


Why studying charm hadrons?

@ Two types of exotics:
» Genuine exotics — no convent. expected
» Mixture — the conventional states are
influenced particle interaction.
Mass shift towards the strongly-coupled
threshold.

@ b/c hadrons are narrow

o Level-splitting hierarchy due to 1/mg
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Lattice QCD: 5 X\ modes and 2 p modes
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Heavy-quark-diquark system

Charm-baryon sectors

q . io—mode @ Heavy quark is static and spinless in the limit mg — oc.
A-mode’ : q ° Excitations of Qqq are governed by the light diquark
I' 1 _1 _o+ 1+
/R 0 g1U=8) @ g 172D = U0 and 1071
- — ~——
4 “good” “bad”
Q  3 o Excitation pattern is different for “good” and “bad” diquarks

@) (@ O, G,
@@ @@ @@ @@

Ac > = Q.
“good” “bad” (isospin) “good” + “bad” “bad” (identity)
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Excitation spectrum of baryons with “bad” diquark
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Excitation spectrum of baryons with “bad” diquark
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Excitation spectrum of baryons with “bad” diquark
A

Structure:
@ Radial and orbital
excitations
o Light d.o.f.: Spin-Orbit
splitting

Energy

o “Hyperfine” doublets:
heavy-quark spin

Counting of states

3
= 18 — model independent
- Size of splitting, the order
o — differs from model to model

Orbital quantum numbers
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Phenomenological models

@ Agree on the general pattern

1P states in QM

a FG RP STRV
@ Agree on relation between the sectors | | o
6.6 3§ =—= 6.6 2080 20 [, 2980 —_—
3S— = 12 32 52 1 e 52 12 e 52
6.4 p—— 64 .
— [Faustov-Galkin, EPJ Web Conf. 204 (2019) 08001]
2P ——— —_—
N 28 == [Roberts-Pervin, Int.J.Mod.Phys.A 23 (2008) 2817-2860]
3 » — 2 [Shah-Thakkar-Rai-Vinodkumar, EPJA 52 (2016) 10, 313]
5 69 A(5920)° 00
P Ap(5912)" 35(5835)" H H H
" T @ Often neglect the diquark excitation
5.8 TS 5.8
Asiz0p @ Disagree on the splitting and the order
560 15— ms,ﬁ
[Bing Chen et al., PRD98 (2018) 074032]
.
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Phenomenological models

@ Agree on the general pattern 1P states in QM
. FG RP STRV
@ Agree on relation between the sectors | | o
6.9 = = 6.8 20 - | 20
=b =b —
35 - - -
celas . » e
[Faustov-Galkin, EPJ Web Conf. 204 (2019) 08001]
2P — f—
s — .. ki  [Roberts-Pervin, Int.J.Mod.Phys.A 23 (2008) 2817-2860]
s 6 — :
3 10 = 5K [Shah-Thakkar-Rai-Vinodkumar, EPJA 52 (2016) 10, 313]
E 42— P, __
g 62 BE2) 6.2
4 e ax
60 Ss955° " 60 @ Often neglect the diquark excitation
1S —g— Zpr
=5(5935)" i L.
55l 1528 - . @ Disagree on the splitting and the order
[Bing Chen et al., PRD98 (2018) 031502]
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Strong transitions to a baryon and a pseudoscalar
Q0 - =FK-

ok — =0 1 —
Q) = =K

—xx0 + p—
= = NK

—kk— 0p—
=, = NK

Z*C*O — /\jﬂ:
T — /\27r7

HQSS (mg — o0) gives the selection rule based on the light d.o.f. [Chiladze, Falk, PRD 56 (1997)]
Can be applied to the decay to ground-state baryon and pseudoscalar (B + P):

_ (light d.o.f.) JP (light dof) JP | B+ P (lightdof) B+P
aof—— 0~ 1/2~ S-wave S-wave
== - 1/2- forbidden S-wave
T 9p 3/2~ forbidden D-wave
o 3/27 D-wave D-wave
° HF (JP) 5/2~ D-wave D-wave
T 1- 1/2- forbidden S-wave
iz 3/2™ forbidden S-wave
2=
2P Four of seven are expected to be suppressed )
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Experimental observations
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[Image: Maximilien Brice/CERN] [ma p]



https://earth.google.com/earth/d/1Qs5bqBwNWvpMkDBZkV-F0EGHpVJjmCrX?usp=sharing

LH C bw CIEEY

RinsLmssine CHererin .
l

Muon

Muon ID ~ 97%

Stations  pimumisio ~1-3%

Kaon ID ~ 95%
Pi/K mis ID ~ 5%

‘m

VT

Electromagnetic

ALur‘\meter

IPres ~ 20 um I
dp/p=0.51.0% Tracking

stations
pp collider (7+7 TeV)



http://clangenb.web.cern.ch/clangenb/

0 . .
27 states in prompt production

T

Candidates/ (1 MeV)

[LHCb, PRL 118, 182001 (2017)]

nt
=+
Hc@% p
S -
Qz*O K

@ b super-narrow structures
@ 1 broad structure

@ 3 gray components partially reconstructed
0 = =
Q70— ZH(— Zf)K

A popular JP assignment:
the narrow states are A modes

3000 3100 3200 3300 in the natural order 37 ,37,37,37 37
—_ty,
m(=.K ) [MeV] [Karliner:2017kfm, Padmanath:2017Ing, Wang:2017zjw]
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https://inspirehep.net/literature/1518785
https://inspirehep.net/literature/1589285
https://inspirehep.net/literature/1590039

Kok —
Qb

states in prompt production

[LHCb, PRL 124, 082002 (2020)]

o+ @ ~ 100x smaller statistics
Ef@p @ Four peaks are seen with significance > 3o
X o ”7 e No fifth narrow state
b @ Do we see HQSS suppression for the first two?

g [ LHCb +Data
° —Fulli The new states are
9 B I — Signals
é 0 :_ “i l Background Qb(6315)—
S r | i ] | | Q,(6330)~
S It < | . I -
ém-_ I il / i| il it | ill U'I "ll| |!:| I'I I |||||||||| 'II| II|| !l.l £2,(6340)
3 L Ll Ir EVIM %%ihjr T [T W'M W""lumhmm Qp(6350)

500
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**0

states in prompt production
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[LHCb, PRL 124, 222001 (2020)]
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Four structures are clearly visible

@ More combersome partially-reconstructed

decays
No fifth narrow state

The peaks are wider(!)
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**0

states in prompt production
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m(K") [MeV]

[LHCb, PRL 124, 222001 (2020)]

Four structures are clearly visible

More combersome partially-reconstructed

decays
No fifth narrow state
The peaks are wider(!)

Same peak spacing as for Q0
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—skk—

=, states in prompt production [LHCb, PRD 103, 012004 (2021)]

Ay is reconstructed in two final states: Af7~ and Afntn— 7~

200

> F

D 400~ —+ Data

= LHCD — Full fit +
N F —Signal n_
A gna A+ K

3 — Background AOE P
= 300 b

= Vs T
= S — K-

o b

©

@

o]

€

=}

z

100 @ One clear structure but anomalously broad

L i L
00 600 7_00 800
M(ARK") = M(A) [MeV]
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—skk—

=, states in prompt production

Ap is reconstructed in two final states: Af7~

w
[=}
o

| LHCb

200

100

Number of candidates / 2 MeV

—+ Data

— Full fit

— Signal

— Background

[LHCb, PRD 103, 012004 (2021)]

and Afntn 7~

_|_

s
oA Ky
Vs T —

i 5

@ One clear structure but anomalously broad

600 700 800
O~ 0
M(AK ) = M(Ap) [MeV]
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—skk—

=, states in prompt production [LHCb, PRD 103, 012004 (2021)]

Ay is reconstructed in two final states: Af7~ and Afntn— 7~

w
[=}
o

100

¢ I 'LHeD + Data

= | — Full fit a+
S — Signal A+ K=
§ | — Background Ag c P
S 200 e T
g fe= K-

o Qb

S

o

o}

€

S

z

@ One clear structure but anomalously broad

e Splitting from ;" indicates that it will
be hard to resolve.

700‘ — 800
M(AK ") = M(A}) [MeV]
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The first exclusive observation of Qi*o [LHCb-PAPER-2021-012, in preparation]
In Qy — =fK™ 7 decay

_ 175_ @ Strict exclusivity cut = No feed down!
Q Hcggép i @ Same four peaks (no clear fifth)
X F K= 7

e + the threshold structure (5.30)
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The first exclusive observation of Qt.*o [LHCb-PAPER-2021-012, in preparation]
In Q, — =fK 7 decay

+ . -
_ [?7 @ Strict exclusivity cut = No feed down!
_ Se p .
2, _ @ Same four peaks (no clear fifth)
NV K~ A
> @ + the threshold structure (5.30)
e —~ e e
%\ 905_ 3 g L % Daa ]
80F ~ —+— Data E r » —— Total fit A
E E LHCbofb? — tomfit E 0 20— LHCb9fb™ -.o= Nom@2; background
4 0= A Q- IKT 3 = r- ru - Non{@; ® background |
g < a-=m 4 g g N
E T ez C reliminary
3 5o S B EKK E 2 Y
'% skt 1 e - Combinatorial backgroundé § 10 h
O b 3 - 1
20 Preliminary 3 5 f L 3
GET TR ST w “-:‘l'! A. N -w"\"&{. T 1!}’l‘n L’L%' Tr+ pdil T+II]§ 0 LT I L‘H‘ﬂ rddlra Ararar Aakhk LU = ]
5900 6000 6100 6200 6300 6400 0 20 40 0 80 100 120 140 If 180 2 220
ZiKTm) [MeV] mM(=¢K) = m.. = m-[MeV]
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Angular analysis of Q; — Qi*o(—> E?K_)W_ [LHCb-PAPER-2021-012, in preparation]

0
2,(3065)
@ Spin of Q, is 1/2 N sl + Data
0 . SN -1 e J=1)2

e Q¥ cannot have spin - | LHCb 9fb L T_an

projection > 1/2 = T _ — - J=5/2
@ = non-trivial angular % .

dependence for J = 3/2, § 1or Ay

J=5/2. \.\ —e—i
@ Noticible inefficiency at \_T_\

cosf =1 (soft K7). 5| \.\ +
3.60: J(Q:(3065)°)! = 1/2 1
2.20: J(92(3050)°)! = 1/2 Preliminary .

%1% ~05 0.0 0.5 1.0

cosf
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Angular analysis of Q; — Qf.*o(—> E?K_)W_ [LHCb-PAPER-2021-012, in preparation]

0
96(3050)
@ Spin of Q is 1/2 ™ .
2*0 ° / ; = 100K -1 i?a:tal/Q
e Q7 cannot have spin - LT LHCb 9fb B
projection > 1/2 % R — = T=5/2
@ = non-trivial angular 5 75k |
dependence for J = 3/2, § __\_ . e
J=5/2. A\ i i /
C e e 50r \ - /e
o Noticible inefficiency at NN TN
6 =1 (soft K). b 1/
cos (SO ) - \l—:b\—l\ R e e | b—tm
3.60: J(Q(3065)%)! = 1/2 D U G AN A i T
2.20: J(Q.(3050)°)! =1/2 Preliminary 1L L 1 /¢ 1
09,5 05 0.0 0.5 1.0
cosf
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Spin hypotheses testing [LHCb-PAPER-2021-012, in preparation]
@ 2d Log Likelihood ratio as a test statistics t = . vazl log (/;(cos 0;)/1%(cos 6;))

0 0
2,(3050) .(3065)
g [CJ7=1/2: excl. 250 g 0.10 [CJJ=1/2: excl. 3.90
I 0.10 [CJ7=3/2: excl 0lc i [C]J=3/2: excl. 0.7c
= [C]7=5/2: excl. 130 = [CJ7=5/2: excl. 170
2l Il
= <
T o005} !
~ ~
-~ -~
0.00} / 0.00 /
| ;“
{ |
—0.05¢ 1 -0.05} |
\ /
—-0.10 \ .. ’/ 1 \\ L. / )
Preliminary 1 HCb9 -0.10F Preliminary LHCb 9fb
~_ ° Y
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
tr—1/217-3/2 tr—1/210—3)2
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Combined spin test [LHCb-PAPER-2021-012, in preparation]

Preliminar
i e e e B B e B e S
B —& Data
B — Total fit
C =)
2~ LHCb9fb ==+ Non-Q, background
-J 75 1/2 (220’) ----- Non-2, ° background

J+#1/2(3.60)

5
LI L L

Candidates/ (2.5 MeV)

wq-p, darararlabbls JSEEEN )
iy ua N ARG R ARG

0 20 40 éo 80 100 120 140 160 180 200 220
m(Z¢K™) - mo. - m - [MeV]
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Combined spin test [LHCb-PAPER-2021-012, in preparation]

Preliminary Excluded by 3.60

—~ e e i
> L i
g B —4- Data E N K L I A I L I BN

C — Total fi . B
o 2 LHCbIfb™ - N(:Jtn-QIE background § 4001~
S’ ) # ]-/2 (220') ----- Non-£2. ° background | = C
B 15 1 5 300
g T J£1/2(360) 7 E
g I 1% r
8 - 1 8 2000

5 - 100F

< l -
okl (I i g SR S PP ey 0 132 G A A R A 9
0 20 40 60 80 100 120 140 160 180 200 220 3000 3050 3100 3150

m(ZK?) - m.. —m- [MeV] m(E; K) [MeV]

Adapted from Fig. 2 of arXiv:[1703.04639]

to be revisited!
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Combined spin test [LHCb-PAPER-2021-012, in preparation]

Preliminary Excluded by 3.60
~ e R
> - ]
g B —4- Data E S K L L
r — Totdl fi : 3
L 2o LHCbofb™ s N(:Jtn-QIE background ] § 400—_
S/ N 3/2 3/2 Non-@;® background | o) C
8 s 1 = r
8 F 1/2 1 & 300
© o B - -
I 5/2 1 2 I
8 wf 1§ 200p
1/2 ] C
/2, - 100
! I 7
okl e e L B0 PR WP ey 490 30 G o A R 9
0 20 40 60 80 100 120 140 160 180 200 220 3000 3050 3100 3150

m(ZK?) - m.. —m- [MeV] m(E; K) [MeV]

One plausible assignments

Adapted from Fig. 2 of arXiv:[1703.04639]

to be revisited!
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UL R R I R
—4— Data
— Total fit
== Non-Q, background
----- Non-ﬂ:0 background 7

The threshold structure
[LHCb-PAPER-2021-012, in preparation]

)
S

LHCb9fb™

1

@

R
Candidates/ (2.5 MeV)

1

)

gﬁu

Candidates/ (1 MeV)
w
2

8

6
m(Z¢K?) - m., - m [MeV]
@ Exclusive analysis: no feed down is possible

@ Other non-physical sources are excluded

3000 3100 3200 3300 e Singinifance in the nominal fit is 5.30,

m(=cK') [MeV] 430 includi temati
@ Explained in the prompt analysis 30 INCIUdIng systematics

by the partially reconstructed
Q(3065)" — =K~ with
anomalously large coupling.
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@ No model sensitivity due to the low statistics

Further investigation in needed! J




Summary

1P mupltiplet of “bad” diquark — a fundamental piece of the baryon spectroscopy puzzle
7 states: five A-modes and two p-modes
In common for =, ¥4/, Qp/c, Zpjer Zec

State splittings indicate spin-orbit and “hyperfine” interaction

Charm (beaty) baryons are narrow — good chance to resolve it:

Assign quantum numbers, reveal the light quark dynamics
Identify diquark excitation for the first time

The threshold structure The fifth narrow state

o Is a state? e Why only seen in inclusive =F K~

Compact / Molecular component? @ The first manifestation of the diquark

@ Present at other sectors? excitation? 25 states?
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