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Outline

> Recap of tetraquark history at LHCb

» Doubly charged tetraquatk and its neutral partner
(TS, (2900)%/++)

New [LHCb-PAPER-2022-026 in preparation|]

> Observation of a resonant structure near the D;’DS_ threshold

New [LHCb-PAPER-2022-018,LHCb-PAPER-2022-019 in preparation]
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Recap of history




T}. observation in D OpO0gt [Nature Physics 18, 751-754 (2022)]

» First observation of same-sign doubly
charmed tetraquark T

. = 70_ T "--4()
> Very narrow state in D°DOrt mass = | LHCh S
2 60 T -8‘530- .
spectrum : ' W ﬂ
» Manifestly exotic with quark content = | | g 4 +++ 4 [E
— 3 40 . ll;,.#l .
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» Mass ~ 3875 MeV, very close to the "} { g
20k DD threshold =
D*+D0 threshold : * ~——= D*D* threshold }+ + +
N ki
: FHE +
dmpw = —273 £ 61(stat) & 5(syst)1;(model) keV o+ | ﬁ ﬁ H ﬁ
' = 410 & 65(stat) & 43(syst) T35 (model) keV 3.87 388 8 3.9
MpOp0s+ [GeV/ cz]

> Consistent with isoscalar J¥ = 1%
» No hint of possible T?, T**+ isospin
partners
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https://www.nature.com/nphys
https://www.nature.com/articles/s41567-022-01614-y

T (6900) observation [Science Bulletin 65 (2020) 032]
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» Model 1, no-interference fit:

M([T,,,(6900)] = 6905 + 11(stat) + 7(syst) MeV/c?
I'[Tyy,(6900)] = 80 + 19(stat) + 33(syst) MeV/c?

» Model 2, simple model with interference:

M|Ty,;,(6900)] = 6886 + 11(stat) + 11(syst) MeV/c?
[[Ty,(6900)] = 168 + 33(stat) + 69(syst) MeV/c?

» The significance in two model both > 50, T, (6900) is observed.
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https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub

T (6900) confirmed by CMS and ATLAS

[CMS PAS BPH-21-003] [ATLAS-CONF-2022-040]

CMS Prellmlnary 135fb(13TeV) R T
> F T AR AR A AR AR ] ©300E Ar) as profi =
2 ‘ L ] 0] . reliminary { Data
3 ! Data — Fit E 250115 = 13 TeV, 139 " — sig+Bkg.
g —BW1 -~ BW2[X(6900)] 1 S 2007 9V erand
% — 0 o - - - Sig. w/o Int. E
SO FE RNy BW3 — Background - G 150F :

= o ]
1 @100f E
E 501 s

~50¢ E

' _1502_ | | | | | | _E

14 15 L1 11 1 | 11 1 | 11 1 1 L1 1 1 L1 1 1 1]
My [GEV] 6.5 7 7.5 8 8.5 9

mcon [GeV]

» Tyy(6900) is confirmed by CMS and ATLAS
» Tyy(6600) and Ty, (7300) reported by CMS investigated by LHCDb in future
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https://cds.cern.ch/record/2815336/files/BPH-21-003-pas.pdf
http://cds.cern.ch/record/2815676/files/ATLAS-CONF-2022-040.pdf

Tcsom (2900)0 observationirrL 125 (2020) 242001, PRD 102 (2020) 112003]

» BY - D*D™K™, an ideal channel to search for open-charm tetraquark
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» Amplitude analysis performed:

140 LHCb
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» First open charmed tetraquark observed
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003

T(I’Esl(ZLOOO)Jr and T;,(4220)" [PRL. 127 2021) 082001]

(4000)+ and Ty1(4220)* observed in BT — J/YpK™
sl Y

2 O -~ r - r - r . T T O
N %3005 m 1254396V ] 40 [PRL 126 (2021) 102001]
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My

40 _ (2) Is=4.628 GeV > Evidence of T? 1(3985)0 reported by
30F } BESIII BESHI in the DS D*~ + D™ D}*
20F

10 - IPRL. 129 (2022) 112003]

A R Ll o R

{4l W TS5 IV DA Gl MBSy (el B D0

T $51(4000)+ isospin partner searched in B® — J /@K expect some results at

LHCb implication workshop tomorrow
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.127.082001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.112003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.102001

Doubly charged tetraquark and its neutral

partner




Motivation of searching for T%,, (2900)%/*+*

cs(

> T,.0(2900)Y and T,..;(2900)° observed, are there their isospin

partners?

> Possible to search for isospin partner in DI+ or DI~ final states in
Bt - D Dfnt and B® - D°Dim~

» Help to determine whether or not Dy, (D) states have some

tetraquark states theorized [PRL 90 (2003) 242001]
) —= < C
D®—
Z
BTt w+ d D+
5
K+
U > UJ}
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.242001

Dataset

» Full LHCb Run 1+2 dataset;
> After loose PID cuts and multivariate analysis, BY —» D™ DJn™ yields

~3940 and B® —» D°DF ™ yields ~4420, purity > 90%

M?*(D;rr")(GeV?)

» There are hints of T%,(2900)° and T,.5,(2900)** from Dalitz plots
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> Joint Dalitz plot fit performed
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Dalitz fit with only D* [LHCb-PAPER-2022-026]
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» Fit poorly describes data around 2.9 GeV in Df = (™)
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Dalitz fit with T%, (2900)%/+* [LHCD-PAPER-2022-026]
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Argand diagram of T%, (2900)%/**  [Lucb-PAPER-2022-026)

e Breit-Wigner of T55,(2900) T
LHCb Start point (m=2.708 GeV) —

9 fb-! = Spline lineshape

Preliminary -

e
~
*

o
(\®)
1 T 1T

Imaginary part of amplitude

S
o

1 1 1 I 1 1 1 I 1

-0.2 0.0 0.2 0.4
Real part of amplitude

> The fit using seven spline points to describe T%, (2900)%/** lineshape;
» Consistent with Breit-Wigner lineshape, further supports the resonance
character
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Observation of D} D; Threshold Resonances

in Bt > DID;K*




B_|_ N D;_D;K-I_ at LHCb [LHCb-PAPER-2022-018,

LHCb-PAPER-2022-019]

> Motivation:

« B - DfD; K" has not been observed previously
« B(B* - D}D;K™) allows to estimate partial width of X neat
threshold

e Also search for other exotics

[arXiv: 1602.08421]

> Signal reconstruction using LHCb Run 1+2 dataset;
e B7 yield ~360 candidates with 84.4% purity
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50200

» Dalitz plot analysis to understand the resonance structure

10/18/22 Zehua XU 16


https://arxiv.org/abs/1602.08421

Da

litz analysis

> Near-threshold enhancement in m(D;'DS_)
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» Baseline model well describes data
07*: X(3960), X(4140) and NR; 177:¢(4260) and 1 (4660)
» X(3960):

Significance > 120

e JPC =0%* preferred over 17~ and 2** (> 9¢)
> X(4140):
e JPC =0%* preferred over 17~ and 2** (> 30)

The dip can also described by / /1) — DI D> scattering

10/18/22

Zehua XU

[LHCb-PAPER-2022-018,
LHCb-PAPER-2022-019]
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X(3960) and x.,(3930) [fggsfﬁgﬁjggfgllgi

M [MeV] I [MeV] JFe
X(3960) 3955+ 6 + 12 48 +17 + 10
0++
Xc0(3930) 3924 + 2 17+ 5

» Same particles?

Latest Lattice QCD shows the enhancement near the threshold of
Dg Dg due to the presence of x¢,(3930) |arXiv: 2207.08490]

(X >D*D™) B(B* > D*D K)XFFgi_p+p-g+
(X »DiD;) B(B* - DID;KH)XFFX

Bt-D}DK*

=0.29 £ 0.09 +£ 0.10 £+ 0.08

X has an exotic nature: creation of s§ from vacuum is suppressed
wrt. ull and dd; X - D D; has smaller phase-space than X —

DD~

> Different particles?

No obvious candidate within conventional multiplets for them; likely to be

exotic
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https://arxiv.org/pdf/2207.08490.pdf

Summary and Prospects

- .
j————LHCb Upgrade | == = LHCb Upgrade || ==

}————— HL-LHC >
2019 2022 2025 2027 2031 2032

£ =4x%102cm?s! F=2x103cm?s! F=15x10"cm?s™!
9fb~! 50fb~! 300 fb~!

» Very fruitful tetraquarks results at LHCDb, e.g. charmonium-like, double

charmed, fully charmed states and etc.; recent interesting results:

)O/++

«  Two new tetraquark candidates T 5 (2900 observed

«  X(3960) near DS D threshold observed

> Larger statistics in Run 3 boosts multiquark states searching:

*  Search for more tetraquarks and their isospin partners
«  Study J¥ and other properties of tetraquark states
* Theoretical predictions very helpful
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Introduction

» First tetraquark candidate observed at BELLE in 2003  [PRL 91 (2003) 262001]
» 59 new hadrons observed at LHCD, 10+ are tetraquark states

> Following “Exotic hadron naming convention” proposed by LHCb
[arXiv: 2206.15233]

11000 . . .
10500 59 new hadrons at LHCb B
® . -
ttps://www.nikhef.nl/~pkoppenb/particles.html
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® cqd) - ® ® 7 (3875)"
@ ccct ‘
® < 3 o Q.(3119)°
® cdqq b,(30000 X 0c(3090)° = 0 a ++
3000 1 o bgq D)(3000)° @ D;1(2860)* Ac(2860)* 1 Q(3066)° Zc(2939) Tes0(2900)° .Tc§o<2900) -
caq D/(2760)" g ¢ ° Q.(3050)7 03 | @Ten(20000° T250(2900)°
X D/(2740)° g D} (2760)° Qc(3000) ) N
Dso(2590
W ccaqq D/(2580)° 0(2590)
T T T T T T T T T T T
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patrick.koppenburg@cern.ch 2022-08-29 Date of arXiv submission
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https://arxiv.org/abs/2109.01038
https://arxiv.org/abs/2206.15233
https://arxiv.org/abs/2109.01038

The LHCb detector

» LHCD is a dedicated heavy flavor physics experiment at LHC
e ~20,000/s bb generated at LHCb point in Run2
* A single-arm forward region spectrometer covering 2 <7 < 5

Y Ma MS
SPD/PS M3
; M2
Magnet RICH2 M1
3
T2

LHCb MC

/ \ 1
T/RicHl A sl | ‘\‘x‘ Y -
NS T 4 Xs\a ] \ {=BlTeV
f | >
0¢ato —— i :
- ‘ 0
\ /
) 0, [ra
\ )

4
d] /2

Tx 6, [rad]

g _/ /; \ i‘\ ) |

i W%F* I [ | \/

| JINST 3 (2008) S08005

Vertex:

Time: o, =45fs for BY > J/1¥¢ or DI~
Momentum: Ap/p=0.4~0.6% (5-100GeV/c)

Mass : om =8MeV/c?  for B - J/PX (constrainted m; )

Hadron ID: &K - K) ~95% mis-ID &(r > K) ~ 5%
Muon ID: ep-pn) ~97% mis-IDe(m->p) ~1-3%
10/18/22 ECAL: AE/E=1® 10%/,/E (GeV) 23



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Exotic Hadron Naming Convention |arXiv: 2206.15233]

» Many new exotic hadrons do not fit into the current PDG naming
convention;
» Rule of new naming convention:
o Any states with less than 4 quarks will remain unchanged
o UseT for tetraquarks and P for pentaquarks
o Superscripts will indicate isospin, parity and G-parity
e Subscripts Y,y and ¢ indicate hidden beauty, charm and

strangeness
Minimal quark
Current name I(G), yP(C) Proposed name
content
cc xc1(3872)  IG =07, JPC = 1++ xc1(3872)
ccus Z:5(4000)* I=1,JP =17 T 1(4000)*
ccus Z;5(4220)* I=1%,JP =17 T,s1(4220)F
ccct X(6900) |G =0+, JPC =77+ T4 (6900)
csud X0(2900) JP =0t T4s0(2900)°
csud X1(2900) JP=1- Tes1(2900)°
ccud T-c(3875)" Toc(3875)"
bbud Zy(10610)t € =1t JP =1+ T2,(10610)*
ccuud P;(4312)* I=13 P)(4312)*

10/18/22 ccuds P.s(4459)° /=0 P/(4459)° ”



https://arxiv.org/abs/2109.01038
https://arxiv.org/abs/2206.15233

Search for full charmed cccc tetraquark

> Motivation: [arXiv: 1803.02522]
* Tooag (Q = c or b) states is isolated i S-wave B
: . 07 0 (S (AS[TWdw ] ne(S)xa(1P), J/Gh(1P)
f.rom both quarkonia and quarkonium- . | (¢ e Sunar)
like exotic states i Tnd1S)
* AT,z can decay into a pair of [++ i J/who(1P), (18 )1 (1P),
charmonia 718 ) o(1P)

g J/ym(18) [770x (1P, Tixa(1P)]
n(18)h(1P)

17 J/yh(1P), ne(18 )xc1(1P) =

1= | J/Uxeo(1P), J [y (1P)] JYmc(18)
nc(15)h(1P)

> Prompt ] /1 pair production: Decays in 2] /1 directly or with feed-down

Single parton scattering (SPS)

»T,.ccState is a special case of SPS =~ »Dominates high J /i pair mass region
10/18/22 Zehua. XU 25

Double parton scatterings (DPS)
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https://arxiv.org/abs/1803.02522

Outline

» Open charmed tetraquarks:

* Observation of DK ¥ structure in B¥ = D¥D7K™* (T50(1)(2900)°)
[PRL 125 (2020) 242001, PRD 102 (2020) 112003]

« Doubly charged tetraquark and its neutral partner (T g (290())0/++>
New [LHCb-PAPER-2022-026 in preparation|]

> DOL‘[blY charmed tetraquark TCC (3875)+ [Nature Physics 18, 751-754 (2022)]

» Open charmed tetraquark Ty (6900) [Science Bulletin 65 (2020) 032]
» Charmonium-like tetraquark

e (Observation of a resonant structure near the D;DS_ threshold
New [LHCb-PAPER-2022-018,LHCb-PAPER-2022-019 in preparation]

e Tetraquarksinin Bt - J /WK™

> Sizeable w contribution to y.,(3872) » n*nw~] /Y
[LHCb-PAPER-2021-045]
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http://cds.cern.ch/record/2807721/files/LHCb-PAPER-2021-045.pdf?version=2
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://www.nature.com/nphys
https://www.nature.com/articles/s41567-022-01614-y

