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https://www.quantamagazine.org/impossible-particle-discovery-adds-key-piece-to-the-strong-force-puzzle-20210927/
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@ Pentaquarks
o N) — J/ihpK~
o =) — J/YNK™
e B~ — J/YNp

© Tetraquarks
@ prompt D°DO7+
e Bt - DtD~ K+
e Bt — DD K+
e Bf - D Dtnt and B® — D°DFfn~

© Plans
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Summary of Pentaquarks studies
(*) will be discussed today

Xp = (J/0p) ... Xp = (J/UN) ...
b (J/YP)K™ (%)
P _ Z, = (J/ONK™ (%)
- Uhverr B (JeNp ()
— (J/¥p)p
Thresholds: Thresholds (?):
z(*)-i-D(* / z(*)—H—D( )— ES;*)OE(*)O / ES:*H_D(*)_

N A
Pl ph

LHCb proposal for the new name convention of exotic hadrons [arxiv: 2206.15233]
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The first pentaquarks

@ Close to the ¥ .D®™) threshold,

@ have “right” multiplicity:
1/21=1/2@3/2

e Narrow(!): 10, 20, and 5MeV for I'gw

[PRL 115 (2015),

10?

Candidates/(0.105x0.045 GeV*)

16 e 3354 45 5 55 6 65
mZ, [GeV?]
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e Narrow(!): 10, 20, and 5MeV for I'gw

[PRL 115 (2015),
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Exotic hadrons at LHCb

PRL 122 (2019) 22]
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Hint for the strange partners
Sy = J/(— ppT)A(— pr)K ™ data sample [Sci.Bull. 66 (2021) 1278-1287]

e Full data sample 1750 signals with purity 80%.

@ The amplitude model includes: =
o P (4450): m = 4458.8 £ 2.9747 MeV, I = 17.3 + 6.539 MeV

—_——
——

> [ |
= oL LHCb
S [ 9!
E L
L2 401
~ 0

20 :— + + +

T T
i =0 *0
: —CD

—_—
—_——
PRI IR NI R NI,

4.5

nq”u”q[(}e\/]

E**—(lego)l 4 6
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B~ — J/Y(— ptu”)AN(— pr)p [LHCb-PAPER-2022-031 (in preparation)]

gorve
e Amplitudes: = 160;_ 9fbt — Baseline _
> NR(J/¥p), 84.0 £ 2.2% N 140 [reimineni * NR”"’ E
» NR(AB), 11.3 + 1.3% . TpAA ]
> New PA 125+ 0.7%, & 120F + ~ BAground 7
» with parameters © 100F + -
* m(P),) =4338.240.7MeV T - P
* r(P?Z) =7.0+1.2MeV S 80:‘ H + + P
o JP =1/27 is preferred O 60;— i
@ BW mass is close to =.D 40F =
thresholds: 202_ E
» 0.8MeV above =D~ F o ;

—n—0 o et 1 ! | T n -~ - o -

> 2:9MeV above =D 12 4.25 4. 4.35
m(J/YAN) [GeV]
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Tetraquarks candidates

(*) will be discussed today

J/mt

b
Ty

3900, 4430, ...

g
7-CC

3874
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prompt DODO7F
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The landmark of 2021: a signal in D°D%7*  [Nat. Phys. 18 (2022) 7, 751-754]

Event selection

]
Do
+1
N-‘L
|

LHCb

o of! D O———
300 K
& zooi %%%%@ O ﬁOD0ﬂ+
= E¢ Fon e “itgs g, @ Select DODO7*t candidates from primary vertex
= 100;; S et e el with detached D® — K~ 7+
I I ' ' ' ' ' I @ Require detached K~ 7" with high pr
& ®F A narrow peak near D** DO threshold!
A @ Require good quality of tracks, vertexes, and
a0l particle 1Ds.
) E+ e DDt _
°
***#MWM & %.M Nttt il e Ensure no K/ candidates belong to one track
EC U G U U , @ Ensure no reflections via mis-1D
MDDr [Ge\//c ]

@ Subtraction / sWeight for fake-D background
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Fit to the spectrum [NP 18 (2022) 7, 751-754, NC 13 (2022) 1, 3351]

Unitarized model

o O

= r ) 1 ]
= anb LHCh =% 1 14
ﬁ 60? gfb_l 230’ + i 37
. . o C 3 25 | El
Two models: Native & Th.-motivated B gof }t T H» 1]
~ F S5 Y E=
@ The peak position is well constrained. < F o b 17
20 P . . £ 0o VL AR E
@ The width is not, limit to the coupling: E o T T
lg| > 7.7(6.2) GeV at 90(95)% CL 0F E
20F [ | 220 Dhon vt =
Parameter  Value ’ . C * J
Parameter ~ Value E H + + + + J E
S e o Bt bt

dmpw  —273£61 keV/c? Smy  —359 + 40keV/c2 F N t ’+I++ If+ +
T'pw 410 + 165 keV gl ! 3 x 10* Ge/V (fixed) 0:—*’-tft ’% ' F + I%

Naive BW Advanced Model 3.87 3.88 3.89 3.9
MO0+ [Ge\// 02}
Excellent agreement with the data. Reaction amplitude is fully fixed. J
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Predicted mass spectrum [Nat.Comm. 13 (2022) 1, 3351]

The resolution removed 12 : — — .
o L } T 14 . % e ]
@ Peak position: ® | L UL I
- o8 i
—359 £ 40keV H i 06 E
- 04 i
(The most precise ever wrt to the threshold) 0.8— } 024 ~ 1
r | - a0 a0 ouc)
o FWHM: 47.8 £ 1.9keV, C \ Smpopor - [keV/e?] ]
. . 0.6— o |
o Lifetime: 7~ 107205, r By 1
(Unprecedentedly large for exotic hadrons) 04} i::/\’\ : E
@ The pole parameters: L . 7]
4 0.2; W=y T2 E 1
5mpo|e = —360 + 40J_r0 keV, C Smpoporee [MeV/e?]
Mpole = 48 279, keV . o- ‘ ‘ - -

Pee - 0 2 4
dMpopos+ [MeV/c?]

o Nearly-isolated resonance below the D** DO threshold

e Long tail with cusps at the D** D% and D*°D* thresholds
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BT - DtD KT
N——
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Dalitz pIot for B+ — D*D K+

LHCb_

—
o
~

=
[e2]
LA AL L L L L L L L

e 8 10 1
mA(DK*) [GeV?/c]

@ Horisontal bands are resonances in DD~
o Hint for a vertical band around 8,5 GeV? in m*>(D~K™)

e Exotic candidate T.5(2900): [c5ud]

e Both quantum numbers J© = 0" and 1~

Misha Mikhasenko (ORIGINS Cluster) Exotic hadrons at LHCb

[LHCb, PRD102 (2020) 112003]
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Dalitz plot for Bt — D™D~ K™+ [LHCb, PRD102 (2020) 112003]

LHCb]

T [ %
&~ 3 = 70
> 2r 1 3
S (b)] = =
=20} 4 ™
51 I 5
o 18 1 7
T I ] ?é 30
161~ 1 £ 2
14| - § 10
C [ R R 0 Ftt® c -
6 8 10 12 25 3 35
m(DK*) [GeV?/ ¢ m(DK*) [GeV/c]

@ Horisontal bands are resonances in DD~
o Hint for a vertical band around 8,5 GeV? in m*>(D~K™)
e Exotic candidate T.5(2900): [c5ud]

@ Both quantum numbers J© = 0T and 1~ are wanted by the fit
August 15t 12/22




BT — DD K+
N— —
Xc0/ Ty
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Threshold enhancement at D D_

[LHCb-PAPER-2022-018, 019 (in preparation)]

Main features of the data:

@ significant structure at the threshold

@ a prominent dip at
m(D}D; ) = 4.15GeV.

in

4.0 4.2

Misha Mikhasenko (ORIGINS Cluster)

5\50 T T L I LI AL AL RN AL AL ks
[5) C LHCb 4+ Data ]
= 40LF 9 fb-! Total fit b
o —— X(3960) ]
a f Xo(4140) ]
30 —— (4260) .
f:_é C W4660) ]
k=] 3 Non-resonant Df Dy 1
520 - E
5 r [prellmlnary]

10F ‘} * .

0 L i f

4.4 4.6

4.8

m(Dg Dy7) [GeV]

Exotic hadrons at LHCb August 15t 13/22

Bt — D D; K™ decays

Baseline model: D D_ resonances
o 171 1(4260) ~ 4%, 1(4660) ~ 2%
o 0FF: X(3960) ~ 24%, X(4140) ~ 18 %,
NR~ 50 %
L L A B B

LHCb
9 fb!

F [preliminary]

W
o
T
1

Candidates / (20 MeV)
S
T
[ E—
|

—
S
T L

L L 1 P e W TR ey B _
O3 26 28 30 32 34
m(D-K+) [GeV]



Is X(3960) the same as x0(3930) from D*D~7?

Bt — (DjDs_) K+ by LHCb: Bt — (D+D_) K™ by LHCb:
~S0F T T T T T T T T T T T T T T 140 ——
> 3 -+ Dat : %\ [ ]
s oF B Sh —— Totalfit ] 3 120F LHCD 3
Sha | — X(3960) : N (a) 3
o Xo(4140) ] o l00p 5 -
Z30F ——  3(4260) . ~ o F ]
Pt 14660, ] S eof HCb, PRD102 (2020) 11200]

E Non- D7 2 r ; ]

% 20F on -re.sonant DiDs A R 60: Xco(3930) ]

§ h * [prellmlnary] 1 33’ woF E

“ 0k ] 5 1

10F + . ] & 20F oy 3
000 42 44 46 43 4 45

mD3 D) [GeV] m(D*D") [GeV/cY

@ Assuming to be the same, B(xco — D*D~)/B(xc0 — D D; P) ~ 0.3
large molecular component, or large tetraquark component, T4

@ [JHEP 06 (2021) 035] finds a state coupled to D D_ on the lattice
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Is X(3960) the same as x0(3915)?  [LHCb-PAPER-2022-018, 019 (in preparation)]

Bt — (D D;) Kt by LHCb: vy — J/yw by Belle:
5\50 LA B A B I B b o5 .
> I ey + Data ] ; [Belle, PRD 86 (2012) 072002]
=y 9fbt —— Total fit 1 ~_F
o F —— X(3960) ] g 200
) X0(4140) ] ] F
30 ——  Y(4260) . c 150
gt Y(4660) 1 3
o F Non-resonant DfD; - I 10
520 ] E T
= L o) L
Sk 2 sf
oF P (TR
: - e U B B
0 20 12 14 16 48 38 385 3.9 395 4 4.025 41 415 4.2
m(D#D;) [GeV] m(J/yo) (GeVic?)
o Belle sees a clean state in J/tpw with JP = 0T
e The D} D; signal might be a tail of the x.0(3915) state
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a H :t + < T T T T T
T2:(2900) in the D 7w system AT T
[LHCb-PAPER-2022-026 (in preparation)] = sl ngzminary] I s ]

g] 60 - 3
5 4 / o { . t t i E
S 40 I

o 4420 B° decays and 3940 B~ decays, o bt i o

including charge-conjugated reactions EZ T RO T '

@ Simultaneous fit using the isospin symmetry B VB Y R - v

M(D 7) (GeV)

@ T3 ~ 2% needed (> 50) S o [T ey

p . 3 LHCb (e)
e T2: JF =0% is favored (7.50) © go_[9fb_*‘_ ]
@ Mass and width are close to these of TZ(2900) g ol ) ]
> T2 m=2892+ 14 4 15MeV, 5o 1
=119+ 26+ 12MeV; B 20k E
» Tt m=2921417 £ 19 MeV, 0

= 5 . T T y y T T
[ =137+ 32 £ 14 MeV I RSTOR

- 2‘2 2!4 2!6 2!8 3.‘0 3!2 3.‘4
MD; 7*) (GeV)
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T2.(2900) in the DI 7" system
[LHCb-PAPER-2022-026 (in preparation)]

g

2

Events/0.015 (GeV)
5 =

15
S

T T T
LHCh ()
= [preliminary] *

ﬂm 3;5 3;
M(D; ) (GeV)

st (D)

preliminary]

Py Rmenn m o w pon i nle p u
L | il e L i |

o 4420 B decays and 3940 B~ decays, ,
including charge-conjugated reactions = 3
a0

@ Simultaneous fit using the isospin symmetry s
e T2 ~ 2% needed (> 50) S 1w
o T2: JP =07 is favored (7.50) S w
e Mass and width are close to these of TZ(2900) S wo-
> T2: m=2892+ 14 + 15 MeV, ER
=119+ 26+ 12MeV; M 20p

> T2 m=2021 4+ 17 + 19 MeV, 0
F=137+324 14 MeV EIN:

éi

22 24 2.6 28

August 15th
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Summary of the

new hadronic states

11000 . . . . . .
10500 §
-~ ~
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S 5000 4 F
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X(4274; s
g Xi4140) .- ( ) P:"(4312)‘ Ty(4220 W
= ® v v Tea (40000 X(3960)
4000 ¥3(3842)
° ® 7 (3875)
cc(qq)
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: g 07502900 ® . 29000
W ccqqq
T T T T T T T T T T T
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patrick.koppenburg@cern.ch 2022-07-20 Date of arXiv submission
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Summary of the new hadronic states

11000 L L L L
10500 4 |59 new hadrons at LHCb |
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Updated timeline for LHC
[W. Altmannshofer, F. Archilli, arxiv::2206.11331]

Large Hadron Collider (LHC) High Luminosity LHC (HL-LHC)

e e e e T T -

LHCh 9 fbp-r —— Upgrade | 35 fb1 ———| Upgrade Ib Upgrade It 300 fb-t —> &P

ATLAS/CMS 190 bty 450 b —y 3000 fb-! —p

200 aoraao1s 201 201 01 ot [aote L0920 021 aoza] a5 202 2625 oz oz 02029 30l 081 [aose 203 sl s s aossaoaol[ o512
Belle Il 400 fb-1 ——] 7 ab-t ——f 50 ab-! —p
I T N R

SuperKEKB

1 @ Vs = 3.773 GeV. 20 b @ Vs = 3.773 GeV
BESIII :m,-els-un Gev ——| 6fb-1 @ Vs =4.178 GeV —

3fb1 @ Vs =4.64 GeV 51 @ s = 4.64 GeV

1ab-' @ s = 3.773 GeV
BEPCII © M

STCF

CEPC

LHCb:
@ ramping up after major Upgrade |
@ X5 statistics in Run 3(2023-2025) ©@13.6 TeV + Run 4(2029-2032) @14 TeV
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SMOG(2) F|xed Targer LHCb [JINST 9 (2014) 12005, LHCb-PUB-2018-015]

e System for Measuring Overlap with Gas (SMOG)
@ LHC beam collides with the injected gas (10~' mbar)
@ Used to reconstruct the beams transverse profile

o LHCb + gas target = Fixed-target LHCb!

@ Unique energy scale: 68 < /s < 110 GeV

@ Access to unexplored kinematic region: high-x and
intermediate Q2

protons (Pb) on target [10%]

pNe PAT PN
2015 12016 12017 12018

Some physics results
e — &
Gas @ Detached antiprotons in pHe, [LHCb, arXiv:2205.09009]
‘ 8 @ Charmonium production in pNe, [LHCb-PAPER-2022-014]
e J/1 production in PbNe, [LHCb-PAPER-2022-011]

Gas (Ne, Ar)
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Thank you for your attentions
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CMS confirms Ty, structures

CMS Preliminary 135 fb (13 TeV) 5
> T T T T T T T T
@ 180 -
= ¢ Data —Fit 3 2 —— Daa
ﬁ 160 ? Tota fit
5 140 == BW1 1 BW2[X(6900)] 180 —— Resonance
o E 160 = = Threshold BW1
S0 eml Ut Al o BW3 — Background — = Threshold BW2
£ 100 = 140
O g = 120

TT“TwHwTH“H“H“H“H“HI

Weighted Candidates/ (28 MeV/c?)

0
Eg% §i ‘ﬁ%%{gﬁm mgxﬁ}ir
<3 mﬁt t 0 7000 8000 9000
75 8 mi,iw [GeV] Mdi—J/t/J [MeV/cE
[CMS-PAS-BPH-21-003] [LHCb, Sci.Bull. 65 (2020) 23, 1983-1993]

o Clear dips is present that makes the incoherent fit struggles

@ Third state is significant
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CMS confirms Ty, structures

CMS Preliminary 135 fb (13 TeV)
3 180 ‘ ‘ ‘ ‘ ‘ = 2
2 160 ¢ Data —Fit 3 2
% 140 == BW1 " BW2[X(6900)] 3 180
o] 3
S0 ¥ WryM o BW3 — Background 160
£ 100 = 140
© e E 120

TT“TwHwTH“H“H“H“H“HI

Weighted Candidates/ (28 MeV/c?)

0
Eg% §i ‘ﬁ%%{gﬁm mgxﬁ}ir
<3 mﬁt t 0 7000 8000 9000
75 8 mi,iw [GeV] Mdi—J/t/J [MeV/cE
[CMS-PAS-BPH-21-003] [LHCb, Sci.Bull. 65 (2020) 23, 1983-1993]

o Clear dips is present that makes the incoherent fit struggles

@ Third state is significant

Misha Mikhasenko (ORIGINS Cluster) Exotic hadrons at LHCb August 15t 18 /22



ATLAS also finds structures in J/1J /)

>300JTT{TTTT‘TTTT‘TTTT‘TTTT{TTTT{T
8 F ATLAS Preliminary t Data

3 250F Vs =13 TeV, 139 fb* — Sig.+BKg.

S' 200;di'\]/w — Background
% 150E -~ Sig. w/o Int.

5 Sig. Int.

21100
508

plvn b b S b b v b b by

s b b b by i

5 7 75 8 85 9
meen [GeV]

[ATLAS-CONF-2022-040]
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—J— Data
Total fit
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00
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[LHCb, Sci.Bull. 65 (2020) 23, 1983-1993]
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ATLAS also finds structures in J/vJ/¢ and ¢'J /)

L I ) B I IO L B

> [ _
8 50: ATLAS Preliminary } Data ]
10 : Vs =13 TeV, 139 fb™ — Sig.+Bkg. ]
g 4O%JI'~|J+'~|J(ZS) — Background —
~ L - - - Signal ]
}g |- —
C - 7 -
o 30 ] @ Hints for the near-threshold structure
T ]
i 1 @ Resonances in ¢'J/1) might produce
20r . structures in J/1J/1 as
r } 1 partial-reconstructed decays,
ol T \ ] ' — J/1 + neutrals
0” JA%\I\E\—;\LM P AL i

7 75 8 85 9
mg" [GeV]

[ATLAS-CONF-2022-040]
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Proposal for J/1J/1 angular analysis [MM, L. An, R. McNulty, arXiv:2007.05501]

v Y1

b/A¢=¢1+¢2

3/2""'

Two main angles:
@ 01, 05 decay angle of J/v (helicity angle)

@ A¢ the azimuthal angle between the decay plans

Symmetry constraints: permutation of identical J/1), parity

Misha Mikhasenko (ORIGINS Cluster) Exotic hadrons at LHCb



Four categories of possible helicity matrices [arXiv:2007.05501]

group | nx(—1)7,(-1)7 | JP | symmetry
/ +,+ 0| 2T, 4%, 6% | symmetric, S
i —+ 0|, 27,47, 6 | symmetric, S
11} +, — 17,37,57, 7" | antisymmetric, A
v - , 3%, 57, 7T | antisymmetric, A
H(O HUD HUn HV)
b a ¢ b a a a c
a d a a —a —a —a —a a
c a b/ —a —b/ a A —c -—a A
a, b, ¢, d are still unknown coefficients, complex in general. J
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Four categories of possible helicity matrices [arXiv:2007.05501]

group ‘ 77X(—1)J,(—1)J ‘ JP ‘ symmetry
/ +,+ 0t | 2%, 4T, 6% | symmetric, S
I -+ 0=, 27,4, 6~ | symmetric, S
mn +,— 17,37,57, 7" | antisymmetric, A
v - = , 3%, 57, 7T | antisymmetric, A

b/ s —b/ s —a A

a, b, ¢, d are still unknown coefficients, complex in general. J
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T decay amplitude [Nat.Comm. 13 (2022) 1, 3351]
D()

Model assumptions:
o JP =1%: S-wave decay to D*D
o T isanisoscalar: |TL),_o = {|D*°DT) —|D*D%)} /2

@ No isospin violation in couplings to D** D% and D**D*
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DD spectroscopy

Compare to inclusive DD spectra:
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Dalitz Plot Decomposition (DPD)

Update to the angular analysis formalism 102}3
I/ Spin in 3-body decays 2
A }””/W [MM et al. PRD (2019)] g
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0—X,1 X—23 spin align.

@ range of ¢ matters [—m, 7] vs [0, 27] | @ correct ¢ dependence by construction
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