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LHCD
LN

% Hadrons

e M . A SCHEMATIC MODEL OF BARYONS AND MESONS *
esons' M. GELL- MANN
California Institute of Technology, Pasadena, California
. A
Quark + antiquark Recsived 4 dkmanry 1004
® Ba ons anti-tr‘iplet as :;nti-quarks‘c]. Baryons can now be
' Y constructed from quarks by using the combinations
° (aqq), (@qqqdq), etc., while mesons are made out
Thr'ee quar'ks of (qd), (qqqq), etc. It is assuming that the lowest

® Everything else, aka “exotics”

* Glueballs

* Hybrids,

* Pentaquarks,
Tetraquarks,
* Hexaquarks, ...
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LHCD

30 "exotic” heavy flavor ‘hadrons

States Quark
24 tetraquark candidates content
X (2900), X;(2900) [21,22] cdus
Xc1(3872) [6] ccqq
Z.(3900) [23], Z.(4020) [24,25], Z.(4050) [26], X (4100) [27], T
Z..(4200) [28], Z.(4430) [29-32], Reo(4240) [31] cet
Z.s(3985) [33], Zes(4000), Zeo(4220) [34] ccus
Xcl(4140) [35_38]3 Xcl(4274)a Xc0(4500): XCO(4700) [38]: — =
X (4630), X (4685) [34], X(4740) [39] ce=S
X (6900) [14] cece
Z1,(10610), Z1,(10650) [40] bbud
P.(4312) [41], P.(4380) [42], P.(4440), P.(4457) [41], o
P.(4357) [43] ceut
P..(4459) [44] 6 pentaquark candidates couds
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(24-2) tetraquark candidates ILlll,fcb

® All are “quarkonium-like" (o]
What is the internal structure?

® Compact tetraquark © ®

® Molecula O ...
O

® .. something else
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QQqq
“qq

® Discussed from *he end Of 705 Jaffe 1977, Jaffe 1978, Lipkin 1987,...

Adler, Richard & Taxil 1982,

® For large m, could be bound and “stable & crmw

Zouzou,Silvestre-Brac, Gignous&Richard 1986,
Lipkin 1986,
Heller&Tijon 1987,

® QQ attraction in color antitriplet state "

* half of those in QQ in color-singlet state
* Binding energy: o2m, large for sufficiently heavy Q
® Diquark-antidiquark or
diquark + two antiquarks
(“antibaryon”) picture
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bbgqq ' becqq .  ‘ccqq

. bbﬁ : TheOf‘Y & LCIT'HCC Karliner&Risner, 2017

LHCD

QCQ consensus
* Exists & "stable”
mass << m(B) + m(B*)
® bcqq : likely exists and
may be almost stable
mass close to m(B) + m(D) be

—200

Distance from threshold (MeV)

bb

1000 1500 2000
MRED(QQ') (MeV)

2500

® ¢ccqq : no consensus
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ccud : +250 MeV. near DD" threshold  {§i&Q

° ° J. Carlson et al. 1987
CO|or ant'tr' Iet B. Silvestre-Brac and C. Semay 1993
L C. Semay and B. Silvestre-Brac 1994

M. A. Moinester 1995

) - 1 S. Pepin et al. 1996

S - B. A. Gelman and S. Nussinov 2003

J. Vijande et al. 2003

| A l P h “ " 1 D. Jane and M. Rosina 2004
' t OOd scalar I P F. Navarra et al. 2007

g g J. Vijande et al. 2007

D. Ebert et al. 2007

isoscalar diquark ol Pl

— N. Li et al. 2012

e S - 0 R G.-Q. Feng et al. 2013

- S.-Q. Luo et al. 2017

- M. Karliner and J. Rosner 2017

. - - E. J. Eichten and C. Quigg 2017

In S-wave it fixes = e

— W. Park et al. 2018

L] P. Junnarkar et al. 2018

b L] C. Deng et al. 2018

quan um num ers. e M.-Z. Liu et al. 2019

H L. Malam et al. 2019

P + G. Yang et al. 2019

[(J ) — 0(1 ) Y. Tan et al. 2020

Q.-F. Lu et al. 2020

. . . - E. Braaten et al. 2020

— D. Gao et al 2020

D'rect relat'on to J.-B. Cheng et al. 2020

S. Noh et al. 2021

- Tt ccu Karliner&Risner, 2017 T ] TN Teustovetal 20z

Hcc —300 —200 —100 O 100 200 300

om [NIEV/CZ]
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Te. basic properties

Huge dependency on the mass

D+DO%0 DODOg*
| i | — 1025'\ T '] '/" T . LIS L B I B A
= N,/
= 10
3 [
5 1 i Ve
— -
10‘15—

——D"D*

1077k .
« D™D
2B . L] . A S D R
-200 -100 0 100 200 300 400 -10 -5 0 5 10
m-[m(D*)+m(D%] (MeV/c?] m-[m(D*)+m(D%] (MeV/c?]
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RICH Detectors: - Muon:
95% &(K*) @5% M e(uH)=97%@1-3% 1—pmisID

pp-interaction point

.
*
: -
*
) .
> |
G >
’
R >
| il $
i »
Il ’ b
§ r
|
| !
P 4 RS [N

O(50fs) resolution for B :,C’: A IVIEV /e
The most precise t(B) Tracking: |
Ap/p =0.5-0.6% for 5<p<d00 GeV/c

The most precise B-masses
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% Run I+IT

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
1fb"1 @7Tev . _ . 2018 (6.5 TeV): 2.19 /fb
__g 9 :_ - 2017 (6.542.51 TeV): 1.71 /fb + 0.10 /fb
: — . 2016 (6.5 TeV): 1.67 /fb
Zfb‘l @8Tev - 8 - | 2015 (6.5 TeV): 0.33 /fb
- -
n — - 2012 (4.0 TeV): 2.08 /fo
o 7Ed ¢ 2011 35TV 111/
8fb.1 @ 1 3 Tev = - 2010 (35 TeV): 004
- -
B 55
I®] = : i i i i
| . = : : : H H
Q 4=
LHCb Efficiency breakdown pp collisions 2010-2012 é g LS 1
T 3E-
[ HV: 0.54 (%) L®] -
[ ] VELO Safety: 0.85 (%) _.ﬂ_)' 2
I DAQ: 2.85 (%) E —
I DeacTime: 2.88 (%) o -
Q 1=
c —
— oE— | | | | | | |
2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Thanks to LHC accelerator team for the excellent performance of machine
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JHEP 06 (2012) 141

LHCb is very good for DD ‘and DD

LHCD

JHEP 07 (2019) 035

Observation of double charm

production involving open charm in
pp collisions at /s = 7 TeV

Near-threshold DD spectroscopy
and observation of a new
charmonium state wy,(1D)

Candidates

@
2
=
o
<
@]

Candidates

Figure 5: Invariant mass distributions for D°C candidates: a) D'D? b) D°D*, ¢) D’D and
d) DA7.
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Figure 5: Mass spectra of (top) DD? and (hottom) DTD~ candidates in the near-threshold
mpp < 3.88 (}(\,V/(‘2 region. The result of the simultaneous fit described in the text is superim-
posed.

7 Oct 2021/ Warwisk Vanya Belyaev "Doubly charmed tetraguark” 11




LHCD

DDOrt:" Reconstruction & selection

(D® -K-r*) (D°—K-n*) n*  ® 5 hadron final state
* 3 pions + 2 kaons

® PID is important
(RICH)

® Efficient charm
trigger

® Good quality tracks,

vertices & PID
Q ® No duplicated tracks
i ® Finite D° lifetime
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Non D° background is small

statistically subtracted

using sPlot
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Selected DDt vs. D°DOx*

arXiv:2109:01038, 2109:01056

500 T T T T T
— | ® DOPO 1+ — |
400 [ I 0 DDO%x+ 80 — ||
= D*+DO° threshold |
300F I & 5 ——  D*D* threshold B * |
— || & .
S, 200( b R Wﬁnﬂlrﬁﬁﬁ] o 60 — I
= oob Al w%%ﬁ¢ﬁ%wﬂ% |
E IOOEDI CHpcSiars 40 | bl
— :W B *I -
= — =
= ' 292 20 4
- | B + +| ¢ +
| - Py
| 3.88
. y L . | $
T ‘i“-'J.I:Ii{q"-j.‘|‘'"'|'I-I:i:i'+"'4|:"'I+ +:|+ﬂ' .+:"T|"Ir|*++#+.+‘-: tﬂ'+ﬁ"j?ﬁ++?ﬁ%ﬁ+ﬁ+?ﬂg*‘m###ﬁ+*¢ ,..g*g.‘-'++. g.*,++*. Furte, Pond
3.9 3.92 3.94 3.96 3.98 4
MDD |GeV/c?]
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O

arXiv:2109:01038
% 70 T P . — :
Z 60 B o E
= B CRR=p ] + 17
2 sof S0 | HE
E N WRRE
o | . Nan
- | 4 Data S 3.874 3.876 1
- | SRR e G
- i Total N
20 ﬁ b T
o e o adth
AW umﬂ ﬁ o f + ﬂH Hﬂ {
387 3.88 ‘ 3.|89 | 3_.9
MpODO+ [Ge\// ¢

LHCD

Peak is stable

® Data taking periods
® Data taking conditions
® Dipole magnet polarity
[ ]

Charge

Reflections

Fake-D°

Dupticates-
Breit-Wigner fit
Value

Parameter

7 Oct 2021/ Warwisk
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N 117 £ 16
dmpw —273 + 61 keV/c?

I'pw 410 £ 165 keV

Significance 22c

mgy below D**DO
threshold 4.3c

15



® Narrow, just below D**D° threshold
* The most long lived exotics so far

* Very close to threshold like X(3872)
®*Is it acoincidence?

® Minimal quark content ccud
® Good match to expected T

® To get more information a physics motivated
model is required instead of Breit-Wigner

7 Oct 2021/ Warwisk Vanya Belyaev "Doubly charmed tetraquark” 16



LHCD

Unitarized 3-body. Breit-Wigner

® Build the amplitude T} — D'D — DD or DDy

* Tee 10%)=001%) |ri)= 5 (Ip*p") - [p"D*))

* Isospin coupling to D'D (both D**D° and D*°D*)

* Invicinity of threshold keep only S-wave 1+_, |-+
°* D'— Dnor Dy

{S—wave _ .Y .. o= ° Allconstantsand parameters are
Tle—D*+DO V2 Tep™D taken from D" decay widths

I— wave g o ® Unknowns: the mass and |g|

TdD*0D+ \@‘:Tﬂu D

® Calculate T — D'D — DDr or DDy decay widths as functions of mass

* 3-body phase space functions p

7 Oct 2021/ Warwisk Vanya Belyaev "Doubly charmed rerraquark™ 17



Model

/ ODOD—I_

T D°DP

Actual branchings are functions of T& mass (and shape)

7 Oct 2021/Warwisk Vanya Belyaev "Doubly charmed retraquark™ 18



LHCD

Amplitude
87 (s) = or(s) v (),
1
Au (s) = —
%) m? — s —imyl(s)

2
ﬂ d312d323£mf 5,512 3) :

g’

* Self energy

I 2(5)|ge—or EQtot(S)a
Unitarity Con () = 2 er ()

ERZ(S”%:W = 5(5)_5(7”12})
Analiticity @ pj” o)
Causality e )
7 Oct 2021/ Warwisk

imyl(s) = |g|2 S(s) .

2 parameters

mass m,,
coupling |g

Vanya Belyaev "Doubly charmed rerraquark™ 19



Amplitude

— e
‘% — total
T2 e a2 4 —
m= =35 "g‘ /2[%@~+w’f@~} :
3_

IM [t | = ot i

| ——— 2 ———

15 151 15.2 I1§.3
Unitarity . Gev?
1
I 2(8)|ggm0r = §Qtot(3),
oot (5) = D> o7 (s) Casuality
’ RE(S)|gemor = 5(3)_5(??’1%):
+cc
S Qtot(S’) /
s) = —pv. | =227 dd
(o) = gopvf A,
Sth
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Fit with advanced model Laeh
arXiv:2109:01056
) O o g 1 |* Better description
— [ = I9oF . .
< 60 | ;I;b(_j? = 30 < 7 |* Asymmetric shape
2 o | oo ﬂ 171 |°*Heavy tail
=F : =13 - | =
< f | 10 C
=RL I L ) I
- i + data 3874 3876 N Parameter Value
30 | — E&;ﬁ?ﬂﬂ oo GV 186 + 24
C i total ] Smuy —359i404ke\//c2
20 ﬁ R W | K
10F- N ﬁ + |
=L Mﬁﬁr #ﬁ#ﬂ{# PFH% Hﬂ # |* Significance 22c
o 1 |* m, below D**D°
3.87 3.88 3.89 39| threshold 9c
MO0+ |GeV/c?]
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What about |g| ?

arXiv:2109:01056

LHCD

ot Fit claims |g| is not small
E g| > 7.7(6.2) GeV
—é LHCb simulation §
0 Ll Ll e E i
107! 1 10 102 103
9] [GeV]

The model exhibits Flatte-like
scaling: for large |g| visible
widths/FWHM is in saturation

FWHM=47.8+1.9keV 10_120-1 T T
I (GeV]
22

7 Oct 2021/ Warwisk Yanya Belyaev "Doubly charmed retraquark™



Mass shape (remove ‘resolution) JHCD
arXiv:2109:01056

1.2_ I [} I I il I I T I I T

- T e e e
| B ]
— I 0.8? E —]
B l | 0.4 EN
0.8— I 0.2f , _
B | 200 —400 300 —200 |
B I - S oot [keV/ch B
0.6— i - .
EWHM=47.821.9keV | B
o] i ;
- | .
0.2~ | .
- k | N
O_ Ju ! ) i I ] . ) . | ]
0O 2 4

SO0+ | MeV/c?|
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® Vary resolution
® Vary correction factor
® Alternative background

® Coupling constants
* D’ parameters

® Smaller values of |g|
® Momentum scale

Energy loss
* Amount of material

Systematic for mass parameter

LHCD

dmuy = —359 £ 401 2 keV/c?

lg| > 5.1(4.3) GeV at 90 (95) % CL

7 Oct 2021/ Warwisk

arXiv:2109:01056
Source Osmy, [keV/c?]
Fit model
Resolution model 2
Resolution correction factor 2
Background model 2
Coupling constants 1
Unknown value of |g| i
Momentum scaling 3
Energy loss 1
D** — D' mass difference 2
Total J_“g

Vanya Belyaey "Doubly charmed retraguark™ 24




What else can we say about T, ? %

® Three body final state D°D%:’

L, p
I,

® I'and L define J? quantum numbers
® Can we measure them?

7 Oct 2021/ Warwisk Vanya Belyaev "Doubly charmed retraguark” 25



LHCD

D%* 'mass spectrum

arXiv:2109:01056

S

L ' L D°Dx* below D**D°
~ [ LH ’
% 30__ dmpopo+ < 0 (_j? _] threshold
éi - 9tb §
= - 4+ data . D% mass spectrum depends on
= 25 — TjI;%DOD%ﬁ — | the decay dynamic.
% - ———— background 5 Perfect agreement with our
'>—_: 20:_ total 4 _: model
15 D™ 1=1 [ =0 4| 3 main features
10 _ ° *y
B _ D™ propagator
sk + + + +_3 * g2 at left edge
: oaad H’ | {T 1| ® p2*at right edge
O I ! | | | | | | o .
2.004 2.006 2.008 2.01 ..+ resolution
Mo+ (GeV/e?]
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Do%n* mass spectrum:

S

arXiv:2109:01056

35

& L | ' ' [ ]
= [ 5 <0 LHCH °
mpopo+ — —
\%/ 25:_ 4 data _:
= “F 1 TS — DDt N
s B ———=background 7
; 20 total 4 ]
15k D**, I=1,L=0 =
lo- + + ﬁ + + :
- | # + -

O-l__ __+_ | *_+__“_| + ﬁ; +| | | |
2.004 2.006 2.008 2.01

300

200

100

D**'and | LHCh

3 main features
* D™ propagator
* 9?1 at left edge
p2-*! at right edge
.. + resolution
.. + interference

—P-wave + S-wave
P-wave + P-wave
P-wave + D-wave

2.005 2.006 2.007 2.008 2.009 2.010
m(D’m * )[GeV]
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LHCD

D% mass spectrum: L

arXiv:2109:01056

S

< | —— 13| 3 main features
>~ [ LHCb - -
E 30 Ompopogt <0 0f,-! 7 * D™ propagator
S F 1| * g2 at left edge
N - 4 data i
= 25t ' 070 — | ® KoL+l .
= “F 0 Ti - DDt - p2-*! at right edge
o B ——=——background 7] PY .
SEPN fotal 1] .. + resolution
- ++| 1| ® .. +interference
15:_ D*+, Y:I,V_:O _: 200 F —P-wave + S-wave
10: T oo L — Pwave + Dawove
B + + + + + 7 soo f
5:_ + + +_: 600
- + 1 Lo |
OT _|_+_ ! {T_+__“_| + ] ﬁ; {T ] ] ] |_F 200 f J
2.004 2.006 2.008 2.01 | . . ‘ |
2.005 2.006 2.007 2.008 2.009 2.010
Mpoz+ [Ge\// CQ] m(D’r ) [GeV]
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LHCD

Dz mass spectrum: quantum-numbers

S

arXiv:2109:01056

R 351 | — | " Te decays via
S . LHCbh 7| intermediate off-shell
,gv 30:— mpopog+ < gfb_l _: D*+ meSOn
\%/ 25:_ 4 data _: r =1
= “F 1 TS — DDt 11 e .
= T ———~ background 1| ~ L=0is largely favored
; 20:_ total 1 _:
15E E JP=1+
- + + 1| ~ Spectrumis in
5k J( + +_: perfect agreement with
N + +Jr + + 1 | our model for 1(J?)=0(1%)
0C S — L Te—D’D decays
2.004 2.006 2.008 2.01 | ¢ '
Mo+ (GeV/e?]
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arXiv:2109:01056

DDzt Dalitz plot

LHCD

@2012: T T T | T T T | T T T T T ] DODOTC+ below D*+DO

= - —— dmpopor = —359 keV/c? LHCb 7 threshold
o 2011 5 —0 —1

@) - mMpopo+ 0 fb .

— - — — — —— — = All quantum numbers can be
N 2-01:_ T determined from Dalitz plot
IS - . analysis
ECI 2.009:— B ® For future

- . * ® Treatment of resolution

2.008:— E is not trivial
2.007F 3=
2.006 3 4
2.005F g -
2-004_ 1 1 1 | 1 1 1 | 1 1 1 1 1 1 ]
2.004 2.006 2.008 2.012
M0+ (GeV/¢?
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3

DDzt Dalitz plot

X — (D" )“l)“—l)“(ﬁ D”)P

arXiv:2109:01056

D= DY), ——2.012— |
<

X = (D% 1), D"—D%x + DY),

= F——  Smpipoe = —359keV/c?
S 2.011F oo —
@] E

2.01

Mpor+

2.009F
2.008F

2.007F

X — (D= + ), D+

D%+ D%, 2.006F /

.\’ 1'[‘I)'I) o

X = (D7 + ), D°—D% =+ D%,

2.005F

2.004 ‘

2.008
MpOs+

2.004 2.006

2.01 I I2.012
[Gev/e?]

S = N W B w N ~N

X — (D= ), D%

D=~ D),

.\’ ()ALI) D 1

V,\' o, L D D

® Need more events

can be excluded already now

7 Oct 2021/ Warwisk
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® Complete Dalitz plot analysis for future

® Treatment of resolution is not trivial

®* However some variants (including isospin)

31




T+/
o~

Actual branchings are functions of TZ. mass (and shape)
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arXiv:2109:01056

DD? from T,,—D*D

%140_1 T B S
1200 N=263+23 LHCb 1
=120} -
2T 9tb ™
S 100~ '+‘ data ]
ST T — DDt

g 80 ----  background ~
T L total

= 60F .
~ L

. T WM
20 Hﬁwl ﬂﬁj uiseabi
373 374 375
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LHCD

® Energy release in
D*—D%* is very small

* DD° from TL—D'D form a
narrow near-threshold peak

® Exact shape depend on the
Te.—D’D decay dynamics

1 | Select inclusive prompt D°D°

® Excellent agreement with
our O(1+) T decay model

®in shape
®in number
® Significance >200

33



Model

Actual branchings are functions of TS mass (and shape)

7 Oct 2021/ Warwisk Yanya Belyaev "Doubly charmed retraquark™
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e

2

—~—

500 keV/c

S

Yield/

100

90
80
70
60
50
40
30
20
10

D*D? from T..—D’D

arXiv:2109:01056

| I E—
LHCb

-+ data 9fh™
T, — DTD'n
Tt — DTD%
background
total

_‘I_'_I'ﬁ_l_l_lll|Iml|llll|llll|IIII|IIII|IIII

374

LHCD

* For T:—D*D°
and T:—D*D*: 3 final
states:
TS —DDOr*
T —D*Dx®
T&—D*DO

Select inclusive prompt D*D°

® Excellent agreement with
our 0(1*) TS decay model
o .
in shape
®in number

® Significance >10c
GeV/c?
Mp+po (GeV/¢?]
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LHCD

=1 (i ?
(isovector) nature THCD
arXiv:2109:01056

® Many arguments in favor of 1=0 isocalar, but it could be I;=0 component of
I=1 isotriplet TS T Tt
* Light antiquarks in isovector state, similar to Z, Z, baryons
® Interpreting the observed peak as I,=0 component, from Z¢ and =, mass
splitting the masses of 1,=+1 components are

Mio — (mpo +mpe) = 28+ LIMeV/c*,
M+ = (mD+ + mD*+) = 27% 1.3M6V/62.

* 1% just below D™D° threshold  (very narrow)
° TS — DD — DD and D°DY
Ta* slightly above D**D* threshold (can be up to few MeV)
* TX*—-D"D*— D*'D*n? D*D'y, D*'Drt

® There MUST be signals D*D* and D*D%* spectral
® There MUST be much larger signal in D°D° spectrum!
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I=1 (isovector) nature?

" arl)(iv:2|1(l)9f01|056 ||||| P ‘ . .
TR
£ 60 ﬂ mﬂ J(H H < 4 + + + H
el W#WW dr

20:_ I + 0(100-200) - Oi_j ﬂ# lﬁ - 0(100-200)

Y Ty [ngs/ﬂ EETEET [GL{//Q}

No sign for I,=+1 components!
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Z eof : LHCb S 90- LHCD - |
§ 50; } E data fb_l % §g§ Iil iata D D9 fb% 7 38 [G3\8/5/ 2]
= Ff r n 070+ = = :rc_> +DOr0 E mp+p+ ev/c
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387 388 380 39 3.74 3.75 0=—= 372 3'75

oo [Gev/e?] Mmpopo [GeV/c?] Cmpie [GeV/EY ‘
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Amplitude pole

LHCD

arXiv:2109:01056
= BT T T T 7 7 " 3 | Analytic continuation of
2 55 i LACb 4 the amplitude to the
i % s 9fh~t 3 second Riemann sheet
—10— ¢ 200/ . —
C ~25 HH“‘*\_\\\\ g ]
_152— \\\\ N jg 7 lo _E \/E = Mpole — %Fpole
20 SN0 Be e e 3
g C \3\ R &5 [keV] -
: \ * -
5 —25F \ DD | smpoe = —360 44077 keV/c?
305 \ . Mooe = 48+ 219 keV |
- \ 55 = /5 — (mpe+ + mpo)
—35— \\ =
— \ ]
—40F ‘¢ D™D° =
—E E mpole ~ My
_50_ l 1 1 | 1 1 1 | l 1 1 l ] -
1000 0 1000 2000| | I'pole = FWHM
R 5:/5 eV
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Amplitude pole

LHCD

1.5 pole

—360 +407F5 keV/c?
48+ 210 keV,

0.1
o3
-
=
£
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Amplitude pole Lack
SR KC: PRRTR S [V,
&2 14F oo l
i 22_ S — § Spoe = —360 44011 keV/c?
L gl — 5.1 Gev Fpole = 48 + 2J_r[1)4keva
1 ' =
0.8;— —
0.6;— —
0.4;— —
0.2 -
O: . ! i | | ! ! ! ! i I : . I .
—500 —400 —-300 —20(0
dSmpopor+ |keV/e?)
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Low energy scattering parameters %

® Scattering length a
Rea<0 : attractive potential
—-Re a: characteristic size

®* Effective range r

AL = 1 i ik + O(k")

NR a y ’
2 : m#H—s
WAUl = — [¢(s) — &(mi)] +2 fglg i 010t ()
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LHCD

% Low _energy scattering ‘parameters
arXiv:2109:01056

® Match to low energy
scattering amplitude

[MeV]

1 k2
— e — ik Ok
a—l-frZ ik+ O(k"),

2

201~
B \\ = - [5(3) - f(m%)} +2 5— — 10tot(S)
Us 91
20— .

. 1|~ Good match for
—401— —| scaled amplitude
-60F S T
—80(— | s

N N \ ]

_100_ | | h | | . | | | | | | I| | | | ] ] ] ] N
-1 0 1 2 3
5+/5 MeV]
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Low. energy scattering parameters %

arXiv:2109:01056
— GO —— —
= - R 2w - I LHCDb
= 40— \3_%“4;1 9fb!
E ——— AL m
- Agg i Df?lle)o threshold

————  D*D* threshold

_1 1 k2 _ a

a

® Scattering length

0= |- (T164051) +i(1.85+ 0.28)] fin

®Real part is negative
® _ attraction

205~
| Of\
-20— N~ A
—40F
—60
—80F
_100__1' — | 5 3
5\/s MeV]
° : 1 16
Effectiverange +=-5

0 < —r<11.9(16.9) fm at 90 (95)% CL

Non-positive < “feature" of our model

Compositness| = [ 1+
) 14+2|r/Ral
Z x |g|

Z < 0.52(0.58) at 90 (95)% CL

Weinberg 1965,
Matuschek,Baru,Guo&Hanhart 2021
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Effective size

arXiv:2109:01056
® Effective size from the scattering length

R,=—-—NRa=7.16+0.51fm

® Effective size from the binding energy [AF — —5my

Guo, Hanhart, Meissner, Wang,Zhao&Zou 2018

v =+/2uAE =264+ 1.5MeV/c,| Rap=— = 7.5+ 04fm

® The object is really large
® .. around Radium or Uranium nuclear &=r4'"

* Top three: X(3872), Ts: and deuteron (+other nuclei..)
Large size should have effect on production properties

1
~
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Event activity/Track ‘multiplicity

Yield
S

N O 1 oo
o o o O

B

N
o

e T/ D'Dont
0 DD mpopo < 3.87 GeV/c?

LHCH
9fh~!

DD 3.75 < mpopo < 3.87 GeV/c?

:
£
:

+

?E%

CDO

100 200

300
N, tracks

400

500
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LHCD

® Track multiplicity
* low-mass DD and DD

p-value: Ttvs DD =0.1%
p-value: T vs DD =12%

® Similar to DD
* DPS process
® .. unexpected

®* Different from DD

® Expected but
totally different!

46



PRL 126 (2021) 092001

Oy 872 B(x_(3872)— J/ wr' 7o)

B(yw2S)— J/ywrxtn)

Oy 2s)

[}.14

0.12

0.1

0.08

0.06

0.04

0.02

Track multiplicity. for. X(3872)

arXiv:2109:01056

- LHCb

T

)
vV
wn
(op]
1)
§
)

I“L

L pp (5=8TeV

T RXEXC0
SRS I '

+Prompt b decays

P
’0‘0"' . .
# Comover Interaction Model, Esposito et al.

< Molecule
(coalescence)

Compact
tetraquark

mE Molecule

5@5 geometric) -

.I

=

50

100 150

VELO
Ntracks

20

* Both states are "large", some similarity could be expected
X(3872) clear suppression for lage multiplicity
*T&  nosuppressionl] One sees enhancementll

LHCD
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Both states are "large”, some similarity could be expected
X(3872) clear suppression for large multiplicity

+
TCC

no suppressionlll One sees enhancement!!!
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P+ spectrum

arXiv:2109:01056
E 100: I I I | I I I I | I I I | I I I .
= 90f LHCh 7
: -1 _
— 9 fb _
S0F e Ti—D'Dort E
70 - —- O DD mpoepo < 3.87 GeV/e? B
- DD, 3.75 < mpopo < 3.87 GeV/c? ]
60 E
501 =
= [ ——{ i, =
T E
|
|
O - | | | | | | | | | | | | | .
0 10 20 30 40)
pr GeV/(]

p-value: TXvs DD = 1.4%

p-value: T, vs DD = 0.02%
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® A bit inconclusive
® More data is needed
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Production estimate

3

arXiv:2109:01056
1600;” X(3872) —D° ﬁono’ DODO Y Huge X(3872) 5|gna|
1400— 00 LHCb :g 0 Db — X (5543 JHEP 07(2019)035 ]
— ° R = E
B %ﬂg 0 Bogo 9 fb_l E E [ e A s N, ”*“"‘""f
1200 ¢ DD threshold - 1& e
g _ E:ijf; . EFE; f;qjﬁ] ¢¢¢¢¢%¢ ljf,l % : “”,WWM*'—"‘(M{'?W“%“MMWWMWM mﬁww\gﬁwé
Z 1o ¢¢'¢¢- %ﬁﬁ W RN
= - ':] IiJ : A
i - mpp [Gev/e?]
g : HH A ,;:i;‘;;sx o L e e i e e e bt
e - + 0 DO+ +
- 200¢ | ch—>D DOn N(TX)/N(X(3872) ~ 1/20
150
= Large uncertainty (>30%)
100 bt due to X(3872) shape and
- ' RN MATRIE background
50 by 4t +++,++++++++ UMAACERS VA o
= ++ t <r+++“ i + t ! Larger than T, statistics
T 373 ) 74 375 ) 76 377378379 Better qnders;ragding of
Moo [GeV/cQ] X(3872) is neede
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Production estimate: X'

LHCD

arXiv:2109:01056
5005'"i" """"" o o D0t S S LHCb For compact tetraquark
400 0 DODOrt 4 interpretation of X(3872)
- | D*DV threshold 91b there is ch d bartner X*
300;_| Hﬂ?g DD threshold ereisc ar‘gi partner
— Zoof_Lﬁ %q@fﬁ%@w X*+*—DODr * close to D**D° threshold
‘& — Ei’ %%@ﬁ] :5&151 Maiani, Piccinini,Polosa&Riquer 2005,2014
% 100 o ﬁ%wﬁm W Maiani, Polosa&Riquer 2018,2020
= " _ e T
o C ]
< Fi
S 803_ | T&—»DO DOt
60:—“ No X*signal is observed
401~ +i
i Xt TE : X(3872)
0 - ; <01: 1 : =20
3.88 3 9 3 92 3 04 396 398 4
MDD GeV/?
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LHCD

Summary IV
arXiv:2109:01038

® Manifestly exotic state near D**D° threshold is observed
with overwhelming significance
* New class of hadronic matter

* Narrow
* Just below threshold

* Minimal quark content ccud
* Long awaited Tg;
® Breit-Wigner mass and width

dmpw = —273+ 61+ 511ikeV/c*,
410 + 165 =+ 43 +18kev

l'sw

7 Oct 2021/Warwisk Vanya Belyaev "Doubly charmed rerraguark™ ol



LHCD

Summary. 11V
arXiv:2109:01056

® Decay proceed via an intermediate off-shell D**
* Strong argument in favor of JP=1*
® Using dedicated unitarized 3-body model

Smy = =359 £407skeV/c® g > 5.1 (4.3) GV at 90 (95) % CL

® Pole position Smpole = —360+£4014 keV/c?,
[oole = 48 + 219, keV,
® Study of D°D° and D*D° spectra support isoscalar nature

® Study of D'D* and D*'Dr* spectra rejects isovector
nature

7 Oct 2021/ Warwisk Vanya Belyaev "Doubly charmed rerraquark™ 52



Summary. |1/ e
arXiv:2109:01056
) -
Scattering length 0= |~ (116 %0.51) +7 (185 %0.28)  fm
) .
. Effective range 0 < —r<11.9(16.9)fm at 90 (95)% CL
. Compositness Z < 0.52(0.58) at 90 (95)% CL
Effective size R,=—-Ra=716+£051fm|| Rar = % — 7.5+ 0.41m

® No suppression of production at large
multiplicities
* Enhancement is seen
® Suprising similarity with D°D° (DPS) production
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Summary. |V/V

We already know a lot about T now
* Is it enough to answer the main questions?
* What ia missing?
® What is the nature of
* Compact tetraquark? Binding is expected.
Closeness to threshold is “accidental”.
* Molecula? Closeness to threshold is "natural” i%
® (Nearby) future
* Amplitude analysis of Dalitz plot
* Production measurements
* Relative to X(3872)— D° D°z°, DDy, “y” — D°D°, = **
* Add new decay channels of D°— K-rn*n'n-
® More datainRun3
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Summary. V

w , Pa—
: S
® T isalmost stable
®* T2 can be stable E
® Ty, should be stable|: i
* Theory consensus o o

* Lattice QCD
* Only weak decays!
* Macroscopic lifetime!
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arXiv:2109:01038 arXiv:2109:01056

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN) EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2021-165 Cb FJERN—EP—QO?I—I?S-Q
LI‘{Cb LHCH-PAPER-2021-031 @ LHCI}SPAPEIR*?.O; lig-g
September 2, 2021 eptember 2,

Study of the doubly charmed

Observation of an exotic narrow
tetraquark Téf:

doubly charmed tetraquark

2021

Simon Eidelman 1948 - 2021

Abstract
ectrum just below the D**DY mass
Conventional hadronic matter consists of baryons

and quark-antiquark pairs, respectively. The obsq

nding to an integrated luminosity

Our distinguished CO"eague, n proton-proton collisions at cen-

state, a doubly charmed tetraquark containing : =~ b I d b f LHCb d tate is consistent with the ground
an anti-d quark, is reported using data collect] s e, \ . elove member o an of cefid and spin-parity quantum
the Large Hadron Collider. This exotic state w y e, . 1 pectra. disfavours interpretation of
lnanifestbs itself as a narrow peak in the mass spect / WhOIe had ron phySICs structure via intermediate off-shell

the D*+D mass threshold. The near-threshold A S Community has passed away. [ivution The mass of the resonance

narrow width reveals the resonance nature of the d. Resonance parameters including
ge and compositeness are measured
re of the T_,. state. In addition, an
on track multiplicity is observed.

His contribution to the field will
have a lasting impact in future
generations.

arXiv:2109.01038v2 [hep-ex] 3 Sep 2021

llaboration. CC BY 4.0 licence.

@© 2021 CERN for the benefit of the LHCh col ‘ 3 % i We dedicate the Oncoming
3 : papers on the observation of

T Authors are listed at the end of this Letter. v \ y | the ch+ to his memory.
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https://indicgegarn.ch/e/Tccworkshop

https://indico.cern.ch/e/TccWorkshop

Mini-workshop on &7 Yand beyond”, Online

14 September 2021

Europe/Zurich timezone

Overview
Timetable
Contribution List

My Conference
My Contributions
Participant List

Videoconference

The workshop is dedicated to discussion on the recent observation of the exotic doubly charmed
tetraquark TC;“. The main purpose of the workshop is to summarize our current knowledge, both
experimental and theoretical, on double heavy tetraquark system, including the properties of the 7T
tetraquark and discuss the next steps.

1. LHCb-PAPER-2021-031, arXiv:2109.01038
2. LHCb-PAPER-2021-032, arXiv:2109.01056

The workshop is scheduled at the same date after the CERN LHC seminar, where the observation of the
ng tetraquark and measurement of its properties is reported.

Due to COVID-19, workshop is purely virtual, on-line only
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Extended Data Fig. 2: Mass distributions for D?D?%rrt combinations with fake
D% candidates. Mass distributions for D°D%tt combinations with (a) one true and one
fake D° candidate, (b) two fake DY candidates and (c) at least one fake DY candidate. Results
of the fits with background-only functions are overlaid.
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Extended Data Fig. 4: Mass distributions for DD+ and DD~ candidates. Back-
ground-subtracted DD+ and D°D— mass distributions.
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Mass splitting for isovector %

Myt = My, + My + My — 6 ¢uqu — b Q. (Qu‘|‘qu)
mz{‘:l‘ — m2+mu+md_QQqu_qu(qu_|—qd)

myo = My +mq+mq — aqgaga — bge (ga + ga)

Mig = My Mg+ my = gt = b e (G5 + G)
My = Mg, +my+ma = a gagg = b gec (G + Gg)

Miptt = Mi +ma+mg—a q3q7 — b ¢ec (g3 + @3)

—5.9+ 1.5MeV/c?,
7.9+ 1.3MeV/c?.

ngc — ?’HTEZ

M~ — M=
Tat T
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% Consistency of two models

arXiv:2109:01038 arXIV 2109 01056

5 70¢ \ ‘ 2y o ' 40 ]
= LHOL  Saa o Z ook LHCh 5% ]
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F |£| Dita oot 3.874 3.876 B anl 0 T. - DD'n* I [Gev/e?]
30; — EZi;grgllfcln Parameter Value Parameter Value TT T packsrownd ]
r Total D**+D threshold =
20— ML TTT Drope presnld N 117 + 16 N 186 + 24 Jf]L “7 DD threshold J( J( J[ ]
- Smpw —273 £ 61 keV/c? || dmuy ~359 £ 40 keV/c* E
10/ H HH + HM T 410 + 165 keV 9] 3% 10* GeV (fixed) Jf } Hﬁ ++H+£u }{rﬂj( Jf ﬂﬂ’#
i Pt
0ttt VI Sl l E .
.87 ‘ 3 8 o N ‘8 ° ‘ Both models d.escribe data well 87 3 88 3 89 . 329
Moot [GeVy Resolution Mpoport [Gev/e?]
backrgound
mode [keV/c?] FWHM [keV/c?]
Pseudoexperiments
FBW 279 £ 59 409 + 163 Parameter P Data
gV —361 + 40 478+ 1.9 mean RMS
o dmpw [keV/cQ] —301 50 —273 £ 61
Cross-check with Pew  [keV] 222 121 410 £ 165
pseudoexpr'imem‘s dmy [keV/ (32] —378 46 —359 £+ 40
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% Trigger

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz
readout, high Ev/Pr sighatures readout, high Ev/Pr signatures

150 kH=z

displaced tracks/vertices and dimuons

) . Software High Level Trigger
Defer 20% to disk .

J [ Partial event reconstruction, select

[ Software High Level Trlgger -
29000 Logical CPU cores Buffer events to disk, perform online

detector calibration and alignment

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive [Full offline-like event selection, mixture]

\__selection algorithms l of inclusive and exclusive triggers
5 kHz Rate to storage 12.5 kHz Rate to storage
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