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Heavy Hadron spectroscopy
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To understand composite matter we study baryons

e conventional and exotic particles/resonances
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New hadrons at LHCb
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https://www.nikhef.nl/~pkoppenb/particles.html

[LHCb detector

The major player in spectroscopy

thanks to its unique dedicated design

® high invariant mass resolution
e PID for separate K, r, p
e highly performant trigger

Sem

Luminosity:
Run 1 and Run 2: 9 fb-1
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Muon chambers, hardware
trigger with ~90% efficiency

Calorimeters, hadron trigger with
~50% efficiency

JINST 3 (2008) S08005
IJMP A 30, 1530022 (2015)

VELO: vertex detector

IP resolution: ~25 um

RICH detectors for particle
ID. pid(p - K)~95%


http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1748-0221/3/08/S08005

LHC ERA % &; HL-LHC ERA
—
3fb1! +6 fb1 23 fb1! 50fb1 300 fb!
[LHCb up grades [

Run 1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2

Upgrade | (in Run3 & Run4) -> now at ~end of Run3 ¢

Brand-new detector and fully software-based

LHCb Run 3 detector

trigger - >

» x5 luminosity increase: L = 2 X 10°3cm™2s™!

. o & - g New Scintillating Fibre
* EXpeCted IumanSIty. | " . HEAL - i 86 L% P

| M3
= 50 b~ by end of Run4 [

SciFi  RICH2 M2

= 300 b~ by end of Upgrade Il (2040)

 Removing the hardware LO trigger allows T Logaatl) > | | | |
triggering on fully hadronic final states, with a AN SRR AN | | | AR
~2-3x Improvement in efficiency W 7 = —
Pixel detector e V) | ' /1 | - -
2W OPLICS 2W F S l e ol D oo r

upgrade

The LHCDb Upgrade I, JINST 19 (2024) P05065
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https://arxiv.org/pdf/2305.10515

LHC ERA % X7 HL-LHC ERA
—
3fb! +6 fb~! 23 fb? 50 fb? 300 fb!
LHCb upgrades | [eoe] G [Be] B

Run1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2
Upgrade | (in Run3 & Run4) -> now at ~end of Run3 ik First-level trigger efficiency improvement
Brand-new detector and fully software-based for B hadrons to Dz decays compared to Run2
trigger B T S A 3
99 g - LHCD Preliminary HLT2 Turbo 0'175:5
+ x5 luminosity increase: L = 2 X 10¥cm™2s™! 212 4+ 2024 HIt (Two)TrackMVA 10150 8
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~2-3x Improvement in efficiency o 7002
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LHCDb upgrades

LHC ERA El &7

3 fb!

2011-2012

Run1

Current LHCb

Upgrade | (in Run3 & Run4) -> now at ~end of F

Brand-new detector and fully software-based

trigger

2.—1

» x5 luminosity increase: L = 2 X 10%3cm ™25~

» Expected luminosity:
= 50 b~ by end of Run4

= 300 b~ by end of Upgrade Il (2040)

 Removing the hardware LO trigger allows
triggering on fully hadronic final states, with a
~2-3x Improvement in efficiency
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Recorded integrated luminosity [fb ]

HL-LHC ERA

e —————————————————————-
+6 b1 23 fb? 50 fb? 300 fb?!
2015-2018 - 2029-2032 2035-...
Run 2 Run 3 Run 4 Run5...
LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2

Total recorded luminosity by year — pp

i
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T | |
2025 (13.6 TeV): 11.81/1b
LHCD

2024 (13.6 TeV): 9.56/fb
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-
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2023 (13.6 TeV): 0.37/1b

2022 (13.6 TeV): 0.82/1fb

2018 (13 TeV): 2.19/1b

2017 (13 TeV): 1.71/1b

o0

2016 (13 TeV): 1.67/1b

2015 (13 TeV): 0.33/1b

2012 (8 TeV): 2.08 /b

2011 (7 TeV): 1.11/1b

2010 (7 TeV): 0.04/1b

0 ——— —— L
Apr May Jun Jul Aug Nov Dec

Luminosity collected so far: 22 fb~!

= Already about ~3.5x Run2 luminosity



Conventional spectroscopy




Orbitally excited B, states

arXiv:2507.02149

The BCJr meson is the only meson composed of two different heavy quarks (bc), only the 2S excitations are known.

What about 1P? Search for B.(1P)" — BC(*) +y,BT — J/yr™,JIw — ppin Run 1+2 data
 Four states are expected (but six peaks, due to soft unreconstructed photons from Bc*+ decays)

PRD 70 (2004) 054017 -

T, 3
- =0 - 1P,
7600 L7572 7588 7565 7571 7568 (L=1)X®XR($S=0,1) | |
7455 7475 1487 7563 : 3 3 1 43
—7472 7365 7376 7380 - =1 - 1 Po; 1] P]i; 1 P2
7250 1272 7372 7269 7276 7271 I
O 7200 F 7150 7164 ~_ 6 mixin l
% ' — 7145 7028 7041 7045 BD . Four physical states i 8
7036 l : :
§ 6855 O887 e d _ i 1P\ cosf sinf\ (1'P,
= 6768 | — ] . | = .
»n 0800 7 6706 5750 6768 1D — complex decays, - . 13P,, 13P, \1P, ) —sinf cosf) \1°P,
%) i 6741 small rate (X) ] e e b : r
@]
> : 1P — radiative decay, :
6400 :@@ most promising (V) 1 States 13P, 1P, 1P 13P,
- + +
1S B — photon too soft to reconstruct (x) Decays | B:* (- Bly)y T Bc y+ = Bc y+ B}t (- B}y)y
1 3
S, S, P, P, 'P, ' D, D, D,F, F, F, #peaks 1 2 2 1

Elisabetta Spadaro Norella

WIFAI 2025 - Bari



https://arxiv.org/abs/2507.02149

Orbitally excited B, states

A minimal effective two-peak model fit the Alternative models with 6 peaks all compatible with data,
data, obtained with free masses and widths: By fixing masses and relative yields to theoretical expectations
m=6704.8 + 5.5 £ 2.8 + 0.3 (B. mass) MeV/c2 ArXiv:2507.02 142
~ 180 :
m, =6752.4 £ 9.5 + 3.1 £ 0.3 (B, mass) MeV/c2 N ~+ Data
arXiv:2507.02149 2 'F — Totl
&~ 240 - X0 - o _ ---- Background
R -~ f = 140+ -
> 220 F2 s + Data LHCb 9 fb™! = b oRaAT , —|B('P)
§ 200 :_E 45- — Total § 120~ F / ’ 1 B.(1P")'
= - ‘\; . B -Jlyrmt —+— Data S LT VAR ) @B (1P1)+
< 180 C s | Bk — Total < 100 1 ~: o ’ 3Pl .
E 160 E_:% ?- | rBckgowmd Background 5 80:— B R [1BTRy +
S b B S Peak 1 ~ LHCb 6 fb
S SN . Peak 2 60 Vs=13TeV
S 120 — 0= 6300 6400 6500 - + \ -
© - M(B) [MeV/c?] 40 Lattice QCD - ,
100 i 1
80 |- 20 |- =
60 :_ O — — = ’ ‘ | | A \
. 200 600 800
0 M(By) - M(B) [MeV/c?]
20 Relative production cross-section of B.(1P)™ states compared to B

0 = o R =0.20 %= 0.03 £ 0.02 = 0.03 (model)
B.7) - M(B,) [MeV/c?] (pT < 20 GeV/c and 2 < n < 4.5)
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https://arxiv.org/abs/2507.02142
https://arxiv.org/abs/2507.02149

Spectroscopy in beauty

Besides the By channel, a pletora of spectroscopy analyses in beauty are behind the corner:

. Excited Bg) and Bt in Bz"/ y: CMS published results in By (arxiv:2508.05820)
O/+

- Baryon excitations of 2,, =, in A, 7~ and A, nr, etc.
LHCb analyses: [PRL 122, 012001 (2019), JHEP 06(2020)136, JHEP 06(2020)136, PRL 131 (2023) 171901]

PRL 122, 012001 (2019) PRL 131 (2023) 171901
> ‘
WOE e A0 dLHACob 2 700 (b) LHCh - All good channels for Run3 |
—~ 400 i * . ",
> A @ A N 600 Data © fb) ~ thanks to the trigger on
< 350 . 0, =) —t— Data O £ . :
S 300 W=,6097)" > Ay ~ 500 — 5, - En multi-hadron final states
~ 250 ---Background % 100 :‘ 71. N
*q"c; 200 g 300 b - Z,(6100) reflection | . |
% 150 5; ) HT} Z.(1P,1/2) reflection E-xpeCted dn ylel-d ~XG
8 100 o 2 | AN | (- Combinatorial ; (Wlth at IeaSt X2 YIeld/fb) ‘Q
A
O n & 1 | L L 1 0 " P 1 PRRNET T TR TR A SRR TR T
0 200 400 600 0 10 20 30 40 50

Q [MeV] O-value (MeV)

- Search for doubly-heavy hadrons: 2, .and &, , In Run3: Largest sample of b

hadrons to conduct searches for

- First search for =, . — J/wE_.in LHCb shows only evidences higher-mass/excited states!

[Chin.Phys.C 47 (2023) 9, 093001]
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https://arxiv.org/abs/2508.05820
http://dx.doi.org/10.1103/PhysRevLett.131.171901
http://dx.doi.org/10.1103/PhysRevLett.131.171901

Spectroscopy in charm

LHCDb is also a factory of charm quarks: world’s largest samples of inclusively selected charm hadrons

: : : 0 —\ _+
Many studies ongoing for excited charm states: Prompt 25* — X (2645) (= Efn)m
- Discovery of E' T in 2017 [PRL 119 (2017) 112001 o0 R F’RL135 (2025), 161901
- Recent results on = = . excited states § LHCb + Data Z.(2815)*
— 103 L 54671 —— Total fit i E(2923)F
+ New E (2923)" - Efz~ 7" [PRL135 (2025), 161901] » F | e Background = (2970)*
] - 4
. Spin parities EC(3055)0/+ [PRL 134 (2025) 081901] 2 W E(3080)
< 100 | Wi TR P
=+ O+ T+t avmitat = e W e
= Next: search for =, €)' | =77 excitations ER: f ]\
© 10 /
| " Z X ) |

Fully hadronic modes have
iIncreased efficiency in Run3!
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Exotic spectroscopy



Plan of exotic trip

Over the last years, a vast variety of new
color-neutral forms (hadrons) is
discovered

A brief guide to exotic hadrons

N. HUsken, E. Spadaro Norella, |. Polyakov
Modern Physics Letters AVol. 40, No. 17n18, 2530002 (2025)

arXiv:2410.06923

No clear nature, many theoretical phenomenological models :
 Compact tetra/pentaquarks pro 71, 014028 (2005), PLB 662 424 (2008)]

e Hadronic molecules
* Rescattering effects

+ Lattice-QCD is expected to play a leading role in the future

[PRD 10 (1974) 2445, JHEP 07 (2012) 126... ]

: What can we do in experiments?

= Different decays and production

= Measure M, T, J¥, study lineshape

= Isospin multiplets

WIFAI 2025 - Bari 14
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https://www.worldscientific.com/worldscinet/mpla
https://www.worldscientific.com/toc/mpla/40/17n18

Classitying Exotics...

Hidden-charm pentaguark Hidden-charm tetraquarks Beyond hidden-charm

A selection of some highlights focusing on the
prospects in Run3 will be presented

Elisabetta Spadaro Norella WIFAI 2025 - Bari



Classitying Exotics...

Hidden-charm pentaquark Hidden-charm tetraquarks Beyond hidden-charm

P (also known as P} or P,) P_.. (also known as Pl///\s or P.)

BARYON-LIKE /HIDDEN CHARM /ISOSPIN=0(1
BARYON-LIKE/HIDDEN CHARM /ISOSPIN=1/2(3/2) / / (1)

states: P(4312)F, Pa(4440)*, P.o(4457)%, StateS‘P i 0
P.+(4380)", P(4337)* o I(J7) = 0(/27): Pezs(4338)
o I(JP) =0(?): Puy(4458)°
PRL 115, 072001 (2015),
PRL 122, 222001 (2019) PhysRevLett.131.031901
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https://arxiv.org/abs/2210.10346

The observation of P. states e 115 072001 (016

PRL 122, 222001 (2019)]

First observation by LHCb in A,—J/VpK with Run1 data  Run 1 + Run 2 dataset:
new state: P (4312)"+ 2 peaks at 4450 MeV

Dy
Ay ,RK N [PRL 122, 222001 (2019)]
/ = I

p—) /(_p K I D’ z; Db+’
1200 u
- ~  — data :
Clear resonances in spectrum of J/y/|cc|pluud] s [
2 1000(~__ =
B R R R R R R B EE A AR R R R E R R R R R R R A A A AR R R R R R A R R R R H AR AR R R AR R R R R R A A A AR AR EEEEEEEE . — background
: S :
- E _
2 800 "
About the rest mass of S L l.
) - S0 = = N Ve
S cud) D[ cu] L A
hadronic molecule y S 400 ) .
........................................................................................... = P(4440) |\ P(4457)
P (4312)
200 — :
Next: determine quantum numbers with full amplitude analysis I AN 4\

O _J 1 1 = ‘
4200 4250 4300 4350 4400 4450 4500 4550 4600

m [MeV]
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Strange pentaquark

PhysRevl ett.131.031901

Pentaquark signal is a narrow peak of about 7 MeV

wicr S180Etach | <Dan
m(PJs) 4338.2 £ 0.7 MeV o f e :
‘l/}S 2 1 60 -~ 9 fb-l — Nominal fit _
r(Pys) 7.0 + 1.2 MeV : — Null-hyp. fit -
Q 140 * NRUM ) -

: : . A . —NR(O/\ D)
= Spin-Parity: J = 2 determined P = -1 favored, 14+ L 120F + * Y/ —
3 - bl i Ys .
rejected @90% CL < 100F o + ---Background -
Fg 80:— + :;"'n,l _ L
................................................................................................. 8 + '"!.._i.l |

v Narrow state 60;_ "“l,,‘ e
v BW Mass is 40 | Wy 4 -
* 0.8MeV above =.+D- 20F =
« 2.2MeV above E:0D0 0t TR i

n 4.2 4.25 4.3 4.35
Is it a molecular state [1] or triangle singularities [2]? m(J/l/J/\) [GeV]

[1] PhysRevD.106.036024 E

[2] PhysLetB.2023.137715
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https://arxiv.org/abs/2210.10346
https://doi.org/10.1103/PhysRevD.106.036024
https://doi.org/10.1016/j.physletb.2023.137715

Prompt pentaquarks in £ D or A_.D?

PhysRevD.110.032001

Observed pentaquarks are close to mass threshold of some No evidence is found of new or old states
charm baryon-meson combinations. [PRD (101), 074030] & UL are set for all modes (32 modes):

- Is it coincidental or evidence of bound states? Scan with width of 5, 10, 15 MeV

 Are pentaquarks produced promptly? pVK-/ﬁK_ Highest global significance at 3.65 for A 77D~

e L e
D aT S LHCh — Data
>\« o 30 . — Total fit
P P 2 70 5.71b ’ - - Signal
w
: : 5 60 | J
= |nclusive search for pentaquark decays into = i »
. 2 40 "
open-charm 2. or /A baryons with D mesons = H”
o) n
= _ — -
TETDY | XY | 5D | XEET | TEeT | TEeT 5 20F
$00° | %80 | Y0~ | T%af | e | FEBer N A
AP0 | AP0 | ETTD- | SETTDT | SETTD | T 0 200 400 600
“HOF0 | 5400 | s40P— | 50t | sox0ye— m(ATT D7) —m(A) —m(n*) = m(D~) [MeV/c?]
>:°D 0D 0D D 0D puat= c ¢
AE DY AE DY NE D~ NF DT N D*~ NF D*F
ANEDOnt | AZDPnt [ AED=nt | AEDFrt | AfD*~nF | AED*Frrt Interesting to update with Run3 datal!
ANEDOm= | AEDP7n= | AfD—n= | NEDtn— | AED*~7n= | NI D*

+ Search for pentaquark in prompt production
Crossed combinations are statistically limited N J/l//p and J/I,UA
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.032001

Prospects for other pentaquark decays

Searches in other B decays to open-charm final states: P,., = ATD_[cCsud] Phys. Rev. D 112, 052013

CCS
-Ag — ATD_ K"K~ studied with Run2 data: ~60 events observed
e T .
 LHCS ~t- Data ] - LHCD ~+ Data 1 Upper limits are on P..-_ set at 95% (90%) CLs:
%10:_ 6 fb! — Fit . _: %\10:_ 6 fb! — Fit . _: ccs
' — P_(4338)° : — P_(4459)°
E 8:’ Plcf;(se spa)ce‘: E 8:_ ‘A Plcz(se spa)ce‘: RPCZ‘S(4’338)O <0.12 (010) and RPCZ‘S(4459)O <0.20 (017)
o - T —— ~ —4—
= X . 9 X » i { " " LA 1
2 ) T 102 PRI a T ; ' Thanks to the gxcluswe trigger efficiency for
e --+—-— ; i --+—~\<~ 1 fully hadronic final state:
FAb sl SALN | |Yield expected in Run3 ~ O(1000) events |
08300 4400 4500 4600 ETY 4400 4500 4600 e
m(A.D5) [MeV] m(A;D5) [MeV]
. — _ g i ILHCb : 1 ' —'I—Dlata l ‘\\:‘: : —— T '—i'—ba{a .....
Search for SU(3) flavor partners: P.... — J/wE"[ccssd] 5 U san — Toul s « ﬁ )
A | I Comb.bkg | 2 | ™ . Comb. bkg
- First observation of A)(E)) = J/yE K(zt) with Run2 = % 1 S | ;
v 40F 1 7 f { :
- No pentaquark state observed so far 5 | “ =R ) Pl
2 20 — .= ! . i
S S TV T Lo byl 8 's*sﬂ@ s, i
(@) ... IJ'LI .
[EPJC 85 (2025) 812]  ° gty tetiutig™y O P Sty !
5400 5600 5800 50700 5800 5900 6000 6100
m(J/wEK") [MeV/c2] m(J/wE1) [MeV/c2]
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https://journals.aps.org/prd/abstract/10.1103/b28d-z2xc

Classitying Exotics...

Hidden-charm tetraquarks Beyond hidden-charm

J/yg¢ states in B decays

¢ I(JPC) — O(O_H_): Xc0(4500)a Xc0(4700)
0

o I(JPO) =0(1%"): x1(4140), x.1(4274),
Xcl(4685)
also known as X(4140), Y (4140), ...

o I[(JFC) =0(7""): X (4150), X (4630), X (4740)
also known as X (4160)

Elisabetta Spadaro Norella WIFAI 2025 - Bari



X states in J/ ), in B decays Sr?;nseoe:;ee r;:c;beaxt;l{l é:sf:armoma

MESON-LIKE/HIDDEN CHARM /ISOSCALAR Study of BT — J/w¢K™: amplitude analysis by LHCb
states: with Run1 and later with Run2
o I(J") =0(0""):| xc0(4500), xc0(4700) LHCb Run1+2

also known as X (4140), Y (4140), - — X(630)

o I[(JFC) =0(7""): 4150 4630 X (4740)

also known as X 4160

- — X(4500)
- — X (4700)
—— XNR

- — X (4140)
F — X(4274)
- — X (4685)
200 f_— X (4150)

- = Z,,(4000)
100E

0
N
S
S

o [(JFY) =0(1%"):| xc1(4140), xc1(4274) PhysRevLett.127.082001
Xc1(4085 e s =T T 5
= + ' : |

Candidates / (1
Us: U
S o O
S O S

Overall, 9 exotic states (7 X +2 7. g;gg

) Run1 | Zsof

- Isospin partner 7. (4000) model| 3} ..

S300F

observed In BO —> J/I/I¢K§) at 4o 200?
[Phys. Rev. Lett. 131, 131901] el e

48 3.6 3.8 4

4.6 1
m,,, [GeV M, x- (GeV]

Structures in J/wK™: T.. (4000)"
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001

J/wg In other production processes

Phys.Rev.Lett. 134, 031902 (2025)

/

: : : : P P
Central exclusive production (CEP) provides a clean environment to study the pomeron
exchange and exotic hadrons properties = can help clarify the exotic nature ) Ty
X
» HeRSChel.: to extend acceptance 5 < # < 10 [JINST 13 P04017] P ¢
 Events with J/¢Y = uu and ¢ & KK with no additional detected activity
p p’
~ 70 ‘ LHCb i?a:a. fit :
First observation of J/w¢ | S | S Parameter (MeV) This work
states in diffractive = 4500 Mxeacazre 4298 £ 65
@\ c0
processes! = 40 T K (4689) * 7,470 [y e1(a274) 927151145
§ zg | ! My co(a500) 4512.5122737
Open the possibility to a Lo H * L. 4500) 65120 24
explore thgse processes for et 4500' el Tl el bad
other exotic states M, [MeV]
e o ”;”)29’ 10.4230/ Xe1(4140) Xe1(4274) Xeo(4500)  X1(4685) + Xco(4700)
jmp. . N
6 X Berr (pb)  0.80 +0.15%535  0.73'3337015  0.42X50g T0%05 0.1470:0¢ “004
Significance 2.30 4 1o 6.10 1.80
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https://iopscience.iop.org/article/10.1088/1748-0221/13/04/P04017
http://dx.doi.org/10.4236/jmp.2013.412193
http://dx.doi.org/10.4236/jmp.2013.412193

Classitying Exotics...

Hidden-charm tetraquarks Beyond hidden-charm

Di-y resonance

MESON-LIKE /HIDDEN DOUBLE CHARM
states: Teez(6550)°, Tezee(6900)°, Tzee(7290)°
also known as Ty,(6900), ... or X(6900), ...

Sci.Bull. 65 (2020), 23
CMS-PAS-BPH-21-003
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Fully charmed states in prompt production

arXiv:2304.08962

Sci.Bull. 65 (2020), 23 o  CMS Preliminary 135" (18 TeV) o SELS e tRl
© 390 . 8400 ATLAS —— Sig. + Bkg. -
g 2 p—r—r— P = - ¢ Data == Signal X 300k 5= 13 TeV, 140" — Background ]
S —f— Data — o i- ——-- E
> ?gg LHCb Toar S 3001 — Model =+ X(6600) S p o
= :x::;;;ew] > E ‘ ‘ ceee Rackaratind oo :v:“on E
% 160 J[ gies i T 250 | ] Background X(6900) e
@ 44 @ﬁips % - = Non-resonant ==+ X(7100)
§ 1(2)8 {- -l- .]. —— = DPS+NRSPS o 200— N L }
5 - LO n : ~ i
EIR: e i Jr S 1500 Tt ~100F s
B Pl {ry SRS i O o :
E 60 / '[' | ~ B e N e—iiii., * - (a)
:g'b 40 2 i :"-' S 3: :5 & -. 3 :;,; R 555 g 100: .} ‘—‘_ E;\:':_:"_‘— 7 ”‘..h.p-..h‘ _200:— -
'g 205, S e 'ﬁ _cg; H /& ! : A R s 65 7 75 8 85 Gsl)
6200 7000 8000 9000 = 500 Sy My [GEV]
Mg 5., MeV/c?) C AN 4 .
e © 0 PR S, (TR e S - ! . %50"1""1""1""|""|""_
© 6.5 7 75 8 85 9§ TpAmas . —sgemg
Narrow structure at 6.9 GeV m,,, [gigaelectronvolts] e | Bis T OB — sugons
o ~ - -~ Signal a
= T .-.2(6900) T.;.:(6900) confirmed & consistent with ¢ | (2§;}/ :
. G v Y :
Broad structure just above double-J/ LHCb_+ _2 more peaks from CMS but not o E
threshold — 50 deviation from NR wellluglstlnngqurshed Dy ATLAS 17t ©
e J' =277 preferred by CMS O Jr | -
= Need to update LHCb measurement with Run3 data and perform a spin measurement o~ 5 Jé 85 9
m,, [GeV]

either with full amplitude analysis or with model-independent approach [JHEP 07 (2024) 092]

Elisabetta Spadaro Norella WIFAI 2025 - Bari


https://inspirehep.net/literature/1806437
https://arxiv.org/abs/2304.08962
https://inspirehep.net/literature/2911524,
https://inspirehep.net/literature/2911520

Classitying Exotics...

Hidden-charm pentaquark Hidden-charm tetraquarks Beyond hidden charm

Doubly-charm tetraquark

MESON-LIKE/OPEN DOUBLE CHARM

quantum numbers: I(JF) =?(?"), likely 0(1")
minimal quark content: [ccud]
experiments: LHCb

production: prompt pp collisions

Nature Physics (2022); Nat. Comm. 13, 3351 (2022)

Elisabetta Spadaro Norella WIFAI 2025 - Bari 26


https://www.nature.com/ncomms

Observation of doubly charm tetraquark

Nature Physics (2022); Nature Communications 13, 3351 (2022)

First observation of same-sign § 705 | s MRS anaRe e 1=
double charmed tetraquark, 7" .(3875) — DDz E 60;_ gb(—j]la Z‘E J(
= exotic quark content cciid % 50;_ %ﬁ | i
s 401 IEZH_ oy #\‘“Pﬁt :
Mass is below the DD threshold and very narrow 302— é ?%DDJ " e (G ]_
Sm = — 359 + 40, keV 200 “ = + | =
=48 +£21 keV l0F \@( Hﬁt Hm#ﬂﬁ”ﬂ% Mﬂﬁ
Consistent with an isoscalar with JP=1+ 3 +nt H . . - =
in accordance with expectation for a cciid ground-state T 3'88 MpODO+ 9 [Ge\//c%]9
=0 is supported by no peaks found in DTD* and D*D'z* leely |t|spredom|nately aDD* ...............
Perfect agreement with model considering only decays to DD* i molecule, but also a compact component :

[Nature Communications 13, 3351 (2022)]

Amplitude analysis to be performed with Run3 datal oo
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https://www.nature.com/ncomms
https://arxiv.org/abs/hep-ph/0405208
https://www.nature.com/ncomms

Search for doubly heavy 0Q'gg’ states

T is the first representee of (QQ’'gg’) hadrons @
P -20
— almost stable against strong interaction: 7 ~ 107"s @

= |t supports existence of:

...................

1, (bbud): stable against QCD with binding energy

about 215 MeV with respect to BB™ threshold

—> Lattice QCD computations show consistent
picture [PhysRevD.110.094503]

100

Tgc (bciid): either stable or almost, like 7'

—-200

Distance from threshold (MeV)

...................

1rep(QQ')  (MeV)
Phys. Rev. Lett. 119, 202001 (2017)
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https://doi.org/10.1103/PhysRevD.110.094503

Search for 7;,

Weak decays BD threshold Strong decays;,, ., i

b — cud: Tyrzm = DDzt Lpetaay > 57D ’
b — ccs: Tyepzqy = JIWD 7K™ '

0
Tbc[ﬁa]

-~
N T~ o
-~

~—

' : BTD~™ ~ 7149 MeV m
Some vyield estimates: m( ) e

N, = 5/” .. 6 BR(signal) BR(daughters) e,,,

signal
:  Tyeraa) = JIWDK™ Tbc[ud] — B~ (JIwK")D( - KK« +)
- 0~100 nb at 13 TeV [Phys. Lett. B785 (2018) 605] - 0~100 nb
. BR(T,, — JIwD*K™) ~1% g § .+ BR(T,. » B™D%) ~50%
c e~25%* + €~25%*
= N(50 fb~1) = 6800 events = N(50 fb~!) = 350 events

“Preliminary eﬁ|C|ency estimates

= Statistics of O(1000) per channel: combination of many modes within reach in Run3 / Run3+Run4
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Search for 7,

Cross-section ~ O(50 — 100) times smaller than 6(T,.;z,) = o ~ | nb

= Fully exclusive final states seem ‘out of reach’ in Run 3 + 4

Inclusive search in B_X:
- Only need to reconstruct the B, — J/yx \
- Only known contribution would be 1, tetraquarks and bbq baryons bl

LHCh, JHEP 07 (2020) 123 L N N B
an 1 11T ] ‘ . . . . . § —1=02ps -
3 : LHCb Method: IP distribution can discriminate  5000f ‘& —1=05ps
% BI—=Jlyrt i ; f d : - [ —1=1.0ps )
< 4000 _+ Data - prompt 1rrom secondaaries 4000 — M=10.5GeV -
= — Total fit ] _ SRS A S M=95GeV -
=z [ [y Signal ‘ Yields: 3000f ~ Prompt B
§ SO O Background ] i )
S . ] ~J ~J i _
;_g ~20k in Run?. BR(Tbb —> BCX) 10 % , € 10 % 2000: :
= AN i : _ N i
S | | _ = ~10 displaced events / /b L 1000} -

ol tnes Loy N PR R . i T

6200 6300 6400 6500 N0 b~ ~ 500 events 0 0 >
m(Jhy *) [MeV/c? In (IP/mm)

(see Gershon & Poluektov, JHEP 01 (2019) 019)
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Conclusion

Run1&2: Hadron spectroscopy is one of the leading topics and highlights of LHCDb
Run3: Upgraded detector & Higher statistics further boosts the spectroscopy studies

Conventional spectroscopy Poo(4404) i PO+(4404)
- LHC experiments are only explorers of Bc decays uddcé wudcé
* Focus on bc and bb sector
Exotic spectroscopy P1-(4609) 9)

. Access to bc tetraquark and pentaquarks and bb spectroscopy aasce

« Search for states in flavour multiplets
« Search for sexaquark

P2-(4719) P20(4719)
PhysRevD.96.014014
LHC ERA HL-LHC ERA : '
-2 Lk L — R Expect LHCb spectroscopy results
2011-2012 2015-2018 - 2029-2032 2035-... _
— — S — — from Run 3(+) in the near(+) future!
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2

—

Thank you for the attention!
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Exotics and heavy quark sector

arXiv:2410.06923

179 7 (4700 Xe1(4685'
A SCHEMATIC MODEL OF BARYONS AND MESONS * a0 e (et -
M. GELL-MANN - T (4430) flxeoasoo)
California Institute of Technology, Pasedena, California $(4415)
Received 4 January 1964 e \____ <11_f4_z'_4) - . o
4251 ¥ (4230) r Toeay(42200 N | — ], — D*+D*
allti-tl'lplet 43 mti"qwks q. Baryms can now u - F_“__w_)- \ ) ‘;4”"' _-,-_,_. <x,“1(4_l40) S — v ‘_\'(4.150) X Trad 4100) D*+D
constructed from quarks by using the combinations = | ol e | 4——*’ B \ .
(aqq), (@aqqd), etc., while mesons are madeow , "] \ L<“ S ey 007
of (qq), (qqdq), etc. It is assuming that the lowes = | v T | e —————————— —osee DD
e TETH0) |
Hidden-charm sector is ideal for exotic searches B e 7
e Theoretical models well-established 150+ —— _xaen T
for conventional states
3.25 - _ Quark model _
. | ) < exp: QQ
e EXxperimentally easy to measure /L 2o aqu
o Narrow and non-overlapping o <= < e
o Agreement below DD threshold S0
JPe

= EXxotics easier to identify respect to light and heavy-light sector

Elisabetta Spadaro Norella WIFAI 2025 - Bari


https://arxiv.org/pdf/2410.06923

Other models

arXiv:2507.02142

T " . T " .
Fi d relative yields to theoretical tati e -
iXx masses and relative yields to theoretical expectations 2 F e s -
. . . S Fo =B.(rPy) S fe =IBAI'Py)
Investigated several models (Run 2 only) — all compatible with data = := Gy g ok Zocny
2 F B((l}l’l ) 2 F 'J;ijz((r‘l)l )
3 . ren p Al s . 1 w5 atrto
& 180 10° ¢ ~ “I' Lice 6 ~ “F Lucs 6
\Q _+_ Data gof f=13Tev oo B=13Tev
> 160 wf oKLT wf
L — [ [
E Total 20F 20 20f
S 140 T Backgr ound 050 400 600 800 0500 400 600 800
N — M(B.y) - M(B!) [MeVi/c?) M(B.y) - M(B.) [MeVic?]
: 10 : BC(13P2)+ ~ 180 -~ 180
g 120 B (1P))’ g of ko 3 wof i
< : ---- Backgroun . _ o ---- Backgroun
= 100 SSIBA(1P)' S, Sotry SR bKEE Sty
= + g 1op &s.ap)y g1op b oo gs.ar)y
g BC(IJP ) = ok Ss.p)y A I Ss.0py
© 80 | : g : 4 [Breyy § ; 'J TN B’y
80 /R0 -

400
[ LHCb 6"
s =13 TeV

LHCb 6 fb™ + of G-nbTe

60

L L PPy v prr L L L
I l I l I l I I

60 \s=13 TeV wf sf
+ /] ‘ L~ zoi i ,,\;,.-- 202 o Y \;.;.
40 Lattice QCD | — T - w50 T 400 w0 s
= M(B.y) - M(B) [MeV/c?] M(B.y)- M(B,) [MeV/c?)
o~ 180 o 10
20 E 160 |- t?:::] E 1605’ i_'lr):::l
s o e | R S
g 1201 ZEXRY g 1201 EB.p))
2 + oue + 8-0 0 = 100 1 Bf(”’x)' = 100 Bf(”’ )
M(B'y) - M(B}) [MeV/c? 2ok IS | Do 2k LIS J macny
“F Luc sn “F Luco 6o
. . . B 1P + B+' gof B=13Tev oo B=13Tev
Relative production cross-section of B.(1P)™" states comparedto B": .} .
205 ( ﬂ zof
R : 0020 i 0003 i 0002 i 0003 (mOdeI) 0-200 400 600 800 0.200 - 400 600 200
M(B.y) - M(B.) [MeVic?] M(B!y)- M(B!) [MeV/c?]

(pT <20 GeV/cand 2 < n < 4.5)
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https://arxiv.org/abs/2507.02142

Future plans for 7,,, family

Perform amplitude analysis of /. to determine J* = with Run3 data

Search for 1. Signal /“ o
— K~

* Above threshold: Strong decay to BD mesons Toetaa é K™
Example: Ty .rz1 = B™D",B™ — JIyK,D" — K"K ™. < o o
= Assuming ¢~100 nb, = N(50 fb~") = 400 events T
, B

BR~ 50% & ¢ ~ 10 % (x3 wrt Run2)

* Below threshold: Weak decays:
b cud: T, ;5 = D*D°n*:BR~1%, € ~ 1 % = N(50 fb~") = 1300 events

b = ces: Tyzq = J/WD K :BR~1%, € ~ 2.5 % = N(50 fb~") = 6800 events

= could be within reach in Run3 + Run4
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Nature of x.(3872) state

Many experiments contribute to it:

e Spinassignment: J©¢ = 17 [1] = consistent with y.;(2P)

e Mass is consistent with m(D9) + m(D™) = disagree with quark

model calculation by 100 MeV [2]

e Width is surprisingly narrow

LHCb [JHEP 08 (2020) 123]

LHCb [PRD 102 (2020) 092005]
mpo + Mp=o

PDG 2018 [PRD 98 (2018) 030001 ]
CDF [PRL 103 (2009) 152001]
Belle [PRD 84 (2011) 052004 ]

LHCb [EPJC 72 (2012) 1972]
BESIII [PRL 112 (2014) 092001]

BaBar [PRD 77 (2008) 111101]
BaBar [PRD 77 (2008) 111101]

BaBar [PRD 82 (2010) 011101]
DO [PRL 93 (2004) 162002]

LHCb [JHEP 08 (2020) 123]

LHCb [PRD 102 (2020) 092005]

Belle [PRD 84 (2011) 052004]

BESIII [PRL 112 (2014) 092001]

BaBar [PRD 77 (2008) 111101]

> BaBar [PRD 73 (2006) 011101]

3868

3872

mXcl (3872)

| 387
[MeV/c?]

JHEP 08 (2020) 123

Its nature is still under debate!

— conventional ¥.1(23P+), DD* molecular state,
tetraquark, hybrid, vector glueball, or mixed?

IIIII

Studying decay processes
can help understand its nature

lllll

L L 1 L L 1 ' L ' Il L ' 1 1

Fyei(3872) MeV] [1] PRL. 110 (2013) 222001, PRD 92 (2015) 011102(R)

[2] PhysRevD.69.054008
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w contribution in x.,(3872) = J/yn

Phys. Rev. D 108 (2023), no. 1 LO11103

Large isospin violation observed in X.1(3872) decays [Belle, BaBar: Phys. Rev. D 82, 011101 (2010)]
— How largeisitiny., — J/ya n™ ?

Previously only x.1(3872) — J/p (isospin Now with LHCb: w contribution of 2%,
violating decay) dominates the phase space enhanced by w-p interference (~19%)

45 B Rl N et A O Al 8 ~ 400 Fr—————T

& O4E Arias _ 1 B % 350 LHCb

> 035 (s=8 TeV, 11.4 b > 3005 9 fiy’!

o 03: e Q/ E_ ——

T . 25 —4— Data & 4 250 ;_ data

Q B x(3872) - Jryp®(— ) M S 200 E- — total fit

g 0-25 7//, X(3872) - Jiynn MC (phase space) 3 8 . — po

>< 0.15F % 1505— o

EE P e o 100E ...

O = C

= 0.05f 7 = 50 F

IE O LT i S5 ,,//////;/7 o : O ________________ ——

= 03 04 05 06 07 400 500 600 700

My, [GeV] m_._ [MeV]

Isospin violation = ratio of isospin violating to isospin conserving

Ve , i = %.1(3872) is not a pure charmonium
couplings is much larger than expected for a charmonium

state
70 ~

— 0.0 4 0.04. 9 (28)»mOdpp 0.045 - 0.001 E L|ker reIateOd t%the 8 MeV splitting

Oxc1(3872)—wJ/i) G (28)—nJ/p between D’D™ and D"*D~

Gxc1(3872)— pO J/1)
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https://arxiv.org/pdf/hep-ex/0505037

x.1(3872) radiative decays

JHEP11(2024)121
Study of y.,(3872) — J/yy/w(2S)y in » First observation of BT — (y,.,(3872) - w(2S)y)K™ at
B decays by LHCDb 4.8 (66) in Run1 (Run2)
» Ratio measured to be:
4D fit over: T
' Xc1(3872)=(28)y | :
+ + —=1.67+0.214+0.124+0.04 =3 Larae raokio
BT (ra(3872) 5 y2S)K T, (38721 1/by J
NE 100: 'é' :'I)allta‘l """""" ]':JI—'I('jl)' : NE 1005 'El :'I)a'ta """"" ]':JI—I'CI') : .l llllllllllllllllllllllllllllllllllllllllllllllllllll :
> o Bt — xc1(3872)K™ -1 > N Bt — xc1(3872)K T -1 + . .
e N I A= T Previous results :  Sizable charmonium or
% 605— Total H’ E % 603— Total _E E t t t k
g | g ! | . . :  compact tetraquar
ﬁ a0f + g § e + : | | BaBar 2008 [1 . .
£ £ % component are more likely
& 20f 1 & 20f - | Belle 2011 57
+3 N =
S TST 52 53 sa A5 384 393 4m et LHCb/Runl 2014 [3 =
Mgy GV myasy  [GV/e] b : :  Pure molecular DD*
+ -+ - 4] u . . .
B™ = (x,(3872) — Jlyy)K BESIL 2020 [4 :  hypothesis is questionable
x10’ —~qx - : —
T H D T LHCh ] & '° 4 Dua [HCh - : « But small admixture of c¢
> oF 00 Btoxa@872Kt  gfht 4 B 1 EJ Bt xa(B3872KT 9! ] : _ .
= PEmogx | 2 P T Boaax | S LHCb/Run1 2024 : component is sufficient to
0 L6 —— Xa(3872)K 7 = 08 —— xa(3872)KT - i :
%1.22— ~ pompinatoria - g 060 - %33}“31?&1 - o LHCb/Run?2 2024 explain the data [PhysLettB
% 0.8;’—’"“""'0“0»“;.0 ' e E 0.45 : [ DU L 201 5 021 3]
§ . § 0t 0 1 : 3 4 5
‘ “ By = ;cl<3872H¢<2S>Y B e e e e e e A A e e e A e E e EEEEE s
9, Xc1(3872) = IAby
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https://www.sciencedirect.com/science/article/pii/S0550321314001941?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.242001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.091803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.102.132001
https://link.springer.com/article/10.1007/JHEP11(2024)121
https://doi.org/10.1016/j.physletb.2015.02.013
https://doi.org/10.1016/j.physletb.2015.02.013

Tetraquark with strangeness

Is it the same state as T.. (3985)"
In Bt — J/w¢pK™ decays, 2 states N 0 cas( )
with strangeness are observed: in DD + D°D_~ by BESIII?
40
T.-(4420)" and(I..,(4000)") state by LHCb ;gg (s =4.681 GeV 5 o
225 — — — Z.¢(3985)
= 520 s wEanT
§ 250 : i E 15F ¢\ [~ U L4, | - non-Res.
= LHCb 10 o D
200;_+Data9fb'1 """ - ?, comb. BKG

. A; %_‘¢O5 34}%w”4i5
RM(K*) (GeV/c?) PRL 126 (2021) 102201

: Degeneracy can be explained in compact tetraquark picture
: [arXiv:2103.08331v2]
- 1++ 1_|__

. #sors
38 4 4.2 :
My ke [GEV] 5 S | 3
o 7

PRL 127, 082001 (2021)

- - Total fit
- -4 No Z,, fit
- —  Z..(4000) §

Candidates / (10
S O
- -

X5, M = 4076

Zs(3985)

@)
\J

Z.(3900)
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[sospin partners in B° — J/y¢K, decays

PhysRevl ett.131.131901

Searching for TL(,)ES states, isospin partners of T;Z_,S states, Is

crucial for identifying the complete SU(3) nonet

Extension of Bt — J/y¢pK™ with B — J/l//gng
since the 2 decays are related by isospin symmetry

[\
N
-

i ' > 18Fg@  LHCO
= oo  LHCb t Data e w . .
%, £ 9fb'1 — Total fit =/ - = 9 1b
= . Background S 3--
m150 """ aCKkgroun e NS E &5
£ F N-~1890 s & T
= B g . B i
'%100: - 155 :
@) B 5 B

50 = 145

% e : 13

5250
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.131901

— JIypK; decays

Combined fit to B and B" decays:
e All components except 7...(4000)" in B” decay are constrained by those in Bt decay

cCS
o M0EERe i = gl
E 600 = == Total fit 9 fb =
Z 500F ‘- Background ¢ ‘i‘ B
E 400E- = = All K and X | ' k3 o7 AN B+
g 300F — Tyai220) k3 | RRZITR Py
g 200 E- N T,,(4000) __ »»»» e A
© 100 + = &,m-,
Biig A . TR NTOCNCOGIN NSRS+ <L o = - AT ecere TR Nt
s /0 E3 E
60 | i
O -
. = thy |
: % Pl BO
o E3 r 3 () REPVFLEFINYX .
E 20 E R AR ~
21D 3 _ E A\
O 1.5 -.\..\\\\\-.\\\\\v.\\\\\\\\\\\\\\\\c.‘. - -.“\ NN \\ N “\\... 4.8-" 3.6 s 2 e 3.8 e ah NN \\ N 4.2
_ . myy [GeV] My, [GeV] my, g [GeV]
E‘"dence for a hew State Wlth 40 R e e P PR L LCECEEEEEEEEEEEE :
0 0 +12 4+ 9 : '
M (T,,(4000)") = 3991715 7,7 MeV, . = T..(4000)" & T....(4000)": consistent with
0 29 +17 :
I'(T;,,(4000)°) = 105132 H37 MeV, belng isospin partners, AM = 127515 MeV

Elisabetta Spadaro Norella WIFAI 2025 - Bari



Etficiency estimates for 7;,

What can we expect for &;,;?

Let’s consider b=> J/y X modes
(Using Run 2 data)

gt = Nsig

0
U(Hb) Lint B
10

S

> 8

&

2

= 6

w

c

R

g 4

Q

v -

I > o p

0.24 0.14
0 —
3 4 5 6 7

#Tracks in decay

U Very much analysis dependent, so just gives
a rough idea.
U Roughly ¢, .(B~=>J/yh™) = 0.10
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 Can get a factor of 3X more B- signal from
B-> Dz, B~ > J/YK n*n~ + other modes
(including improvements due to removal of
high E. “L0” trigger for hadronic modes)

U Effectively ¢(B™) ~30%

1 For D mesons produced in association with the
fully reconstructed B meson, assume 50% efficiency
per final state hadron (LHCb Acc, p>2.5 GeV), and
ep~ 70% (displaced vertex, IP cuts, etc)
d g(D*), g(D**) ~0.08
d g(D'2>Kmn) ~0.17
 Could also include D> Knnr (~50% extra DY)

J The D efficiencies are likely on the optimistic side.



HeRSChel: High Rapidity Shower Counter for LHCb

Hole radius
47mm LHCb x L

Hole radius
61lmm

Cut-out
~108x230mm

Station B2

z=-114.0m Station Bl
z=-19.7m Station BO

zZ=-7.5m

Station F1

= 20.0
¢ m Station F2

z=114.0m

e Set of plastic scintillator panes, detects showers from particles S < |n| < 10

® Used to veto beam-particle dissociation — identifies Central Exclusive
Production (CEP)/diffractive and ultra-peripheral collisions (UPC)
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