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Quark model & Strong inter
 Flavor: u, d, s, c, b, t '

 Color: R, 5, B
« Hadron: Colorless

— Meson: Qq
— Baryon: Qqq("
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We then refer to the members uf, d-3, and s-3 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations

(

(@aq), (@gaaqaqd), etc., while mesons are made out
of (qd), (qaqq), etc. It is assuming that the lowest
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Hadron spectroscopy

» Test our knowledge of QCD: mass & width

* Today's discovery, tomorrow’s precision tool
— B state, used to tag B*, E,,;ss reconstruction

il

[PRL 110 (2013) 151803]

60

80 100 120 140 160 130 200
m(B*K") - m(B*) - m(K") [MeV/c?]

~

Candidates / (0.2 GeV?

B;) - B (> K*u tHK~
e
-~ D LHCb 3
- — Fit BDT bin 4 E
E [ BYY signal [JHEP 06 (2020) 129]
F non-B,) signal E
- - Background 3




Present main players
ATLAS

EXPERIMENT

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

‘Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker

CMS,

— -__I LHCb

—— 5359
B 31 ,

Ll ‘;

T LA
L R ;,ff{

— — L

———— ()

[y




[PRL 126 (2021) 122002]

New excited D state

(c5)

e D.,(2590)", observed in B® - D™D*K* r~
— Candidate for D, (21S,)™, radial excitation
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[EPJC 81 (2021) 601]

Candidates / ( 6 MeV )

« Observed in m(BTK™)
—directly to BTK~
— through B**K~
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B) states s)

my = 6063.5 + 1.2 (stat) £ 0.8 (syst) MeV,

\I‘l = 26 14 (stat) -4 (syst) MeV,

me = 6114 + 3 (stat) £ 5 (syst) MeV,
['y = 66 + 18 (stat) = 21 (syst) MeV,
f1 =0.47 £ 0.11 (stat) £ 0.15 (syst),

if through B**K~,B** - Bty
my = 6108.8 + 1.1 (stat) = 0.7 (syst) MeV,
'y =22+ 5 (stat) =4 (syst) MeV,
mge = 6158 4 (stat) = 5 (syst) MeV,

'y =72+ 18 (stat.) £ 25 (syst) MeV,

fi =0.42 £ 0.11 (stat) = 0.16 (syst).



Charmonium(like) states

Y(4790) 2023 Charmonia and charmonium-like states
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[PRD 108 (2023) 032010]

Charmonium in B - (K¢ Kn)K €
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B spectroscopy

* B. has a rich spectrum
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[S.Godfrey, PRD 70 (2004) 054017]

State Decay GKLRY * Godfrey

135, 11S,+y 100 100
18P, 135, +y 100 100
1P, 1385 +v 6 12.1
1Sy +7y 94 87.9
1P, 135, +y 87 82.2
1S +7 13 17.8
13Py, 138, +y 100 100
215, 1'Sy+=nx 74 88.1
1P, +y 9.4
1Py +7v 2.0
13S1+Y 0.5
238, 138 +=xxm 58 79.6
13P2-+-')/ 8.0
1P, +v 1.0
1Py +y 6.6
13Py+7 4.0
21Sy+y 0.01
11So-+-')/ 0.8

*U.P.Gouz.etaL,Phys.AKMn.NucL67(2004)1559]

T[S Godfrey, PRD 70 (2004) 054017]
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Observation of B (25)* ¢

* Mixture (?) by ATLAS, then

both states by CMS and LHCb:

-
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— B (29" [PRL 113 (2014) 212004] 2
B.(25)* . > 7T g §
S g5 ATLAS Q.. =288+5MeV 3 1
o < SOéJ.Ldt=19.2fb‘1 GBM_18+4MeV i
T “g F Is=8TeV Bnn_35+13
Tt 5 250 e Dawm
sl ™ Ligciae ¢ :>
—_ B:* 15F- 5 _
B} __,,/"y S 5 ) i %
0+ 1-- 5F - ﬁ
cb OZ--"““i‘““"“""“"""“": o
0T 100 200 300 400 500 600 700 =
m(B_xr)-m(B,)-2m(x) [MeV] %
2
o
M(B:(2351)%)rec = 6841.2 £ 0.6(stat) + 0.1(syst) + 0.8(B}) MeV/c?  §
LHCb 1 M(B.(25)*) = 6872.1 + 1.3(stat) + 0.1(syst) +J0.8(BF )[MeV/c?

M(B.(25)*) = M(B2(25)");ec = 31.0 + 1.4(stat) &+ 0.0(syst) MeV/c?

M(B.(235;))rec = 6842.0 + 1.0(stat) + 0.0(syst) + 0.8(BF) MeV/c?

CMS { M(B.(25)%) = 6871.0 + 1.2(stat) + 0.8(syst) j{ 0.8(BC+)'VIeV/c2
M(B,(25)*) — M(B(25)")rec = 29.0 + 1.5(stat) + 0.7(syst) MeV/c?

[PRL 122 (2019) 132001]
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B mass measurement

(be)

¢ SiX decay modes, with all Run1+2 data,
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Mass (MeV)

Bottomonium(like) states
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Ab1,2 (3P)

u*uy Candidates / (25 MeV)

With converted photons,

better resolutions

[PRL 108 (2012) 152001]
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[JHEP 10 (2019) 220]

New structure Y (10753)

* In the E-dependence
of ete™ > Y(nS)r* m™
cross-sections
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= 355175 33 MeV
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Charmed baryon mass (GeV)

Charmed baryon spectroscopy
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[PRL 130 (2023) 031901]

Evidence of 47 (2910)  «w

* In B - £.(2455)* %z H decays, 4.20,
good candidate as Af(1/2—,2P)

m = 2913.8 £ 5.6 £ 3.8 MeV
=518+ 20.0 £ 18.8 MeV
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[PRL 124 (2020) 222001]

Observation of excited = Zc ) states @

* Three excited =9 states =
C - p K ,nt
/-\ T T T T I T T T T I T T T T
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.'5.0(2939)0 158.45 +0.21 £0.17 2938.55+0.21 £0.17 £0.14 102+ 0.8 £ 1.1
=.(2965)° 184.75 +0.26 £ 0.14 2964.88 +£0.26 +£0.14 £ 0.14 141+£09+13
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[PRD 108 (2023) 012020]
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[arXiv:2308.08512]

observing its CS decays 2~

m(Q2Y) = 2695.28 + 0.07 + 0.27 + 0.30 MeV

27 mass

 Best measurement of 22 mass while

2695.2 + 1.7 MeV, PDG 2023
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[PRL 118 (2017) 182001]

Observation of excited 2? states

 Five states observed in m(£7K~) in 2017,
nature unclear

— Excited 22 (css), molecular, pentaquark (cssqq)?
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[PRD 104 (2021) L091102]
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[PRD 104 (2021) L091102]

* Spin of 2:*0 probed, not conclusive yet
— Assignment of (1/2, 1/2, 3/2, 3/2) rejected by 3.50
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Two new charmed hadrons
* Two new 2.(3185)°,02.(3327)° in 2023

—
o
o 0 —rt —+ - 0 =+
- 0.3065) = EN(>E YK~ mmmm=- 02.3000) — E’K K+
0 B 2.(3090) — Ef(=E K™ mmeee- 02,3050 — EK- PV .
2 Q,3119° = EHSE YK~ anenns 02,3065 — E'K- I K-t
=4 B 2.(3185° > Bk~ eeeee 02,3090 — EiK- P"y -~
Y B Q333270 > EJK- e Q.3119° - E}K
O
© x10°

- o~ 14 = L R | rTfrrrrjrrror oo
o ra
o § 12 Resonance m (MeV) I' MeV)
Q v o] Q.(3000)° 3000.44 +0.071007 £0.23  3.83 £0.231)3

s . .

o g | Q.(3050)° 3050.18 +£0.0470% +£0.23  0.67 £0.170%
N s 8 < 1.8 MeV, 95% CL
8 .§ - Q,(3065)° 3065.63 £ 0.06100¢ £0.23  3.79 £0.2073%
o~ g O] Q.(3090)° 3090.16 +0.1110% +0.23  8.48 £ 0.4470¢]
> 5 4 Q.(3119)° 3118.98 +£0.121909 £0.23  0.60 £ 0.637?
X O < 2.5 MeV, 95% CL
o B Q.(3185)°  3185.1+ 1.71]¢ £0.2 50 + 719
— Q.(3327)° 33271+ 12193 +£02 20+ 51

0 TP AL X
3000 3100 3200 3300 3400 3500
m(E'K") [MeV]

Difficult to distinguish threshold structure and feed-down
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Doubly heavy baryons

* Production @ 13 TeV, in LHCb acceptance
— J(S(TCJF) = a(ucc) ~40 nb, a(.(Z -)~13 nb

g

* Mass
M(EL) =~ M(EXT): 3.5-3.7 GeV, M(02}.), +0.1-0.2 GeV

- M(Hbc ~ M(Zp,): 6.8-7.1 GeV, M(22p,), +0.05-0.1 GeV
* Lifetime

- T(E&) = () = T(‘-‘g_c-l_) T(&5:7): 0.2-1.05 ps

— Zpher Spheo "QbC: 0.1 05 pS



Summary of DHB studies

First search, Hintjscpuia 64 (2021) 101062] First search|cpc 45 (2021) 093002
+ 0
Nz (ccs) 1y (bcs)
~+ =
‘-‘cc (Ccu) —cc (CCd) “bc (bcu) '-'bc (de)

Observation|prr. 119 (2017) 112001]  Hint/Evidence First search First search
Mass|juep 02 (2020) 049 [SCPMA 63 (2020) 221062, Hint [JHEP 11 (2020) 095]
Lifetime pri, 121 (2018) 052002 JHEP 12 (2021) 107] [CPC 47 (2023) 093001]

PrOdUCtiO”[CPc 44 (2020) 022001]
mt ot
Decay=; T [pri 121 (2018) 162002]
:'l+n.+
Sc [JHEP 05 (2022) 038]

26



[PRL 119 (2017) 112001]

Observation of 7.7 - ATK ™ nm™

« ATK ntn™ identified as the YT
most promising channel #* e :

PV

[F-S. Yu et al., CPC 42 (2018) 051001]

* First observatlon |n 2016 (>120) & Run-I (>70)

o | |
180
E LHCb 13 Tev Nslg - 3 1 3 + 3 3 NQ o T | T T T T | T T T T | T T T m
160 > 70F LHCb 8 TeV E
L C  —+ Data N E E
S 140F - = 60 | Data ]
é) F — Total ] o E Total 3
C ® S50 -
e Lol u o _ Signal
g 100E § 40F --Background
£ soF T 30F +
o E S ]
= 60 | 20 —
< o I ]
O 40 10 -
E ! | L ! ! : I ! ' ) ! | ! ! ! 3
20 3500 3600 3700
W 2 4
0= %50 30 300 Meana(Zee) [MeV/e?]

mcamd(-’:::) (MeV/c?)
3621.40 & 0.72(stat.) &= 0.27(syst.) & 0.14(A}) MeV/c? ;



Precision measurement of m(=}.*

 UROP, preparing to search for excited states,
event-selection re-optimised

o
<t & = | — T — T T T o 800 —rT r [ T T T [ T T [ T T T
oL i LHCh —+ Data L i LHCb -} Data
o5 80 L S AK mtnt — Total 1% [ B oExt — ol
N = [ T ¢ - - - Signal > 600 ce ¢ Signal
o Vg) B 1 <©
Oz 600 N --- Background —| T i s
N 8 - 2 400
c“ -
= 400 =
D— = Y P, 1) 1 & R A
-~ E - ) = 200} ;i |
T < 1 g — ' -
= O 200 1598+t64 15 T 'y 616147 -
0-' ] ) ) ) 1 | PR S 1 ] ) 0-- | ’.l~".'“‘1'.;lr.. (- .-‘:\. Y e
3500 3600 3700 3400 3500 3600 3700 3800
m_ (Zc) [MeV/c?] m,_ (5" [MeV/c?]

m(E5H) = 3621.55 + 0.23 + 0.30 MeV/c?
c.f, 3620.6 + 0.65 + 0.31 MeV/c?
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[SCPMA 64 (2021) 101062]

Search for 27, e

c N > EXK 7™

200 LHCb _» Data _

— Hint at 3876 MeV, local - LG R
B?(?ﬁlground |

(global) significance of
3.20 (1.80)
o++

— Production relative to =,

Candidates / (5 MeV/c?)

< 0.14 T Q lg— T T T 3
[e] 1 2 E'-,_ T T
30.12— ---1=40fs —1=80fs -+ 1=120fs - 1=160fs -1 =200fs — $ o : o
o L ) , 54" i = 20
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_,v' [TAT Y ~ ‘:' ] ) N ;
0.06_ A i ] 107 E =
0.04 f j - E
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RN S AV RN N7 A\ 10 E -1 E|
0.02 fEAmg ”:é’:’m‘“u A o E 5.4 1b 3
- \"w“““ - ) " . % .A""E,..w;‘- \: » ]
i L L L T JI L L L L | L L L L | L 1 - L L 1075 1 L 1 L 1 L 1 L L | S S S TR 1
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[CPC 47 (2023) 093001]

Search for 5. ¢

= =+
Zpe 7 ]/l/)h'c
— Hints at 6571. 6694 MeV,

w/ local (global) sig. of
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Charmed baryon mass (GeV)

Beauty baryons

a) Charmed baryons — - b) Bottom baryons
(@) y (b) Y — 65 3 [ LHCb ~4-Data
S 30— .
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[PRL 126 (2021) 252003]

Observation of =, (6100)~

« 5,(6100)” with &, m ™

Candidates / 4 MeV

Candidates / 2 MeV
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(bsd)
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[PRL 128 (2022) 162001]

Candidates / (1 MeV)

Pull

(bsu)

5,(6327)% and £, (6333)"°

Observed in
A)K~m,
consistent w/
1D doublets

Mg, (6327)0 = 6327.28 15:33 (stat) + 0.12(syst) £ 0.24(m0) MeV
Mz, (6333)0 = 6332.69 I5:13(stat) + 0.03(syst) £ 0.22(mo) MeV
Am =mg (533370 — Mg, (6327)0 = 5411535 (stat) + 0.12(syst) MeV
o, 3270 < 2:20 (2.56) MeV at 90% (95%) CL

Iz (63330 < 1.60 (1.92) MeV at 90% (95%) CL

WwFE L ' . — 6.8 6.8
- ¢ Data LHCb 3
80E" — Total fit | 6 b
70 o E,(6327) | i 6.6/ 35— = 6.6
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g 2 & 1D g K
40 - 2 HL & = |ag—— E5(6327)° LK
g P 62 = 62
30 T 3 Lo E5(6100)" = AK
20 - : = s — Eir
2 * E D 5 6.0 =*(5955)" = 6.0
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AT 6 (X 8 =
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0. _ 6360
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[B. Chen et al., PRD 98 (2018) 031502(R)]
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[LHCDb-Paper-2023-008]

5,(6087)% and 5, (

6095)°

(bsu)

Value [MeV]

Two new states observed

23.60+ 0.11 £ 0.02
0.94+£ 0.30+£ 0.08
6099.74 £+ 0.11 £ 0.02

Confirmation
+06 (5;)

- 5,(6087)° - &, (E)n)mt

16.20 = 0.20 = 0.06
2.43£0.51£0.10
6087.24 & 0.20 & 0.06
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0.504+0.33+0.11
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0.874 0.06 + 0.05
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3.66 + 0.014 0.00
0.03+ 0.01+0.03
5935.13 £ 0.01 £ 0.00
24.27+0.03+£ 0.01
1.434+0.08 £ 0.08
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+0.6 ()

Improvements
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[arXiv:2305.15329]

Candidates / (8 MeV/cz)

Mass difference measured using 2, —

]/l/)fl (/1K )and Ep —>]/l/J~_(/17T )
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Summary

* Many results on the conventional heavy flavor
spectroscopy in the past years

— Meson: Dy, (2590)*, B (25)*

— Quarkonium: Y (10753)

— Charmed baryon: excited (). /2. states
— Doubly heavy baryon: 5.

— Beauty baryon: excited (), /2, states

Much more will come soon, stay tuned

* Your suggestions are always welcome



