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Perspective of QCD — large white space with little colorful objects
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Perspective of QCD - large white space with little colorful objects
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Search for the new type of matter

How to search for color physics with colorless environment?
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Several stories to tell

Run-1l data, just-released results

© Double heavy
© Pentaquarks

e Near-threshold DD spectroscopy

Mikhail Mikhasenko (CERN) Hadrons at LHCb



Excitation of the double-heavy
double-flavor meson B




Double-flavor meson B, and its excitations

[PRL 113 (2014) 212004]
T
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o o 2 5=8TeV
@ (CDF1998) first observation of B, 2 o Daa
m  Wrong-charge
. . . mbination:
@ (ATLAS2014) first observation of excited B(25) e
@ (CMsS2019) resolving two radial-excited states,
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Double-flavor meson B, and its excitations [PRL 122 (2019), 132001]

F cms ¢ Data
- £ A
B. spectroscopy poeTeT S0 K
. i % 501 Comb. backg.

@ (CDF1998) first observation of B, = F
—
@ (ATLAS2014) first observation of excited B.(25) B 0f
[ E
@ (CMS2019) resolving two radial-excited states, @200
(t4)" and (1) o

@ (LHCb2019) confirmation of two states T e 69 70 ir
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Double-flavor meson B, and its excitations [PRL 122 (2019), 132001]

F cms § Data
soi L=143 10" — Fit result
B. spectroscopy PR o K e
. i 2 50— Comb. backg.
@ (CDF1998) first observation of B, = F
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@ (ATLAS2014) first observation of excited B.(25) B 0f
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@ (CMS2019) resolving two radial-excited states, @200
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Pentaquark states P,

. 777
Hadronic molecules =




Almost-stable hadrons

Lifetime measurements of A and B°

@ identification of displaced vertex

AY K-
/7 = +
y o K
p p
0 ﬂ’K,
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@ similar decay chains

. / }J/w
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Almost-stable hadrons

Lifetime measurements of A and B°

@ identification of displaced vertex
A9 K-
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Hadrons at LHCb

[PLB734 (2014) 122]
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Observation of P.(4450) and P.(4380),

LHCb
ST ©3fb71

|« Pc(4450)
~ P(4380)

5

N
w
S

mZ, [G6eV2]
Amplitude analysis of 2015

Helicity formalism, isobar model, 6-dim. analysis.

T/, n J/, u T/,
_ P,
A8 —(1)) A T AuA pA ApA pA
A
K K

= first ever observation of 5-quark states [uudcc].
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Candidates/(15 MeV)

[PRL 115, 072001 (2015)]

No pentaquarks One pentaquarks
+
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Adding more data with Run-1l (2017,2018) [arXiv:1904.03947]

PRL 115, 072001 (2015)
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Adding more data with Run-Il (2017,2018)

- data My, all
- total fit

(15 MeV)

RN )
g 3 & 8
8 8 8 8
S S5 5 8

— background

s P(4380) .

-4 \(1405) _:'
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and other,
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5000

B P(4450) -

‘oge. 4.2 4 X
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m
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Z, [GeV’]

Candidates/(20 MeV]}

1

Candidates/(0.105x0.045 GeV*)

Gain in statistics x9
26k events = 246k events
@ Luminosity: 3fb~! @ 6fb—1,

@ Cross section x2:
7TeV— 13 TeV,

@ Selection efficiency x2.

Amplitude Analysis
@ same AA gives consistent
results,
@ but unacceptable quality.

Narrow peaks in J/v¢p
Lineshape of A.

[arXiv:1904.03947]
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Adding more data with Run-Il (2017,2018)

)

S e s

Lo00of- w-data My @l o E

Bsooof- - towalfit s %

5 — background 1000 5

27000 3 - 800} b=t

= 3 P(4450) [ 15 - . . .

5] g s e g

%5000 %< P,(4380) .y g AR © Galn n StatIStICS X9
S - A(1405) _:' o, ks =

OS5 p1520) _:‘- e, 42 A4TAETAE TS 26k events = 246k events

andA.Etl::;)-"' oy, @ Luminosity: 3fb~1 @ 6fb—1,

N*s » ;
#RUN 1+ 2 (new selectlon)"-,.‘ @ Cr R .
f oss section X2:
s b LHeb

7TeV— 13 TeV,

@ Selection efficiency x2.

[arXiv:1904.03947]

aoof- m ., >1.9 GeV

Amplitude Analysis
@ same AA gives consistent
results,
@ but unacceptable quality.

Narrow peaks in J/v¢p
Lineshape of A.

Candidates/(0.105x0.045 GeV*)

1 L L L -\ L 1
2 25 3 35 4 45 5 55 6 65

2
=1000]
.%/800
E 600
400
200
v
0
New features
@ Peak at 4.312 GeV
becomes significant
@ Peak at 4.457 GeV
y got resolved in two!

m2, [GeV?]
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Extracting resonance properties

[arXiv:1904.03947]

1-dim. fit and extensive systematic studies:

Three different projection methods

Several background parametrization

Interference effects

Procedure is validated using 6-dim. MC

Mass and width of the peaks

State

| M [ Mev ]

| T[Mev ]

Candidates/(2 MeV)

1000

o

=]

=]
T

P (4440)"

P .(4457)
P,(4312)

—=— data
— total fit

— polynomial + broad P
— polynomial

Candidates/(2 MeV)

my,>1.9 GeV

(95% CL)

P,(4312)+
P.(4440)
P.(4457)

4311.9 +0.7158
4440.3 + 13741
4457.3 £ 0.6777

inconclusive with 1-dim. analysis

98427F 37

20.6 +4.97 87 ;
6.442.0" 57

(<27)
(< 49)
(< 20)

1000}

Mikhail Mikhasenko (CERN)

Weighted candidates/(2 MeV)

Hadrons at LHCb

500k,

4960

4300

4400 4500

4600
My, [GeV]

4300 4400 4500

My yp [GeV]
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Plausible interpretation of P, states [arXiv:1904.03047]

-

hadronic molecule tightly-bound pentaquark

Mikhail Mikhasenko (CERN) Hadrons at LHCb



Plausible interpretation of P, states

Y .D hadronic molecules

@ Narrow width
Problematic in tightly-bound picture
Problematic in the rescattering picture

@ Number of states (HQSS):

$iD°  1/2t @0 2T, 4P/
D 12t @1 229 P12 @3/2

D0 32t @17 2T 4P 12 ©3/2 @5/27

Many theoretical predictions of X D binding published
before 2015 (see backup).

[arXiv:1904.03947]

— backgrouhd

Weighted candidates/(2 MeV)

N
o
i
> S

P(4312)"

[Mmg Zhy Liu et al.,
! arXiv:1903.11560]

2;50 e D*DE,HD*O
1200
— data LHCb
— | fi :
1000 total fit

Look forward
for Rup-Ill

A i s iy
(2\00 4250 4300 4350 4400 4450 4500 4550 4600

Mo [MeV]

@ Ampl.-Ana. is needed to check J”.

e
Mikhail Mikhasenko (CERN) Hadrons at LHCb

June 5, 2019 10 /13



New narrow charmonium state X(3842)

15(3842) —— @i
D

-wave



DD spectrum with 9 fb~! (Run-1+Run-II) [arXiv:1903.12240]

Candidates/(5 MeV/c?)?

o displaced vertices
@ 80 — 90 % purity
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[arXiv:1903.12240]

DD spectrum with 9fb~* (Run-I+-Run-1),

3872)

— DOD° £ (#)
T T V ‘ T W T T ‘ W T T T ‘ T T T T ‘ T T T T
‘ | = D°D° LHCh ]

4000 x‘

3500
3000

2500

Candidates/(2 MeV/c?)

2000
1500F
1000

500

o displaced vertices
@ 80 — 90 % purity
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DD spectrum with 9 fb~! (Run-1+Run-II) [arXiv:1903.12240]

Simultaneous fit

1206 T T T T T T T
s E o om0 LI X(3842)  mmee- bkg 3
% 1000 DD A p(3770) total LHCb 7
2 - # o] e (3872) ]
= 800; i
B Ml 3
< swob WWMMW“W AN o
= o ]
. g 400 1 X(3872) =
"g 5 200 ‘ — DODO?"(%) —
1 E———t S e
Z, < e00F- D7D =
% 500E E
E (o -
5 ok Aty W E
B L m WA
£t *
£ 2005 { ¥(3842) | 3
E 200p $(3770) E
100 | - =
P displaced Vertices 3.72 3.74 3.76 3.78 38 3.82 3.84 3.[5(3}6\// ;
"I,D[j € (&

_ 0 i
® 80 —90% purity New state is consistent with 13 D3 (3(1D)), JF¢ =37~.
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Conclusion

Exciting news on the color physics from LHCb:
e Confirmation of the B.(2S) and B}(2S) states,
@ Groundbreaking update on pentaquarks,

e Amazing DD spectrum with new charmonium state, 13(3842).
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/Summary_all.html

Conclusion

Exciting news on the color physics from LHCb:
e Confirmation of the B.(2S) and B}(2S) states,
@ Groundbreaking update on pentaquarks,

e Amazing DD spectrum with new charmonium state, 13(3842).

Not shown:
@ new decay channel of =, =¢c — 7=
o first observation of the A, — Ay
@ Observation of B(Os) — J/vpp
@ Observation of =, — ¢p

e Many more, see complete list [here].
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https://lhcbproject.web.cern.ch/lhcbproject/Publications/l/Summary_all.html

Thank you for the attention

backup slides follow...



Impact of new measurements on charmonium

Impact of new DD spectrum

Belle } { Belle I | Belle
BaBar 2008 e
P [ SO
BaBar — BaBar BaBar 2007 i
PDG 2018 f | PDG 2018 I
PDG 2018 (Ave) [E—
LHCb e LHCb R PDG 2018 (Fit) o
LHCb —e—i
3920 395 3930 3935 10 20 30 0
y L6 3930)) [MeV 3770 3775 380
X,(3930) mass [MeV/c’] (x,(3930)) [MeV] W(3770) mass [MeV/c’]

Great interest in community

@ 3(3842) is just seen on lattice, [arXiv:1905.03506v1]
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B spectrum in relativistic quark model

[St. Godfrey PRD 7

0 054017 (2004)]

7600 572,758

~
[\
(e
o

[6855 6887

6800 F

Mass (MeV)

6400 | o338

16271 —

I

7565 7571 7568

7455 7475 7487 7563
= 7472 7365 7376 7380

[7250 7272 7372 7269 7276 7271]

7120 7150 7164 7266
7145 7028 7041 7045
7036

6768
6706 S0 =2
6741

B, Mass Spectrum

)

6000

's, ’s, ’p, P, °P,’D, D, °D,’F, F, °F,
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P. interpretations

Y D binding (published before 2015)
» W. L. Wang et al., Phys. Rev. C84 (2011) 015203
» Z.-C. Yang et al., Chin. Phys. C36 (2012) 6
» J.-J. Wu et al., Phys. Rev. C85 (2012) 044002,
Dynamically generated (see references in arXiv:1904.03947)
Heavy-quark-spin-symmetry (HQSS) consequences
» Ming-Zhu Liu et al., arXiv:1903.11560
» C.W. Xiao et al., arXiv:1904.01296
P-(4312) pole position and molecular binding,
C. Fernandez, A. Pilloni, MM (JPAC Collaboration), arXiv:1904.10021.

Tightly-bound pentaquark models (see references in arXiv:1904.03947)
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Rescattering interpretation
Triangle singularity [see Appendix of arXiv:1904.03947]

My=1MeV

1000

@ There are many thresholds around P, peaks
» ADP, X DO x.N* with different exchanges
as suggested in [Guo et al.(PRD92 (2015) 071502),
U.-G. MeiBner et al. (PLB751 (2015) 59), X.-H. Liu et al. i
(PLB757 (2016) 231), MM (arXiv:1507.06552)] : i

500

#%(2595) D D4

Weighted candidates/(2 MeV)

DDA oo P/

@ An appropriate Triangle Singularity can be found
for all peaks

—=—weighted datal]

— total fit

1000

@ BUT, as soon as width of exchange particle is | —oromial |
taken into account

500

Weighted candidates/(2 MeV)

= no acceptable description in rescattering picture .

have been found Soo— 15

TP PP Bt .
00 4400 4500 4600
Myryp [GeV]
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Investigation on molecular picture
[C. Fernandez, A. Pilloni, MM, et al (JPAC Collaboration), arXiv:1904.10021]

Scattering-length g
bound state [ continum . . o
approximation 2
g
pole cut §
T = my — ikid; ©
pole  cut sheet-| ! ! o 400 =5
— > ki =/s —s; 456 428 450 453 454 456 438
> _ Vs (Gev)
Two channels: £ D° and b =
weakening interaction s € J/wp y m;
cut sheet-ll oosf
ot Intensity 8 wanee
& [ lisheet
E
_ 5 E [
pole  cut sheett | (s) = p(s)(ITa(s) p(S)P + b)), |k
v b
adding inelastic interaction @ p(s) and b(s) are the first i roRTTERRTERUE IR I: S T RN
pole  cut sheet] order polynomials. Res, (Gev)
Y @ p(s) is a phase-space factor. Consistent with

’

the virtual state
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