysis on full LHCb dataset: 9 fb™ of pp collisions (Run 1+ Run 2) 3‘3‘6;
LHCb-PAPER-2022-031 & 18.4

Q B
4600 B cands collected with a displaced J/y = pu trigger (purity: 93%) G 18.23

Narrow structure in J/YA, activity in J/yp

18}

preliminary

17.8F
Full amplitude analysis (6D) to investigate possible reflections from K 234 sl o
V) = 2
. m4(J/ GeV
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Observation of J/WA resonance in B~ — J/1¥Ap

Goodness-of-fit test: x* o Of 1D projections >180-_ LHCb TR T T T el T
L B T TUTRR
e Baseline model: Sld0p Pfe"m'"afﬁ' _::?"‘" 3 %100:_ preliminary
o NR({PA)+ NR(pJ/) S0l i S0l .f
o x?/ndf=121/39 E 80} '% 60f ' | :
e Model with J/YA: © 6of © s} .
o NR(EA) + NR(EI/D) + P, (/A : ol L
o NA=55339  p-ddn  gresmmme——tl gfe—s
Fit results: m{liga)Gey
| ol g
o m(P\,)=4338.2+07 MeV S0 Sk, kid
e [(P",)=70£12MeV gloop 2 ok ?ﬂj}
o fP\,)=125:07% 3 s0f El +%
e Favoured spinJ =" 3 % Croof
e Parity P =-1favoured 40; S0
e JP=1"rejected at 90% CL 225 01_ .
e significance > 100 (from Wilks’ theorem) -1 05

“m(J/ yp) GeV




Heavy Flavour production and
non-exotic spectroscopy



Study of B_= J/YD_ " decays

The B_decays are reconstructed at ATLAS using
139 fb™! of pp collisions (Run 2) JHEP 08 (2022) 087

Pseudoscalar meson decaying into two vector B "
states described with three helicity amplitudes: @
A, ., A (transverse polarizations),

and A (longitudinal polarization)

> L L AL L B
. R (] [ ATLAS Vs=13TeV, 139 fb™
e Decays’ reconstruction: = ook s=iete ]
+ 8 C —e— Data ]
O J/ LIJ > L > K — Total fit 1
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. . . 1000 - %
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o p,B)>15GeV R /%
r s 7
o |n(BC)| <20 g_ 4 a%//‘/: L | | ]
* Reference decay: Signal yield for reference decay: z _g ;
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myrt) [MeV]

N(Bi — J/prt) = 84401520

__________________________________________

o B = Jm |



https://doi.org/10.1007/JHEP08(2022)087

Study of B_= J/YD_ " decays

CMS

2D UML fit in m(J/yD,) and

J/Y helicity angle cos(©’(1")

o N(B_»J/YD_") =241+ 28 (stat)
N(B, » J/YD,) = 424 + 46 (stat.)

From fit: ratios of branching fractions R(DS*+/1'r),
R(D,"/m), R(D,_ /D ") and the transverse polarization
fraction ' /T,

Measurements in agreement with previous ones,
with improved precision

R(DS*"/rr) well described by predictions
Other predictions consistently deviate from data

/T o in @agreement with naive %5 spin counting
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X(3872) production in different collision systems

T . 5k LHCb 4 =5 Tevi 215’
X(3872) [aka xc1(3872)]_does not fit CC spectrum: P G f
narrow state above DD threshold - ves Mz 3 pgeydo decay-time to
10000 - A\
s e 3 select prompt component:
LHCb: first measurement of x_(3872) in pPb T A, t =(z S2 )M/ p
LHCb-CONF-2022-001 & = : z \"decay “PV z
X .(3872) and Y(2S) - as reference - 12k E
cl . N 150; § PPb {5 = 8.16 TeV, 12.5 b = Svstem  Rapidity Energy Luminosity
reconstructed in J/Y( = p'pw)mm final state g 1 e e R
o B A . 3 ;v 15<y. <4 8.16TeV 12.5nb"
......... 3 wb H Php 5 < Yo < —25 8.16TeV  19.3nb"
. Next slidc'e““.' g z‘;g 4

tla T T oms B wE

e +'§ " p,>15GeVic g § Pbp (5 = 8.16 TeV, 19.3 nb!

S |'& . .

S % sg o ) ) )

;TT Tl = LHCb . 3700 3800 M [ﬁg{\)//cz]

% g Preliminary ]

S| p,>5GeVic [ﬂ Initial state-effect are largely cancelled in the ratio

° The ratio increases with the system size, different from the

107 F 4 decreasing trend as multiplicity observed in pp [PRL 126 (2021) 092001]
:2<y<4.5 | L5<y<4 | -5<<-2.5 | |y|<0.9
oo Py B Hint that coalescence effect dominates x_,(3872) production in pPb?
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https://doi.org/10.1103/PhysRevLett.126.092001
https://cds.cern.ch/record/2807146

CMS

X(3872) production in different collision systems

First evidence using 1.7 nb™ of PbPb collisions data (2018) at CMS at | Kmematical range: 15 <py <50 GeVic, Il <16 |
Vs ., = 5.02 TeV per nucleon pair PRrL 128 (2022) 032001 c 1 POPS S 02 T
NN <5 400f- CMS 19 <Py <5 e 33
% 350 reeiee Cent, 0.90% =0
= E —51
UML fit to extract signal yields for (2S) and X(3872) = P
Final state: J/Y( = u'p) ' 20 v i
Significance for inclusive X(3872): 4.2¢ T o pomioratiys01mm)_ete S
% 505_ ----background:%f
2 o o
Prompt fraction estimated with MC studies PR T i
. . e E 10;— ¢ +». :_3
Yields corrected by acceptance and overall efficiency P TTOUOTTORRTION SUUTROR A
My (GEV/CP)
Ratio of corrected yields for prompt production in PbPb collisions pPP: 18 1.7 nb” (PbPb 5.02 TeV)
CMS
1.6 Prompt
& PbPb (5.02 TeV)
e compatible with 1 (within 10) 2 Il <1.6,0-90%
e compatible with @ =01  (within 20) g
XZ pp (7 TeV)
. . . 2 lyl < 1.2 (CMS)
Much larger data sample expected in Run-3 at LHC in order to improve & ety
. & Iyl < 0.75 (ATLAS)
the measurement and understand the internal structure of X(3872) and
the differences of its production mechanism w.rt. ¢(2S) Qg5 6750 6070
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https://doi.org/10.1103/PhysRevLett.128.032001

CMS

Simultaneous production of three J/Y mesons

. . . : pp—=+X _pp—r+X . =
N-parton scattering: simultaneous hard interaction of N partons PP P2tX _ (3) Osps '~ Ogpg $1j$z; n-’
DPS XD o 1 2
eff, DPS

Triple J/y production is a probe for Triple Parton Scattering (TPS)
PP—1+X _pp—¢h+X pp—y3+X

PP s +X (E) T5ps Tsps Usps

TPS = 3!

Simplest theoretical approach: uncorrelated partons T2 rs

3-J/Y Production via both prompt and non-prompt contributions ~ %¢ffTPS = £ Teff.DPS k=0.82+0.11
from PRL 118 (2017) 122001

Pure prompt production: Nonprompt contributions:

_____________________________________________________

I/

o | ' O > Effective xsec o ¢! PP transverse overlap

From simulation it is expected o_ .. = 20-30 mb

Previous measurements:
e = 3-10 mb from di-quarkonia final states
e =10-20 mb from jets, photons, EW bosons

Disagreement due to parton correlation,
different contribution from quarks/gluons,
poor control of SPS contribution



https://doi.org/10.1103/PhysRevLett.118.122001

Simultaneous triple-J/{ production at CMS

CMS Experiment at the LHC, CERN

First observation at CMS using 133 fb™ of pp collisions at 13 TeV V Data recorded: 2017-Oct-18 16 0eiEMgR0 GMT

Run/ Event / LS: 305237 / 1277785997 / 682
https://arxiv.org/abs/2111.05370

Event selection:

J/Q+u trigger
PV chosen as highest ¥p.?
event with six muons (3 OS pairs)
three p-pairs with
O opposite sign
o m(u)in[2.9, 3.3] GeV
o good common vertex
o compatible with PV (can be non-prompt)

" 10CMS 133lib‘(13TeV > 10ﬂll'§l . . |33fb‘(1?TeV = 10%[ . 133(b‘(1i§TeV
% 9 t Data = % oF t Data o % OF t Data E
. . . . f 8F — Total fit E f 8F — Total fit E 3 8F — Total fit |
Very clean signature - Six 3-J/{ events passing selection : Navuvavson 13 7 Wiy 38 7F Savavasioml 3
& 6f 3 o 6f 3 4 ef 3
SE E 3 E 5F E
4F E aF E 4F E
Signal yield extraction > N=5.0+ 2.0 Trigger eff.: 0.84 + 0.034 (MC) z: 3 2: 3 2:
dimuon BR = (5.961 + 0.033)% (PDG) ID*reco eff. 0.78 + 0.01 (data driven) £ T 1]
8,9 A 3.1 3.2 3.3 216 2:8 3 3.2 ° 21.6
m,,;[GeV] m,,.» [GeV]

o(pp — 3J/¢) = - = 272114 (stat) + 17(syst) fb

Etrig €id Ereco [B(J/'(p_)/“j'
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https://arxiv.org/abs/2111.05370

Simultaneous triple-J/y production at CMS

CMS

Theoretical total 3-J/ cross section expressed as
sum of contributions from SPS, DPS and TPS

Each process has contribution from
both prompt and non-prompt production

DPS and TPS contributions as product of SPS terms

Using SPS cross-sections from generators:
oetf.ops = 2.711¢ (exp) 1] (theo) mb

SPS, DPS and TPS contributions:

fSPS =6%

fos = 74% f s =20%

Otipps value consistent with other measurement from
di-quarkonium production, but not with extractions
from processes with jets, photons and W bosons

(probably because of contributions from EW sector)

3y 3y 3/ 3)/y
Oiot = Ogpg T+ UDP; + UTPg

o 3p 2plnp 1p2np 3np
= (”sps +0gps ~ +0sps ~ +0gpg

3p 2plnp Ip2np 3np
= (UDPS +0pps .+ 0pps + Tpps ) +

1 1
o2 P np

p
Orps + Orpg

2p 1p _lplnp 1plnp
g ™ ( spsCsps + Tspsfsps T Oepslsps 1 Cps

3 2pInp &

Inp lp 2np 2np
Usps + Ospslsps + Ogpg

+ Opg

Osps

Opps =
Oetf,DPS

3 3 2 2
1p Inp 1p Inp 1p Inp
e 2 ((”SPS) + (”sps) ) +me (("sps) Osps + Tgps (USPS) )

Orps = 3
geff,TPS
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Conclusions

e A selection of recent results in B-Physics production and spectroscopy from the LHC Collaboration

is presented

e 67 new hadrons have been discovered at LHC since its start and the particle zoo is constantly

growing

e Different experiments at the LHC observe independently new particles and can confirm each

others’ results

e Further understanding of QCD is possible thanks to precise measurement of physics parameters in

different collisions environments
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