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Spectroscopy at LHC
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https://arxiv.org/abs/2206.15233
https://www.nikhef.nl/~pkoppenb/particles.html

QCD and spectroscopy

Standard Model Nature Exotic spectroscopy
mny states predicted with minimal quarh
Quarks & content different from qq and qqq
gluons <:>

strong interaction Lots of theoretical models
(long-distance effects) Compact Hadenile Nslbenis

tetraquark/pentaquark PLB 590 209 (2004)

PRD 77 014029 (2008)

C z‘,,) Diquark-diquark PRD 100 011502 (R) (2019)
AN/ \PRD 71, 014028 (2005)

r N
T PLB 662 424 (2008
@) (40

Color-singlet
mesons and
baryons

Conventional spectroscopy

HQET predicts the masses of the heavy hadrons:
- expansioninA,.,/m,~0

Hadrocharmonium/
adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)

QCD

Need for precise measurements of the excited

\hadron properties to test the validity of HQET ) \Study of exotics in production and decayy

to discriminate among models

Both can be used to test Lattice QCD calculations at low energies
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JINST 3 (2008) S08005
IJMP A 30, 1530022 (2015)

LHCb detector

The major player in spectroscopy
thanks to its unique dedicated design
e high vertex resolution . |
high invariant mass resolution | SR
RICH detectors for PID |
highly performant trigger

= N B

11 VELO: vertex detector
IP resolution: ~25 Um

Tracking: momentum
| resolution of g, /p~0,5-1%

Luminosity:
Run 1 and Run 2: 9 fb™

g ] A T— 2018 2012

Z 8 /S 2007

g 1.6 /f./nnnﬁ

IS "r £U 10

3 14 ./ UL

g s ,J/ A{,ZO” Muon chambers, hardware LiSsd

g Y S trigger with ~90% efficiency i

g L7 i

2 oo A RICH detectors for

= phe— .May:?"fg‘gul R e Calorimeters, hadron particle ID. pid(K-TT)~95%
Month of year

trigger with ~50% efficiency



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

Outline

Conventional spectroscopy

Observation of excited £,°, = °and Z_** baryons see also talk by Roberta

Searchforz_* = %= *,0Q,° Cardinale

Exotic spectroscopy

/)(01(3872) state: dipion mass spectrum \
Tetraquarks:

e doubly charmed tetraquark T __

e charm-strange tetraquarks T__,(2600)***

\Pentaquark with strangeness j
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Spectroscopy study techniques

Invariant-mass fit Amplitude analysis

hadron studies

resonances

|
|
I . .
A« AT ‘ ' | . Helicity/
= :3: — Toul fit I Phase space. DATA MODEL Tensor
S of Ee | masses and angles .
i il | I FIT formalism
% 4():_ 'ombinatorial _; I +
S 30F G 3 |
3 { n i E : lineshape
10 B i } 1 Py — I MaX|mum£ ﬂt
R ! . to extract parameters
mAK ) MeV] Moment analysis
PRL 126 (2021) 252003 :
To extract ) | Legendre poly To measure J?, mass and width
O extract mass peaks | expansion & account for reflections
parameters, Mand I' I - Model
I ode
_ N = more important for exotic
= used for conventional 1| independent check P
|
|
|
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Conventional
spectroscopy



Excited =2,

states

NEW

LHCb-PAPER-2022-028, in
preparation

B~ - AfA;K " interesting for conventional & exotics

LAtk

L, AfA;,AK-
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in ATAZ,ATK™ < f |}H’ |H’H m} H h H H” ’H ‘H H
S 8E 1% P =
on the contrary of Belle result 7 H H H HU 3— ‘ \ \ H“
in NEAS ﬂ Y ﬁ{ 1
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M(AAY) [MeV]

[1] Phys.Rev.Lett.101:172001,2008
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Excited = c states (1) NEW  LHCb-PAPER-2022-028, in

preparation

Search for excited = statesin B~ - AfA K~ decays, decayingto AfK~

5 (2930)° state observed by Bellelis & 77 ' ' ! ]
resolved into 2 peaks: S 140F LHCH = total
e =(2923)7 with T~5 MeV © 120F .’ i s
e =(2939)° with [~11 MeV Z w0 O® | E B
:_g 80 :_ preliminary _: non-resonant component
3 E i a
Evidence at ~ 3.70 of: § 60 E_ _E -~ background
e new state 5 (2880)° 40 g
e new decay mode of = (2790)° 20F AR, W
. iTaiiipaeesrrgiiipi ‘-'-=:2';":';’.‘3;,.+.1.;«:;1';:;,:=-; ------- ,--s'.'.l.;i.:..:—
2800 2850 2900 2950

M(A’K™) [MeV]
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Observation of new excited =

PRL 128, 162001 (2022)

Few excited E, states observed so far:

o £, (6227)°/2,(6227)" by LHCb [1,2]
e £,(6100)" by CMS [3]

New searches in AObK'rt+ final state

= 2 states observed: E,(6327)°, £, (6333)°

m[=,(6327)°] = 6327.281032 MeV,
m[E,(6333)°] = 6332.697017 MeV,
I'[E,(6327)°] = 0.931074 MeV,
I'[E,(6333)°] = 0251038 MeV,

e Widths consistent with mass reso
e 1D doublet, JP=3/2* and J? = 5/2*

(RBW)

Candidates / (1 MeV)

90 R, = L ! = 2
30 } Data LHC]b
10 — Total fit | 6 fb *
------ £,(6327) JIE
60 ey { + THAr
""" Z,(6333) i
20 === Combinatorial ‘ -‘ )
40 ’ i -' e ++
20 H’ RN
oy EET
1) Bty R T
6300 6320 6340 6360

m(AJK~+) [MeV]

[1] Phys. Rev. Lett. 121, 072002 (2018).
[2] Phys. Rev. D 103, 012004 (2021).
[3] Phys. Rev. Lett. 126, 252003 (2021).
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Observation of =_** > & ot

¢ JHEP 2205 (2022) 038

Partially reconstructed decay of Z " — = y

& exploiting decay of = — pKn With different trigger requirements
— — triggered by at least one of the . .
ESN— B 99 . y exclusively triggered
shifted and E," decay products
dIStorted 'l—'+:'-' T I'_"_': -+- T -L-I_IE:b- | A @ -_I|_-D;ta. LI B R | -I-:H-(:l; T
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http://dx.doi.org/10.1007/JHEP05(2022)038

Search for =, states

JHEP 2112 (2021) 107

Search in = "rr it final state
— No peaks are seen and UL are seton R

R: production cross-section multiplied by BR and

—_++

normalised to EC"* —EN

Results combined with A "K'tt* results [1]
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Local
significance
10 , of ~40 at
o6 s E, > Elnxt,54 ﬂ;'l 3620 MeV
----- ElL, > AK w,91b
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[1] Sci. China Phys. Mech. Astron. 63 (2020) 221062
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http://dx.doi.org/10.1007/JHEP12(2021)107

+
Search for 2, °, Q. °E

Chin. Phys. C 45 093002, arXiv:2204.09541v1

H - )= - — - + = +
Search for peaks inthe A it / Z ' and J/y E_*final states Epe 2 J/WE,
e No obvious peaks -
e ULaresetat95%CL % 400 - Data LHCb 3
2 3% — Fit 91b 3
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Exotic spectroscopy



First exotic candidates

e e iy -

ST X,(3872) | |

//’ . : " 450 ’ o) :

/" byBellein 2003 in | §g | |

/ B*sKimtJ/p decays | D* (2317) 2300 £ |

/! | | w20 £ |

;3 _ \ ! : g200 £ Wy |

S8 cc? \ | by BABARIN 2003 G1so £ 4% |
/ g _ x " coe e 100 B it
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Nature of y_(3872) state

Many experiments contribute to it: Its nature is still under debate!

e Spin assignment: JPC=1++11
Study of decay processes can help

e Mass is consistent with m(D°) + m(D™) . .
understand its nature, ie. decay to ' J/yp

e  Width is surprisingly narrow
= p%(770) contamination seemed to
describe the phsp [2]

.’é‘ 0.4 T T T T T >
LHCb [JHEP 08 (2020) 123] L LHCb [JHEP 08 (2020) 123] = ATLAS ,
LHCb [PRD 102 (2020) 092005] o 5 0.35( /s=8TeV, 1.4t #
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bl g R DI et i © 0.2 7/ X(3872) - Jyrx MC (phase space) - =
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LHCb [EPIC 72 (2012) 1972] — BESIIT [PRL 112 (2014) 092001] % 7 v p! pai 4+ Q
BESIII [PRL 112 (2014) 092001] ——— = 0.15 # =
BaBar [PRD 77 (2008) 111101] e BaBar [PRD 77 (2008) 111101] e 0.1 p 7 7 727 E 9
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) 2B R 777, =
BaB[;\:')[l;RRE 2§ (;2(1:) T(], ; (1):; ] BaBar [PRD 73 (2006) 011101] e ol %o N Y0 7N -
[ (2004) I ‘ T ‘ ] ; | i = 0.3 0.4 0.5 0.6 0.7
3868 3870 3872 3874 0 1 2 3 4 5 m,, [GeV]
M1 (3872) [MeV/ 02} F)(c1(3872) [Me\/]
JHEP 08 (2020) 123 [1] PRL. 110 (2013) 222001,
PRD 92 (2015) 011102(R)
[2] JHEP 01(2017)117
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Isitall Xﬂ%pol/\p?

LHCb-PAPER-2021-045, arXiv:2204.12597v1

2D fits in m('nJ/y ) and m(r'rr) intervals o 400 . 3
2 350F 3
" = TE ##h i i i
S S— ; 2 00f ¥ | Previous x,, (3872) — oJ/y simulations
= a00f- 2 250F 3/ do not simulate the effects of phase
) F —e—d: < F - 3 .
glaof e g 20 ~dama # space onresonance masses in a
1000 — total fit A 150 P E deca sequence
S 800F -y (3872) 100 y
=] I ¢ 3
g 600 background S0F . . .
© 400 by , : , i = p(J/y) suppression factor missing
200p ;N 4 500 600 700 in the simulations!
0 Lac L m_,_ . [MeV]
3800 3850 3900 395 =
nl:r*n']hp [MCV]
G . s W0ET - - -
w contribution is small (~2%) but is enhanced by w-p 2 350f  ~-data
interference (~19%) © 300 — total fit LHCb 9 fb’!
2 250 —0
. . . o . . . . < -
Ratio of isospin violating to isospin conserving X, (3872) g 200 ©
couplings: much larger than expected for a charmonium state 1s0f P interference
100 -
9xc1(3872)—p0J, Gvp(28)—n0J, 3
Xl OS2I () 99 4 0,04, ZERTI — ,045 + 0.001 sof
Ixe1(3872)swJfy 9p(28)—nJfp 0 gt e
) ) 400 500 600 700
= hint of exotic nature! m.... [MeV]

Elisabetta Spadaro Norella - Universita degli Studi di Milano



Manifestly exotic

Pentaquarks

by LHCb in 2015 in A, —J/gpK [

P:(431 2)* + 2 peaks at 4450 MeV @

—0 _
>tD D+’
1200 -
[ — data H
> 1000 — 10 fit
= L — background
g - ;
B 3
2 800
© L
S
e}
S [
8 600 )
° i g
I Lok
£ W " :
2 400’_ : :
H P(4440)" |\ P(4457)"
= p(a312)° «(4440) {(4457)

"1 L.J/\k
oLl AN Livs i

4200 4250 4300 4350 4400 4450 4500 4550 4600
myp [MeV]

Tetraquarks

Z (4000) (— T, B ccusd -

S300F

Q L J/w [
" F LHCb
<200F 4 pata 9 b
[ - Total fit
E -4 No Z,, fit
100F — Zz,,4000) §

= s 25,435) Gev

sof

|
T,,(6900): di-p resonance 4]

- 220 T T

=

(3

000 9000
M ., [MeV/c?]

[1] PRL 115, 072001 (2015)

[2] PRL 122, 222001 (2019)

[3] PRL 127, 082001 (2021)

[4] Sc. Bull. 2020 65(23)1983-1993
[5] Nature Physics (2022),

[6] Nature Comm., 13, 3351 (2022)

Doubly -charm tetraquark T (3875)"[5 2

o LHCb =35 11

g o0 ov 34| i
& o + 1 & ]
=V SRt 11
§4O; iy ot 1]
. + Data 3874 3876 , ]

30 :— E‘ g:ck_)ngo)uEd" mpoport [GeV/c?] —:

C T?tf]n . .
20 *{ ,,,,, D" b 3
o By s
w iy ++ﬁ #NH it +++H+ Wi
3.é7 — 3 88 3.89 3_
MpopOt [GeV/e ]
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Other pentaquark evidences

. A . N
Evidence for P (4459) Evidence for Pw(4337)
in & "— J/I/JAKSU at3.1o0 in B.—J/ypp at3.10
p— ] ;?;100_ —+-Data S ILHCb'
Py __ I~ — Total fit 1
% 60 9 fb_l | & S NR decay 9 ﬂ) 1 |
= S | =prr ]
* < | =P+P +
8 40 { +* — § F ;‘Background +
5 | ] g’ 50 .
] i ] = I |
pS 20: i S I *#d’ & iy
! 42 43 44
My, 4 (GeV) m(J/y p) i [GeV]
= pentaquark with strangeness = P\ in B meson decay
v atE’D? threshold v I =t for Py preferred (?)
Sci.Bull. 66 (2021) 1278-1287 PRL 122, 191804 (2019)
PLB 772 (2017) 265-273 PRL 128, 062001 (2022)
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New Tetraquarks



Observation of doubly charm tetraquark

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

— 70f ———— .
B L ! 0 ]
First observation of same-sign = o LHCIIO Z ]
double charmed tetraquark, TCC+(3875) g - 9tb™ S 25 J( ]
= exotic quark content cciid = J’ E it +++ E
exotic quark content cci = F | >~ 10F B | i
40 | S + t ;
C .+ Daa oset 3";4 \ﬁg;:ﬁﬁb ]
% 30'_ : T 1f - DDAt Mpoport  [GeV/e?] ]
Mass close to D™D threshold and very narrow - [ e ]
- | D**+D° threshold ]
dmpw = —273 + 61(stat) £ 5(syst) 1} (model) keV 20: + | | - D*°D* threshold + .
T = 410 + 65(stat) % 43(syst) 728 (model) keV L. | J | + J( E
: H}H . M ++ ﬁﬁ%ﬂﬁ f ++ i s Hﬁ E

Lt
Consistent with isoscalar JP=1* OF 4 ; s Vw o o O

3.87 3.88 E 89 3.9
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T%.(2900)** > Din* in B* » D-Dfm*
Tetraquark T%,(2900)° - Dfm~inB° - D°Din-
. . e Quark contents: [cSud], [c5ud]
candidates in
B->DDh

LHCb-PAPER-2022-026

X(3960) » DfD; in B* - DfD;7K*
e Quark content: [cCs5] ?

LHCb-PAPER-2022-018




Dalitz plot of B*>D%"D _*n~/* decays

LHCb-PAPER-2022-026

B° - D°Dim~ Bt - D~Dfnt

Signal yields: ~4000 with 90% signal purity 3750 with 95% signal purity
< 12F T & 2f ' 7
> L . > 7
) B - . () i i
2 b 1 €} .
+l: E i +': I F i
S 1 g st .
S | g £ ] S | . ]
6 ._.t;:gl,rmifhary“’ LHCb o LHCb
l S 9f6’ ] R 9fb" ]
41 _r Pow 5 1w 5 4 g P Mo o op o 5=
4 6 8§ 10 4 6 8 0
M?(D "r)(GeV?) M*(D"rt*)(GeV)

Clear vertical band at M*(Dmr)~6 GeV?: D,"(2460) Horizontal band at M?(D_t)~8.5 GeV?

= tetraquark candidates?
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T4, (2900)" "> D *t/* states

LHCb-PAPER-2022-026

B° - DD~ Bt - D~ Dfmt
% LHCb * ] ’>\100_"‘|"‘|"'I"'"I"‘l"'l'_—
| | Lo smisr(d) ([ 13" e (e q
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S eof I | E S ot 1
§ sr *LWR' f { t 3 % 40 A — .
M 20p ,Q*C"ﬁ prellm‘harlx ] S *f* prell;ma‘i"ym .
P ww‘ R — ] et e
Inclusion of a single resonance in D it e e
e with significance > 90 B op Mg tpeeptphbepprrotte | R oE e st e R g
P_ + =5k S S U S E I B
o J'=0"preferredat7.50 25 ;Jggy; R 22 24 2.6“2.(8 FNE
a 0. A — > f%‘:iﬁﬂ’ﬁf S100F e T e
T7%(2900)" : M = 2.892 £ 0.014 £ 0.015GeV 3, ;li;lbc? !} rown & | LHOb (1) , e
< pemy = sop 90 - L
I = 0.119 £ 0.026 + 0.012GeV 2 »f } | - Em, T
Q 60 . g';wn)n Q 60 e T . I  T(2900) D
45(2900)7F 1 M = 2.921 £ 0.017 £ 0.019GeV Z , | ¥y ! { M B 2 i
> f ] >
' =0.13740.032 £ 0.014 GeV 4 5 .. me; R
RBW) o T
| | 2 of Mttt gt 1 2 o)
ConSIStent masses — ISOSpln partners - 555 RS0 275 300 325 350 B R VR TR ; 32

M(D; 77) (GeV)
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New X(3960) » D D

Signal yield: 360 events with 9 fb™

Near threshold enhancement in

Baseline model:
0**: X,(4140), NR, + new X(3960)
1° p(4260), W(4660)

W
(=)
i

| I L
Data Preliminary
Total fit ]
Non-resonant Df D7 1
X(3960) .
X0(4140) -
W(4260)
W(4660)

I
o
Emae

e}
[}
LI L I

Candidatess / (0.020 GeV)
) S
T T

5 b ]
4.6 4.8
mD3D;) [GeV]

)

Elisabetta Spadaro Norella -

Candidatess / (0.020 GeV)

(o8}
o

N
[«

—
(=)

0
24
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m(D;K+) [GeV]

e IIE LHCb
O -3 9 fb!
o 10 | e -
LHCb-PAPER2022-018 3¢ o E..".!EL;.__
u - - B
N Pl
8:‘ F- i.
T3 I
6:_ I " 1 1 L 1 " 1
16 18 20 22
m(D{D;)* [GeV?]
e X(3960) describes the near-threshold enhancement
e X,(4140) to describe the dip at ~4.14 GeV via
interference
LI R A R L R L N L ML S L S
[ <4 Data preliminary 7] %30— 4  Data preliminary -
Total fit 1 © [ — Totalfit 1
- —— Non-resonant D} D; 4 S —— Non-resonant D} D
X(3960) = X(3960)
[ Xo(4140) T =20 —— Xo(4140) .
(4260) i a [ (4260) .
{ 2 Y(4660)
4 _8 L
L —~ ;51 10 - -
] & [ + } ]
) O [ §
.Il{_;_»/--.lnnuln-;- —.l g | 4T
26 28 30 32 34 24 26 28 30 32 34

m(D;-K+) [GeV]

S = N W A~ U I



Summary of new tetraquark states

T (2900)%/+ X(3960)

First tetraquark candidates

composed of czud and csud Same state as x_,(3930)?

Exotic ccssor conventional state?
e not compatible with predicted mass
e conventional charmonium
predominantly decay to D®D®,
while:

e first doubly charged tetraquark

e isospin triplets

e flavour partners of 7__ (2900) observed in
B* — D'D~K*[1]?

g 80F  PRD i02(2020)1 2(303 LHCbH T'c50(2900) : F(X — Dt D,) < F(X N DjD;)
= csud

& T¢50(2900)°: = more precise

| asud measurements are needed

3 T%,(2900)** :

” csud

35 =

nf(D‘K’) [GeV/c?] [1] Phys. Rev. D, 2005, 72: 054026, PRD, 2009, 79: 094004

[2] JHEP 06 (2021) 035, Sci. Bull., 2021, 66: 1413
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.72.054026
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.094004
https://link.springer.com/content/pdf/10.1007/JHEP06(2021)035.pdf
https://www.sciencedirect.com/science/article/abs/pii/S2095927321002358?via%3Dihub

Pentaquarks



LHCb-PAPER-2022-031, arxiv:2210.10346

B~ - J/yAp decays S s | b
= 800 9 fb’! —Total fit
- ---Comb. bkg
- %/ 600
Search for pentaquark candidates in J/@A and J/wp 2 500
<
Full LHCb dataset: 9 fb™ = 4600 candidates in 2.50 'g :gg
around peak with 93% of purity Q oo
N —145 100
E 18'{: e, | 11;411?5(-:'?——--?40 - B0 520 5300 5350
= 18.6: oreliminary | 35 Narrow structure in J/WA m(J . Ap) MeV
>
S 184
S 139 d Activity in J/wp
SE Possible reflections from K", , , ?
1781 = need for a full amplitude analysis

T64 166 168 17 177
m(J/ Yp) GeV?
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https://arxiv.org/abs/2210.10346

Model with only K

LHCb-PAPER-2022-031, arxiv:2210.10346

Afiﬁf_mc'b' T m ] SMFTTTTTTTT T  Laee
ﬁlwi_mb" ~rowfic | S 120f H 9fb!
Amplitude contributions: %/140 + i %100- * a . ]
- NR() | i L - Wl
N K*+2,3,4 — peaks out of_phsp, no obvious E sof- b i Bk T 6of ] ]
contribution in pA distribution O eof $ 4 © wf 4 ]
40F E [ = ]
3 E R N .
Resonance Mass (MeV) Natural width (MeV) F 235 . K ok o W YR
* — + 42 425 43 435 205 2.1 2.15
K (2045) 204549 198 430 4 m(J/A) [GeV] m(Ap) [GeV]
K3(2250)" 2247 +17 180 430 2- , o | |
K3(2320)"  2324+24 150 + 30 BT %2 140 LHCb + H 18 + LHCb
PDG 2020 = 10k 0" * #} je
SN 3
Model with K" cannot describe data g 100f + 1 5
S sofF * * 13
o 80 ]
D ol 1 §
Goodness-of-fit test S O ;
40f ]
e
m(J/yp) [GeV]

Elisabetta Spadaro Norella - Universita degli Studi di Milano


https://pdg.lbl.gov/rpp-archive/index-2022.html
https://arxiv.org/abs/2210.10346

Pentaquark with strangeness in J/yA

LHCb-PAPER-2022-031, arxiv:2210.10346

T T T ~|40p— " T T T T T T =

>180F LHCb ';Eam_ I + LHCb |
— Nominal fit 4 B - ]
. . . —B:se]inae fit ] EIZO_ * ]
Amplitude contributions: —aem o Saoof AT -
- — AD E L r 1 1
- NR(pA), NR(pJ/w), Pms(J/‘PA) | ndgons ] 3 WE 4 .
4 B eof ]

193

Mass and width (RBW) measured:

A 92 ass s L 21;15
m(Pws) 4338.2 + 0.7 MeV m(J/wA) [GeV] m(A p) [GeV]

F(P$s) 7.0 i 1.2 MeV %140:-'1;[-1]0)' e I H; _ g

2 ohon 18

with significance >100 o 2 I 1 3

4 100 1 &

8 100 ] 3

. : S 80fF ] %

= Spin-parity: E ook 10
J =% determined i :
P =-1 favored, 2" rejected @90% CL 20 ;
i3/ — |

405 ‘4.1+‘ ‘ 4.1-5.--
m(J/yp) [GeV]

Elisabetta Spadaro Norella - Universita degli Studi di Milano


https://arxiv.org/abs/2210.10346

Discussion on the new J/yA state

LHCb-PAPER-2022-031, arxiv:2210.10346

First pentaquark candidate P$S(4338)
with strange quark content ccuds,

Mp,, = 4338.2 +0.7 £ 0.4 MeV
Tp, = 7.0+ 1.2+ 1.3MeV

= first pentaquark with spin-parity
determined at 90%CL — JP=%

For theoretical interpretation

narrow and close
to EC*D'threshoId

not compatible
with state outside
the phsp

pentaquark with
strangeness due to
SU(3) symmetry

S

=

(&)
S~
~

7}
3

<
=
3
=
<
@)

180F LHCb = = Daa E
- -1 — Nominal fit 1
) a iy — Baseline fit ]
140 { NRUY P)
120f - R
100 " + - Ba%kground B
s = N~
sof | ZD
60F §
40F M E
20f :
0 F gaz=2 T
42 4.25 43 4.35
m(J/yA) [GeV]
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https://arxiv.org/abs/2210.10346

Conclusion & Prospects

Spectroscopy of heavy hadrons Exotic contributions
- excited b and ¢ hadrons - New tetraquark: TCC+, T (2900)%**
- bc searches already started - First pentaquark with strangeness
LHC ERA > HL-LHC ERA —
3fb? +6 fb? 23 fb? 50 fb* 300 fb?* .
We are looking for collaborators
| 2011-2012 | 2015-2018 - 2029-2032 2035-... for LHCb Upg?ade 2
Run1 Run 2 Run 3 Run 4 Run5...
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 - pleased to have you Onboal'd!

.
>

v

Upcoming Run 3 data: _

- new detector with fully software-based trigger X2 by Run3, x7 by Run4
(+ improvements of analysis skills)
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Conclusion & Prospects

More investigation of the observed states:
- Confirm P_ and P__ states
- Measure quantum numbers

Many new states to explore:

-  Observationof & _* QCC+?

cc )
- Access to bc tetraquarks and pentaquarks and bb powion | i
spectroscopy /
- Search for exotic flavour multiplets e FR PR

ddsce P Y(4545)udsce uUSCE
PWT19) P2(4719)

dsscé ussee

Thank you for listening!
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New naming scheme

LHCb-PUB-2022-013,
arxiv2206.15233

No PDG rule for
o exotic mesons with s, c, b
quantum numbers
o no extension for pentaquark
states

Idea of the proposal
o T fortetra, P for penta
o  Superscript: based on existing
symbols, to indicate isospin,
parity and G-parity
o  Subscript: heavy quark content

Impact on existing states

Minimal quark
content

Current name

[© JPE)

Proposed name

cc
ceud
ceud
ceud
ccus
ccus
ccece
cstud
cstud
ccud
bbud
ccuud
ccuds

xa(3872) IS =0%, JFC¢ =1+ Xe1(3872)
Z.(3900)* %=1t JF =1% T®,(3900)*
Z.(4100)* 19 =1- T,(4100)*
Z,.(4430)* 16 = 1+, JF =1% T, (4430)*
Z5(4000)* I=1J7=1* T}, (4000)*
Z.5(4220) " I=2,JF =1" Tys1(4220)*
X (6900) I9 = g, JFE =P T4, (6900)
X(2900) JP =0t T.0(2900)°
X1(2900) 7 =1 T.1(2900)°
T..(3875)" T (3875)
Z,(10610) " et =1t T2, (10610)*
P,(4312)* I=1 P} (4312)*
P,,(4459)° I=0 P (4459)°
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https://arxiv.org/abs/2206.15233
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chontributions in pJ/y?

Amplitude contributions:
- NR(pA)

- HReHe——s BW(P,) JP=%
- P (J/(pA)

Compatible P . results

m(Pj;) 4338.8 + 1.1 MeV
r(Ph) 84 +1.6Mev
m(P)) 41523 2.0 MeV
r(P))  41.8 +6.0MeV

-logL decreases by 80 wrt nominal model

Model with NR polynomial is preferred,

current statistics

Universita degli Studi di Milano

not very sensitive to pJ/yp structures with -

Candidates/(2 MeV)
= = ox
[=]

60Ff

5 L]‘iC'l) i T -;-Dat’a 3
L 9 fb! —Nommal .
'prellmlnary* —}Iﬁlpx 4
: Mﬂ* 7Background~
M Ty,
¥ A
e 1
m(J/ 1/)/\) [GeV]
L LHCb Il
F 9 ! ﬁ ]
f_preliminary Wﬁ ]
] t R
i W
- # E
p A RRTE
m(J/ Yp) [GeV]

Candidates/(2 MeV)

Candidates/(0.05)

) 0 LHCb
120f } * o il
100 W’d‘w pr?hminaryt
80 - + w * ﬂ _
o} f M _
40f —
20 — _
m(Ap) [GeV]

2501 : |

: + LHEb
200 |, e _
% + + +i preliminary
150 ++H —:
n MW f




Molecular interpretations for P__

Phys. Rev. D 106, 036024

e Vicinity to the relevant baryon-meson threshold: Prediction of states at =D thresholds

0.8 MeV above 50"D‘ threshold

Pentaquarks as hadronic molecules

e Spin-parity: states in S-wave as the hadronic MeV
molecules 6007 .
e Narrow width: 7 MeV is unnaturally small given the
Q-value of the decay (~126 MeV). #0007 — P2 (4455)
o  Decay requires the charm and anti-charm — : P}, (4468) 8 *
quarks getting close, but the distance 44007
betweenis = *and D™ >> 1fm = praye o
suppression mechanism 43007 *
%, D" =, D" = 5

seen seen predicted
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New pentaquark: P (4337)

PRL 128, 062001 (2022)

In B? « ~J/wpp decays: ~800 events

S\ | —4-Data ' S ILHCb‘
4D amplitude analysis 5100k — Total st N
in d>=(mpp, cosB, cosb,, ) S [ NR decay 91o” |
€ | =e+p + )
Evidence for a structure in J/yp and J/yp 8 | HBackground +
<
= S0 .
Mp, = 433777 (stat) + 2(sys)MeV, S 7
g | 1
Tp = 2972 (stat) + 14(sys) MeV o L #I+ -
oL ot === H
No evidence 4.2 4.3 4.4
J/ GeV
for P_(4312) MY Py, 1OV
[1]
nor for f (2220) glueball Peculiar that:

- P(4312) only in A, decays
- P (4337) only in B_decays
(Eur. Phys. J. C75 (2015), no. 3 101
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1., Production in pp @ LHCb

PRL 126 (2021) 092001, JHEP 01 (2022) 131

D|fferent|a| Cross SeCtlon I’aTIO Of XC1 (3872) I’e|atlve tO LI)(ZS) Separate a Compact tetraquark (r<‘| fm)
e Both in prompt pp collisions and from b-hadron decays from a large-sized molecular state (r~10 fm)

e Measured as a function of track multiplicity, p, and y Tetraquark (42)
GE® QY.

T~ %4F LHCb 2'%'54??{3 L . 20
'E ko pp E=8Tev :.' +Prompt b decays .

R ol 3 B2 -
§ é - Py ....:Eiiz" Comover Interaction Model, Esposito e al.

S 0l Molecul Compact  m@ Molecule —] 0 iplici
It TE oty Whensgut gy 3 Prompt ratio is suppressed as multiplicity
%@ osE 3 increases (50)

S wsf T[T e — compact tetraquark model favored
&) : _#_ . — Dominated by comover breakup!":
tlz "B T ——— ] small radius = decrease of xsection ratio
bibs 0.02 .
0 : 1 1 1 -
0 50 100 150 200
Niuss

MPRD 103 (2021) 7, EPJC 81 (2021) 669

Elisabetta Spadaro Norella - Universita degli Studi di Milano



What happens in HI collisions?

LHCb-CONF-2022-001

Production of x_,(3872) in pPb collisions to help understand the

Candidates/(1 MeV/c?)

Candidates/(4 MeV/c?)

dynamics
[ J
the quark coalescence mechanism

25000 ;_ i ‘* pp \s=8TeV,2 l:h" _g
20000 ;— ‘n‘ —— Background e L4
swE- By 0872 E

5000 ;‘/ _f

;K) ;

wl

Candidates/(4 MeV/c?)
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Formation of QGP could enhance the x_,(3872) production through

L
3800

o0
M, ..r [MeV/c2]

P(2S) is suppressed in pPb and Pbp

X.;(3872) production may also be
enhanced as in PbPb collisions

—> Increasing trend:

at high density quark coalescence
can become the dominant
mechanism affecting x_, production

But still large uncertainties
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cl

Oy osm By (38712 Wy n* x7)

B(y(2S)» J/y ot )

X

aw:.\)

=

[a—

T cMs
Py > 15 GeV/e

- LHCb E
Preliminary ]

Py >5GeV/c m

[ 2<y<4.5 | 1.5<y<4 | -5<y<-25 | |y]<0.9
pp pPb Pbp PbPb

x N tracks

Molecule,
tetraquark or a
mixture?




