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Selection of T in prompt decays to D°DOr ™"

Candidates/(5 x 5 MeV?/c?)

D° ﬂ-J’:K_
= 2

D @i

o D LA

T
K-

Select D°DO7* candidates
from primary vertex with
detached D° — K~ 7+

Require detached K~ 7T with
high pr

Require good quality of tracks,
vertexes, and particle ids.
Ensure no K/ candidates
belong to one track (clones)
Ensure no reflections via mis-ID

Subtract fake-D background
using 2d fit to (mxx X Mkx)
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The first hint of the signal: D°D%* and D°DOx+

500 ‘ ‘ :
= e D'DOnt LHCb
400 O DDt 1
o } ——  D**DY threshold 9tb
300E- 1, #%% —— D*DT threshold
o 200 df% %%%@ 0
L R LA
c 100 = %ﬁﬁw&ﬁ%ﬂm&% 8
= H oAl
= P : : : : : :
=g
& gok
~ F
eo}ﬂ , A narrow peak near D*0D° threshold!
C
401~
-
20;\
o RER) t 4
Ey W’ ++*++*+ Wmﬂ*jﬁ#ﬁ *f*wﬁ*#W*#{%M‘%,! Mot +*:3 H+!+*+ﬂ¢++~*«, #oed

o
]

3.88 39 3.92 3.94 3.96 3.98 4
MDDn [Ge\// 02]

Vanya, Misha, Ivan (LHCb) Discovery and study of T, March 16“‘, 2022 3/14



Introduction

T decay amplitude

Model assumptions:
e JP =1%: S-wave decay to D*D
o TZ isanisoscalar: |TE),_o = {|D*°D*) — |D**D°)} /v/2
@ No isospin violation in couplings to D**D°% and D*0D*

| 5.8 MeV ! 1.4 MeV

DDt D**p°

D*°D*
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Introduction

T self-energy and hadronic reaction amplitude
Three-body unitarity [MM et al. (JPAC), JHEP 08 (2019) 080]

Dynamic amplitude of D*D — D*D scattering: r t
Im ( € ) X (s) ( € ) = p(s)
Tora(s) K K(m? — s) [\ "¢ &
S) = =
PETTI-TK T M —s—ig2 (e +E)
- 6: T T T ]
where K is the isoscalar potential: S 5, —_ g’(fgloTEJr /
- — ]
o L ( g8 g-g) P | F
m—s\-g-& §g-8)’ 3 E
and X is the loop function: h B
Y (s) =[D*D — DDn(y) — D*D] B T R
s GeV?
= [ |- . (G
D* decays are accounted for.
Unitarity and Analyticity guided construction. )

Model parameters: |g|> and m? — bare mass and coupling
March 16th, 2022 5/14



Fit to the spectrum

Unitarized model

~
o

@ The signal shape does = 6oE- LHCh = 17

not depend on |g| for g . 9t &, + 1]

@ The lower limit: < [ « S NIRTIE

£ 40— V. k=

lg| > 7.7(6.2) GeV at : s R

90(95)% CL 30 W movpen 60016

@ dmy is the only i Bo4DP threshold E

20— ————  D*D* threshold ]

parameter | . + \ ]

0;

Parameter ~ Value L F o *& m # #H,# +H} %Jpwg E
N 186 + 24 Ottt =
dmy —359 & 40 keV/c? —

Mpopo+ [Ge\// 02}

No direct sensitivity to the width, the value is driven by the model )
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Introduction

Predicted mass spectrum

resolution removed 12 — —
| - 1. T T —
.. [ T I N U ERE!
Visible o e L o oI
characteristics: 1 of 17
@ Peak position: - ok 1
— 02F e
~350 + 40 keV 08 L
(The most precise ever wrt to L dmprpors [keV/U ] :
the threshold) 0.6 " i i
o FWHM: 0.4 w0 — 1]
47.8 £ 1.9keV, i ol T
(] Lifetime: 0.2; w7 0 1 2 3:
T 10_20 s, E SMpopos+ [Me\//ﬁ] E
(Unprecedented for exotic 0 : : : : L
0 2 4
hadrons) 5mD0D0n+ [Me\//CQ]
@ A bound state below D*tD? threshold with a narrow width due to D*
@ Still, the NLL scan suggest the low limit to the width, [ > 10 keV at 95 CL.
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Width saturation

Complex plane

=z F 5 ER-wb = 3

2, -5 s LHCb 4 = F LHCb simulation 3

E 9fb 3 £ r 4

-10 = 102 E 3

=1t 1o é 2 F ]

E 2 B r ]

» 20 o E 10 3

& ~25¢ E r 3

-305 = 1= 4

-35- E i ]

-40> E 107 -

o E ] : :

—45= E ” ]
_50: . . . . | . . . . | . . . .1 10—2 Ll M| Ll L

~1000 0 1000 2000 10 1 10 107 10°
R6\/5 [keV] lg| (GeV]

e The D* width gives the limit (the red dashed line) to T width, < F(max)(m)

o Parameter |g| sets the value in the range [0, F(max)]

@ The fit prefers the limit value
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[interactive]

Fundamental resonance parameters

Mass and width — position of the complex pole of the reaction amplitude
Tet pole

@ Analytic
continuation is N
non-trivial due to N
three-body 2 -

decays [MM et al.

(JPAC), PRD 98 (2018) 5
096021] -
P
0.1
The pole parameters: g . s
+4 P é
§Mpole = —360 =+ 4075 keV | 2
Mpole = 48 + 279, keV . . PN £
evs [MG'V] ) ~0.5
9/14
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https://chart-studio.plotly.com/~misha_mikhasenko/42

Effective range and Weinberg compositeness

2

— 60— : e _ 1 k .
Z r g LHCH ] A,%Z*-Fr?—/k—i—(’)(kﬁ'),
=40 N e 9! a
£ --- Wfl‘y“ﬁfx [E—— B 2 At = 2 2m% —S H
208 -== 94w DD threshold 4 T _ 2 YU T T 5(5) - g(mU) + — 5 — 10tot
~ > ——— D*D* threshold ] | g | | g|
< ] .
—20f N\ 1 Matching:
—aof e r=16w/|g|?
6o where w is a normalization factor
_Soé between p and k
_1005 N ‘ @ w excludes the contribution of the
-1 0 second threshold

e does not have the 1/+/3 term

o TX: a=(-7.16+0.51)+i(1.85+£0.28) fm
e TZX: ris negative in the model: 0 < —r < 11.9(16.9) fm at 90(95) % CL
o TX:1—Z>0.48(0.42). TL is consistent with the molecule
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Effective range and Weinberg compositeness

2

— 60— ; ——— _ 1 k .
z F nzu‘. LHCH ] A Rl, =-+4+ r; — ik + (’)(k4),
= 40— N 9m~" a )
C — ye,f\‘ﬁ% . ] 2 _1 2 my — S .
202 N === SAG — DHDO threshold T 72AU = - [5(5) - g(mU)j| + 2U72 — 1 Qtot
~ C ———— D*'D* threshold J |g | | g|
< ] .
—20C \ N Matching:
40" 3 e r=16w/|g|?
6o E where w is a normalization factor
3 - between p and k
_1005‘ N 1 @ w excludes the contribution of the
-1 0 1 3 second threshold

85 [MeV]
e does not have the 1/+/3 term

o TX: a=(-7.16+0.51)+i(1.85+£0.28) fm

e TZX: ris negative in the model: 0 < —r < 11.9(16.9) fm at 90(95) % CL
o TX:1—Z>0.48(0.42). TL is consistent with the molecule

Il The procedure and the values are revisited in [MM, hep-ph/2203.04622]
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Effective range extraction

Two extreme spatial configurations

“Molecule” configuration: “Atomic” (©@ancient Greek) configyration:
@ two mesons are well separated, e genuine QCD state,
@ bound by forces similarly to @ bound by direct color forces
el.njag. van der Waals, . ~ TZX cannot live shorter than D*°,
o entirely coupled to D" D", 7. can be arbitrary large
~ TZ lives until D*° decays, (uncoupled from continuum)
7 spatially-extended object. ) ? typical hadronic size of 1fm. )

Vanya, Misha, Ivan (LHCb) Discovery and study of T,



Effective range extraction

Partially-reconstructed decays

Independent selection of the prompt D°D° and D+ DO events.

140 2~ 100
S0 N=263+£23 LHCb 3 = 90= N =171 426 LHCD
e g 4 data 9fb~ Z 80; 4 data 9fb™ =
§ 1005 O T4 DDt 1 § 70; % E} : g:gzno ]
g 80? -——- ?acklground - E gg; o bt;f:kground Y z
< 601 ota 3 ;.:’ 40§ total E
>~ E | E
400 4 30 LTl %
i to ll ] g | Jl ] + =
o ' w o H ]l 20 "’H’I jhne
S Tﬁﬂhﬁh fi ﬂH%TJﬂﬁ#ﬁtﬁ H#ﬂ*% 10 | Hﬂ ﬁﬂ fi ﬂTi

0 3.73 3.74 3.75 0 3.75
Mpopo [GeV/c?] Mp+po [GeV/cY

@ Lineshape of D°D® and D+ DO spectra are predicted well by the model

@ Relative yeilds of D°D® and D°D is in good agreement with the model

predictions
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Effective range extraction

Isospin partners?
What if the T is a part of the isospin-1 triplet

TCOC : ccau
TX: ccud
T ced — DTD**

The partners should be roughly of the same mass, more precise
Mri+ — (Mp+ + mp«) = 2.7 = 1.3MeV(using mass of ¥¢, %, ¥)

T el T T
- 1= g
o eI % H#WWW i

coy 07*““#‘”_”‘
e me{i [Gisf?c?} 5 mD?i'zfﬂ+ [Ge‘{//cﬂ

No indication of / = 1 family.
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Do other hadrons of the (QQ'qq’) family exist?

@ Exists? Now, we are sure they do, all of them.
@ Can be observed? Certainly some. Some might be too broad. J
o T,,(bbid) are likely stable wrt § o ppr { BD BB
QCD 3
o TY(cbiid) is either stable or -
almost, like T& g
7 Radial and orbital excitations of é o
isoscalar Tq & . . b+b
7 lIsovector Tgg and its family ——

Hrep(QQ)  (MeV)
[Karliner, Rosner (2017)]

Vanya, Misha, Ivan (LHCb) Discovery and study of T, March 16“‘, 2022 13/14



Exotic hadrons in the future plans of LHCb

Major LHCb upgrade during LS2 is nearly finished

2015 2019 2022 2025 2027 2031 2032

£ =4x10%2cm?s™! Z =2x10Pcm?s™! £ =15x10*cm?s!
9b~! 50 fb~! 300 fb!
Pt Tee
Run 1 (2011-2015) : +3fb1 @7 TeV ~ 100 ~ 60
+Run 2 (2015-2019) : +6fb~' @13 TeV ~ 1.5k ~ 200
+Run 3 (2022-2025) :
+Run 4 (2027-2030) : +40fb~! @14 TeV > 8k > 1k

Vanya, Misha, Ivan (LHCb) Discovery and study of T,



Exotic hadrons in the future plans of LHCb

Major LHCb upgrade during LS2 is nearly finished

2015 2019 2022 2025 2027 2031 2032

£ =4x10%2cm?s™! £ =2x10%cm?s! £ =15x10*cm?s!
9fb! 50fb~! 300 fb~!
P Tee
Run 1 (2011-2015) : +3fb1 @7 TeV ~ 100 ~ 60
+Run 2 (2015-2019) : +6fb~' @13 TeV ~ 1.5k ~ 200
+Run 3 (2022-2025) :
+Run 4 (2027-2030) : +40fb~! @14 TeV >8k  >1k

Run 3 is about to start (2022):
@ Same energy, but x4 intensity: 1.5 — 5.5 PV per x-ing

22
ES

@ Uncertainty due to new tracking system, new software trigger

Optimistically, we will be doing 4 years in 1!
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