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New particles discovered at the LHC

https://www.nikhef.nl/~pkoppenb/particles.html
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Higgs boson + 67 new
hadronic states so far (most
from LHCb)


https://www.nikhef.nl/~pkoppenb/particles.html

New exotic hadrons discovered at the LHC

https://www.nikhef.nl/~pkoppenb/particles.html
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Higgs boson + 67 new
hadronic states so far (most
from LHCb)

Exciting discoveries in the
exotic sector (see a contribution
done by Mikhail Mikhasenko)

What about conventional
hadrons?


https://www.nikhef.nl/~pkoppenb/particles.html

New conventional hadrons discovered at the LHC

https://www.nikhef.nl/~pkoppenb/particles.html
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* Higgs boson + 67 new
hadronic states so far (most
from LHCb)

e Exciting discoveries in the
exotic sector (see a contribution
done by Mikhail Mikhasenko)

e What about conventional
hadrons?

* No new conventional states
observed in 2022

* Many results on

properties:
O new decay channels,
O branching ratios,
d lifetimes .


https://www.nikhef.nl/~pkoppenb/particles.html

LHCb: Find \

Excellent vertexing allows efficient heavy ,
quark hadrons selection / gives access to‘,.-f”'

decay time distribution / prompt-
secondary separation for charm

Protons collision point

' /IRICH1

/]

o(IP) == 20pum
op/p=04—0.6"7%

Etrack 96 %

\Measure

=
C7

D_

(C
ack

cellent PID allows to suppress

ground drarmatically and

explore many decay rmodes

EPID(IE') ~95%

ECAL

MisID(K—m) ~5% SPD/PS

Magnet
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Excellent tracking

Muon system — nice tagging &
great potential to search for rare

g ~decays with di-muons

\ eprpl(u) = 97 %
\IMisID (m— ) =~ 3%

%:’ JINST 3, (2008) S08005;

' Int. J. Mod. Phys. A 30,

(2015) 153022
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Will be discussed today

Recent spectroscopy results for conventional hadrons

* |) Amplitude analyses for charm hadron decays

v' Amplitude analysis of D*> 't arXiv:2208.03300

v Amplitude analysis of A_* 2pK-mt* arXiv:2208.03262
* |I) Decays of B mesons into charmonia and light hadrons

4 B_* into charmonia and many hadrons arXiv:2208.08660

 Intermediate charmonia contributions in B*=>J/ynkK* arXiv:2202.04045

d Measurement of t, using the B.°-J/yn arXiv:2206.03088
* |Il) Baryonic decays of B mesons

* Search for the rare baryonic decay B.°-pp arXiv:2206.06673

% Study of B*> A_*A_K" LHCb-PAPER-2022-028 (in preparation)
e Baryons which contain two heavy quarks

» Search for 5, " = J/Y5 arXiv:2204.09541

» Observation of £_** = 5 *n* JHEP 05 (2022) 038

08.09.2022 A.Dzyuba @ QNP-2022 7



Amplitude analysis of the D*—> ' t* decay

* 8 TeV sample collected in 2012

during Run-| data taking

* The sample contains ~600k
candidates with a signal purity of
95%.

* Resonant structure from the Dalitz
plot analysis (s,: 1= 17, i={2,3}
randomly assigned rt*)

e S-wave amplitude is extracted as a
function of 71" mass, and spin-1
and spin-2 resonances coherently
included (isobar model)

Y

. Qualsi model dependent partial wave
analysis
Y s, [GeV?]

Veto on K’

08.09.2022 A.Dzyuba @ QNP-2022 arXiv:2208.03300
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Candidates/ (2.4 X 10 GeV*)



Amplitude analysis of the D*—> '’

depav

Candidates/(0.012 GeV?)

LHCb
0.75 fb!

15
Siow [GeV?]

A(312:~ 313) = lAS—wave(Sm) + Zaiez&Ai (8123313) + (812 A 813)3 § 10
o ido(s12 0
As_wave(S12) = ap(S12)e ( ):' § di
* The S-wave component is found to be o =
dominant
 Significant contribution from followed by S 20F
the p(770)°rt* and f,(1270)n* components. :
* A small contribution from the w(782) decay bor
is seen for the 15t time in the D>t :
decay 10p
Component Magnitude Phase [°] Fit fraction [%] 5:_
p(770)% T 1 [fixed] 0 [fixed] 260 +03 +16 =£03
w(782)7r+ (168 £0.06 £0.15£0.02) x 1072 —103.3+21+26+04 0.103+0.008 & 0.014 + 0.002
p(l45l])°:rr+ 266 +0.07+0.24+0.22 47T0+15+5.5+4.1 54 +04 +£13 $+08 L
p(l?(](])“?f+ 741 +0.18+047+£0.71 — 65.7T+£15+£38+46 57 x£05 £10 =£1.0 oF
J1\°;>(127'0)7r+ 2.16 £0.02+0.10 £ 0.02 —-1009+07+204+04 138 +£02 +04 +£0.2 i
S-wave 618 +05 406 =405 '
2. FF; 112.8

x?/ndof (range) [1.47 - 1.78]

—2log £ = 805622

08.09.2022

0.5

- relative to p(770)°r

T
m(mr") [GeV]

i
m(nr’) [GeV]

0.5 1
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Amplitude analysis of the A *—pK i decay

Largest contributions

400k candidates from semileptonic b-decays 1] £ IO 1 24
o | ] O o
. = gl ! 4 « nE ] v TE
Purity of the sample: 98.3% S ' A(2000) ] g“;; S o
g 6f 7 7] Z F ] Z 5
All parameters of the amplitude model reported = g o 1 4
M = 1988+2+21MeV, I = 179+4116 MeV, IP=1/2- | | ©r N
0: _E E.E'#.Tﬁarg— L\‘x ; e = ¥ 3
Resonance JP Mass ( MeV ) Width ( MeV ) 040608 lrffl'fj&ijrf}'[ﬁéiﬁf P 2
A(1405) 1/2- 1405.1 50.5 3 of 3 3
A(1520) 3/2= 1515 — 1523 10 — 20 S S =
A(1600) 1/2+ 1630 250 = £ £
A(1670) 1/2- 1670 30 ER: E 2
A(1690) 3/2- 1690 70 g - ¢ !
A(2000) 1/2= 1900 — 2100 20 — 400 g k
A(1232)F+  3/2+ 1232 117 & "
A(1600)T+  3/2+ 1640 300 T o
A(1700)F+  3/2- 1690 380 ?
N + ) ) — Data — Model — A(1232)" — A(1600)
I E,{ (700) 07 8%47 478 — A(1700)"* — K'(892) K,(1430) — K,(700)
[£7(892) 1 895.5 47.3 — A(1405) — A(1520) A(1600) — A(1670)
K(T ( 1430) 0+ 1375 190 = A(1690) = A(2000) == Background
08.09.2022
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1) b-physics with charmonia

* Muons are easy to identify online, therefore they provides a fruitful
trigger options widely used in LHCb

* Decay of B mesons into charmonum states + light hadrons are used:
* As a tool for CPV studies in b-sector.
* As calibration channels for searches of new physics

* But they can also provide:
* Playground to test different QCD approaches

* An excellent opportunity for studies of charmonium and charmonium-like
exotic states

 Tool to measure various properties of B mesons



B_* decays into charmonia + hadrons ~ : Rurtand i datasets

* Three decay channels

* Large number of light hadrons and et _ B(BY o KK )
large energy release I et 2= = T BB JpsTaT)
* Test a possibility to apply statistical, R BB~ Jbam3m).
or quasi-classical, approaches to ggi:j‘z‘;"; ) o BDES) > T
. . 98 )7t 7t 7 h )(2S) Tt (2 YT T
describe the multibody system of Ry = |

i B(B+— JAp3mt2m—
the light hadrons (BE = JAb3mt2m)

—~ 100" 1T T —~ 40T & 15— — T
S LHCh] & | . LHCb T S LHCD -
W IT T KK o s
© T 0 Bf 5 Jgnht] & [ S 1ol ]
%f 60| ———= background %f“ i g I i
=R total 1 5 %F E s 4.7c evidence |
T = _J{ J[J( J[ J( J{ i E sk |
E ok 1 & 10% - E J{ |
;ﬁﬂmﬂ*—*ﬂ-ﬁl %ﬁmﬁ e } w i ‘ﬁ* %H&HHM m& - M - # iﬂ i m H £

ng' | 6.25I | I6.35I II I6_45 8_15' II 6_25I | I6_35‘ II 6.45 0 T N[ ‘I ‘ . | ‘

TTZ‘]/ll,gﬂ—l—Qﬂ— [GeV/cQ] Tn‘]/ll, K+K—ntaxtn— [Ge\//cz] 6.15 6'22”/11} 4ﬂ+3ﬂ?'35 [Gev/cg?’s

08.09.2022 A.Dzyuba @ QNP-2022 arX|v220808660 12



B_* into charmonia + hadrons

e ForJ/Y3m*2rr channel a
contribution from /(2s) is

observed

e Distributions of events in the

Y(2S) region -

e Ratios of branching fractions are reported

* The mass spectra for the light-hadron
system, as well as the mass spectra for the
intermediate combinations of light hadrons
agree with the phenomenological model
based on QCD factorization approach

08.09.2022

Candidates /(10 MeV/ 02)

5 0 T T T T T T T T

- + data LHCD -

40 /1 Bj— — l])(QS)TT+TT+TT_ 9 fb_l ]
L Bf - (Jnta )ygmtatn
- 777 comb. P(28)nt it
-- background

total

30}

Candidates/(2 MeV/c?)

———

" LHCH A
9fh~1 |

7?/J/Ll) KTK—ntatn—
JAp3nt2n—

JAp 4t 3
R.]/ll) 3t 2n—

PY(2S)ntat
R.]/Ll) 3nt2n—

(33.7+£5.7+£1.6) x 1072
(28.5 4+ 8.7+£2.0) x 1072
(17.6 £3.6 £0.8) x 102

A.Dzyuba @ QNP-2022
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Intermediate charmonia contributions in B*=>J/(nK*

* Exclusive B-decays provides an excellent
opportunity for studies of charmonium and
charmonium-like exotic states

* Some models predict the existence of y_,(3872)

partner (X./'=>J/yn) =

e Same ratios for other states

 JW2utu, n2yy

Upper limit at 90% CL

FX [10_2] BX [IO_T]
1[}(3770) 2.2 4.6
3(3842) 2.9 6.1
1[)(4160) 4.2 8.7
1[}(4415) 4.6 9.6
R(3760) 2.0 41
R(3790) 3.2 6.7
7..(3900)° 2.1 43
(4230) 1.9 3.9
1[)(4360) 6.0 12.4
1[}(4390) 11.6 24.1
7..(4430)° 6.1 12.7
X, 1.9 3.9

— 2500 T I
= LHCh -
5 2000/ A 9fht
;_: E 4 Data ]
£ 1500~ + [ Br— JAgmKT —
%3 = + ——— Comb. bkg.
= - 3 Total
= 1000 ¥ —
o= BB XKY) x B(X— JAm) O Pt N
T B(B+— 1(28)K+) x B(W(25)— JAm) sool LT,
L sWeights T
L ‘ . ‘ ! ! \ | . ‘
Bx = B(B+ — XK+] X B(X—} J/LL|?T'|) ° 52 5.4 5.6
. . m-J/IIJnKJF [GE‘V/CQ}
&:“180 I » F'4 Data' € ' ]
= 1F LHCb= _~2 FEEE B oo+ LHEDS
< 140 Oh™4 = °F___ Bt (i) Kt 97T 3
g 120E- + Data 3 o 1e0E” Total E
< ook [ BT — ¢o(3823)KT 3 = 140p o E
% of [ Bt— (29)Kt ] = 120t J(—i
£ e B (Jfmpg Kt S W%H iyt i e
“F Toral 3 46 evidence . f ﬁ %J{HHJ&H 15
40¢ o E “F PV ! H f
0 bty Tt %Hﬂ bt '
0: +Ir T +++++++3L +++++ ++: =
3.é5l - ISI‘?I - I3.|’.’5I - I3.|8I - IS.;ESI - I?:.Q ; 0
M A [GC\I/CQ M Jppm [GCX’T/C
— A.Dzyuba @ QNP-2022 - arXiv:2202.04045 14




Measurement of t, using the B.9=>J/(n

* Neutral mesons can be considered in deafferent Example of fit (2018 dataset)
basses: flavor, mass and CP eigenstates R T Z o T Y b ]
. . . . ; :—Fit . . LHCbl ; 10° B2 LHCb . — Fit J
* Sizable difference is predicted between decay = 400E o sigma 2T = 2107 oo 3
widths of heavy (H) and light (L) eigenstates of B,0 <, fmzm E g 1 I
* Small CPV in mixing = mass eigenstates are also £, R
CP eigenstates 2 © ok
. O 100 : b
* Use CP even modes to determine 1, = 1/T, _ i
. 0 L i 1 1 f L 1 1 L I 1 SRt uimiy ottt ifebr ol IS I 8 19
* Update for B.°=>J/in with full Run-Il data (6 fb™) 9200 o) Movio] 2 4 ¢ R
* Reconstruction: J/Y 2 u*u—, n =2 yy B 1y [ crrrrrrre
« 2D maximum likelihood fit of mass and time spectra (Run 1+2)
B? — DDy | ———
( . = \ B? — J/yo | ——
Run-lI: 1, = 1.445 & 0016(8)[(1)[) + OOOS(S}TS)[) PsS. (HFLAV21)
Combination with 7y, = 1.452 & 0.014 £ 0.007 + 0.002ps. | %% —1
Run-I: correlated syst. [SM Prediction
JHEP 07 (2020) 177 | a
JHEP 12 (2017) 068
\. J S P S 7 S WS S SR N
08.09.2022 A.Dzyuba @ QNP-2022 15 T [ps]
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1) Search for the rare hadronic decay B, pp

Study role of exchange and annihilation diagrams in baryonic B

decays

Run-2 sample of 6 fb~t at 13 TeV

Analysis relays on excellent LHCb PID capabilities

Kt as a normalization mode

No B.Y signal observed = upper limit on the branching fraction

B(B) — pp) < 4.4 (5.1) x 107 at 90% (95%) CL.

BY decay mode observation is confirmed with very large

significance.

The combination with Run-|

[B(B® = pp) = (1.27 -

=0.13 -

- 0.05 + 0.03) x 1078

08.09.2022
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Candidates / (10.0 MeV/c?)

Candidates / (3.0 MeV/¢2)

=Y

]U.!

10

LHCb
6 fb™!

* Data - B

— Total fit A - pr
=+ B'= KT
B{— K~ ===Comb. bkg.
Bi— K'K ==

Ay = pK

Part. reco.

=500 —US600
m(K*r™) [MeV/c?]
FT 1 LA LA B B AL R BN L
30:_ LHCb 0 i Data
E 6fb_l — Total fit
25
E B> pp
20

0

arXiv:2206.06673

15F
10E

5

=== Comb. bkg.

+

5500
m(pp) [MeV/c?]

5300 5400
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Study of B*> AA K™

* Low background channel to search for exotics, as well as for excited =_ states

 Run-ll data, 5 fb~1 at 13 TeV
* Signal is extracted with a 3D-fit of mass spectra

total
; 070 ] " LA ] : ] ; 400 T T T T T T T T ' ' T signal
L C . 1 = 350 54 \ s'y—b .
- LHCD = 1 = 30 LHCD o g
- 200F _ 3 e 300 4 - _ S p P
= E 5fb7! =~ = 300F 5fb™1 i T — - 5"y bb .
u C . . 2 250 4 £ . . A
= 150 preliminary f/ 1 = ] = 250F preliminary | PRI,
= - = 200 - = 200 ! bp-s1b s
S 100F at Vs = 13 Tev [: = 150 1 & Py ——— by brs
5 ool - 5 1 S bbb,
_F 100 E 100 HE
30 3
- a0 _ = ]
0 -~ : -y o BT -
5230 5300 5350 2250 2300

MA, AZK7) [MeV] MK %) [MeV] MEK* 1) [MeV]
B(B~ - ATAZK ™)
Ngig = 1365 + 42 BB S DD K

08.09.2022 A.Dzyuba @ QNP-2022 17
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Study of B*> A A K™
»5.(2790)° 5.(2880)° £.(2923)°,5£.(2939)" included in the nominal fit

v ¥ =1/27 (known), 1/27,3/27,

studied in systematics); interference considered

B (1P][qq = 1% multiplets; alternatives

“.:? - | o | f 3.80 = evidence of a new state

< 10pF LHCb b 1 M(5.(2880)°) = 2881.8 + 3.1 + 8.5 MeV

e . 5fb~? i —_

o A | T(2:(2880)°) = 12.4 £ 5.3 + 58 MeV

S gof s, i 2 M(E.(2923)°) = 2924.5 + 0.4 + 1.1 MeV

E (ZJU‘f— non-resonant component —f F(EE(ZQZ 3)0) — 4‘.8 i 0.9 i 1.5 MEV \
40; _f Confirm prompt observation
of T 1 M(5.(2939)°) =29385+0.9+23MeV
N it B A ST ['(£:(2939)°) = 11.0 + 1.9 £ 7.5 MeV

2800 2850 2900 2950

M(AZK™) [MeV]  Also, E¢(2790)°: 3.7 = evidence of new decay mode

08.09.2022 A.Dzyuba @ QNP-2022 18



summary

* LHCb is the ultimate factory for spectroscopy of conventional mesons
* Huge statistics / perfect vertexing and PID

* Many new analyses released in 2022:
 Amplitude analyses
* Decays to charmonia and light hadrons
* Baryonic b-decays
* Study of baryons, which contain two heavy quarks

e LHCb results on other topics can be found via
e https://Ihcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary all.html

* Looking forward for Run-Ill data
* Thank you for your attention!

08.09.2022 A.Dzyuba @ QNP-2022
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