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Introduction

New c-hadrons New b-hadrons
o In prompt D*) K combinations o BZ(25) observation
o B — Dhh studies (spin-3 D mesons) o Excited b-mesons at LHCb and CDF
o B — DDh studies o Excited b-baryons

Quarkonia(-like) spectroscopy
o New Z. states from BESIII
° X;‘ — Y(1S)7t searches
o Study of X (3872) — pO0J/+
o Tetraquark Z.(4430)~
o Pentagquarks-observation-
(covered in Anton'’s highlights)
Conclusion and outlook

Don't miss the HF-3 session this afternoon, with theoretical and experimental reports
on Heavy Flavour spectroscopy.
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Introduction

Important test for QCD theories.

Several concurrent techniques to explore heavy
flavours excited states.

ATLAS & CMS  pp with /s = 7 — 8 TeV
LHCb pp with /s =7 —8TeV
CDF pp with /s = 1.96 TeV
Belle & Babar ete™ with /s = 10.58 GeV
BESIII ete™, lower /s

< | e New state!

K V.

Full reco
B
et p(K)

in the rest frame of B8
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Principle of amplitude analyses

Q Define a pure sample of R — abc decays (R = c— or b-hadron).
Background can be

o Statistically subtracted with sPlot (in binned analyses)
o Statistically subtracted with sFit (in unbinned analyses)
o Modeled and included in the analysis (cFit)

Q Define the decay amplitude M as sum of resonant contributions M., depending
on the set of variables o (invariant masses, and decay angles).

Q Compute the decay width as a function of o:

> My (o)

K (o) corrects for kinematics; it depends on the choice of o.

2

dl'(o) = K(o) do

Q Compute efficiency e(o), usually using flat-dynamics simulation.

O Fit the pdf
pdf (o)do = e(o)T'(o)do

to the pure sample defined above.

Changing the recipe of the M, contributions, one draws conclusions on

» Existence of resonant states

* Quantum numbers of resonant states

Taking into account the interference between the resonant states!
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c-hadron spectroscopy
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A DK structure at m ~ 2.86GeV /c? seen at Babar, confirmed at LHCb

BABAR (2009) (PRD30:092003] [l | HCb (2012)

Inclusive study of ete™ — DK
A

Inclusive study of pp — DK

[JHEP 1210 (2012) 151]

Candidates / 5 MeV/c?
Candidates / 5 MeV/c?

.5 CI! 3
2_r5n %) Ge\/}cz 2.:‘ k%) Gev3/ o D'KY invariant mass [GeV/c?] D’K* invariant mass [GeV/c?]

The three peaks are
o D*F(2573) — DOK ™ and D*%,(2573)t — DT KY;
o D*F(2710) — DK+ and D%, (2710)t — Dt KQ; observed by Babar (2009)
o DT (2860) — D°K+ and D ,(2860)t — Dt KY; observed by Babar (2009)

BABAR also observed D¥,(2710)" and D?,(2860)" to D*K final states.
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http://arxiv.org/abs/0908.0806
http://arxiv.org/abs/1207.6016

Study of BY — DK~

S

B% — DOK~zt: an abundant decay with
rich resonant sub-structure

Full amplitude analysis using the cFit
technique, fitting the fake B component
(Combinatorial, Partial reco, and mis-id Ag)
together with the 15 resonant and
non-resonant signal amplitudes.

L as00 -
z o LHCDY T 3
= 2000 Fuilit E
= B signal
FREC R § Combinatorial bkg, k!
Z 1000 r E
2 3
< 500 E
[ S T
m(D'K %) [MeVic?] m(D'K") [GeVe']

The structure at m ~ 2860MeV /c? contains
both spin-1 and spin-3 components

(significance > 100)!
Components were named D

g

Candidates / (30 MeV/c))

Candidates / (30 MeV/c)
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LHCb
(®)

/
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m(D'K) [GeV/c']

Candidates / (30 MeV/c?)
g

Candidates / (1.5 MeV/c*)

180 LHCb
160 (@

Candidates / (5 MeV/c?)

B 2
m(D’K) [GeV/c]
. Data

Ful fit

—— K(892)’

LASS

K3(1430)°

D3(2573)

D(2860)°

D(2860)
Nonresonant

LASS shape: parametrization of the

S-wave component.

This is the first observation of a spin-3 heavy flavour hadron.
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http://arxiv.org/abs/1407.7574

Rich c-meson spectroscopy from other B — Dhh decays @LHCb

Events /0.1
8

of D*

Decay mode

Branching fraction

Reference

BY = DOxFtr—

B9 — DY £0(980)
BY - DOK+x—
BY —» DOK— 7t
BY - DOK— K+
BY - D'K-K*+
B~ - DtK—n~

8.46 +0.14 +0.29 £ 0.40
0.017 £ 0.010 £ 0.005 £ 0.001
0.92 £0.06 £ 0.07 = 0.06
10.0+£04+£1.0£1.0
0.47 £0.09 £ 0.06 £+ 0.05
0.42+0.19
0.731 £ .019 £ 0.022 £ 0.039

[PRD 92, 032002]
[JHEP 08(2015)005]
[PRD 92, 012012]
[PRD 90, 072003]
[PRL 109, 131801]
[PRL 109, 131801]
[PRD 91, 092002]

Observed D* mesons Observed D} mesons

Data Isobar model LHCb

No D;(2760) in @
Spin 0 -— pin 3 [>100
Spin 1 pif 4

D(2400), and D4(2460)
dominant in all analyses
D*(2650), D*(2760),
D*(3000)

spin-3 D*(2800) % in

BY - DOrtp—
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05 1
B0 goin1 D*(2791)F in
0(DO7) defined in the rest frame

B~ - DtK—n—

D?,(2700)~

D*,(2860)° and
D?5(2860)° (cf. above)

D?,(3040)~
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http://arxiv.org/abs/1505.01710
http://arxiv.org/abs/1505.01654
http://arxiv.org/abs/1505.01505

B’ - DtDK~ and

Belle (2008) [PRL 100:092001]
“o “o E
Se0 Seo E
= =
= = 3
L L4 E
= =
g ; 60! {3 Exponcatial |
EZD EZB a0F :
=) 5
w I w 201 E|
° ° ‘ R ) R
38 4 42 44 46 2.4 28 3 32 34 36 38 4 42 44 46 48 22 24 26 28 3 32 34 3.6
M(D°D’) (GeVic?) M(D°K") (GeVic?) M(D'D") (GeV/c?) MK’ (GeV/e)
* + o Confirms all Belle's conclusions with
o Observed resonance D7 ;(2700) 8 o
) ] 00 higher statistics
o Found it dominates Bt — DODOK+ L .
decays o Improves precision in mass and width
. measurements
o Need for unexplained non-resonant i
contribution. modeled as an o Extends the observation of the
exponential ’in m(DOKT) non-resonant contribution to

BY - D-DYK+

Nature of D*;(2700)% is still unclear. It has been suggested it is:
o the first radial excitation of the D} (2112) meson [PRD 86, 054024]
o an 13D; cs state [PRD 89, 074023], possibly mixing with the former
o two resonances overlapping

News f coming soon!
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http://arxiv.org/abs/0707.3491
http://arxiv.org/abs/1412.6751

b-hadron spectroscopy
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A charmed and beauty excited state: B, (2

Observed the decay

> 20p T T T T
3 E
+ o+ - Full Run-1 data sample 5 E- ATLAS Q. =288%5MeV
Bl (28) = B n"w _ ] J P e =184 Mev
2 EY =77ev N, =2246
3 AT jm—v.w 7% e 3 FE e Data
o . g - E™ tomthamos
HE e 5
i & 109 E
80} .. iy
» E
20F- g = 62828 MeV. €0F" my = 6277 6 MeV/ ’ E
100+ 40F- N =227225 B
10f :’Q;?«Eﬁev + 20f- 0= 50£8MeV E f_
oA e s oo
o) e 300 400 500 600 700
m(Bc::r:)-m(Bc)-Zm(r:) [MeV]
3 T T T T T
o . . 2 ATLA =288+5 MeV
B (2S) candidates reconstructed using Ba- E S 2‘“:13141\@3
candidates in mass window m(BZ ) ppa + 30 2 IL}’;Z%\? N:;=35i13
E ® Data
il
Mass 6842+ 4 4 5 MeV/c?
N(BZ) in 2011 100+ 23
N(BZF) in 2012 227 +£25
+ B
N(Bc (25)) in 2011 2246 300 400 500 600 700
N(BZ(25)) in 2012 35+13 (8 )-m(B,)-2m(x) (MeV]
Significance 520
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http://arxiv.org/abs/1407.1032

Observation of a B resonance at CDF

Reanalysis combining B+ meson from
o B~ = J/YK—;
o B—0 5 DOt
o B9 o DV—gtpr—gt
o BY — J/pK*(892)°;
o BY = J/YKY;

Structures in the plots are:
By — B*m
B3 — B*m
B — Brm

B(5970) — Bw (NEW!)

(FIXED shape&yield)
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http://arxiv.org/abs/1309.5961

More B resonances at LHCb

LHCb analysis of the Run-1 pp dataset.

Using decays:

o BT = J/YK—;
o B=0 —» DY—rt(rta~) with DO — K—rt(r—7T)
o BY — J/pK*(892)°;
Improved measurement of the masses of B?’+ and B; 0+

Fit parameter Btn~ Bzt

31(5721)0.+ I 263.9+0.7 2609 +1.8
Bi(5721)%* T 30.1+1.5 29.1+3.6
By(5747%F p 3206404 3181407
By(5747%" T 245+10  23.6+20

First evidence (3.7 o) of B — B*n™.

[JHEP 1504(2015)024]

Enhancement at 5.97 GeV/c? reported by CDF is confirmed and labeled B(5960).

LHCb

Candidates / ( 8 MeV)

pr > 2 GeV

B B,(5721) 5B (B 1)r

Pull

8
SR

T80 200 280300
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http://arxiv.org/abs/1502.02638

Two new excited = at LHCb

LHCb studies the Egﬂ'* combinations
where

2 5 Efr" and =} - AfpK~

Taking wrong-sign combination as
background proxy.

3 F &35
LHCb observes two new states, labeled =] 2 120F 5 LHCb
= = F S20)
and =p. Z 10o0f 3t
= E g0
S sof o
Angular analysis does not exclude quark 2 60 3m [MeV/r’l
. . @ F . 7
model interpretation: 2 b +.:§1: E
=p JP = 1+ j= E F NS
“ 2 E &
=/ JP 1- 20:
= =3 =
= JP = 3+ 05
= =3 =

Very precise mass measurement:

Last uncertainty propagated from m(

Lucio Anderlini — HF spectroscopy LHCP 2015, Saint Petersburg (Russia) 14 / 25


http://arxiv.org/abs/1411.4849

An excited = at CMS

A E} state was already reported at CMS studying

Eb_ﬂ'+ combinations.
Analysis based on 2011 data,

s =TTev
Measured mass: Vs

m(=;°) = 5945.0 £ 0.7 £ 0.3 £ 2.7 MeV /c?

> 16
i . _ 2 foms o
where the last uncertainty is propagated from m(Z,"). S 14Fpp \s=7Tev  ° Oppositesiondaa
a_, r =53fb" ——— Signal+background fit
3 2 ] Background
A possible interpretation... o I
S 10[
s f
— SeenatlH® g 8F
—— SeenatCMS °a
Not seen w6
4 l
_____ Threshola =, = o S nEENhassRninE

B L |
10 20 30 40 50
MJWET) - M(JIYE) - M(x) [MeV]

o

Nsig ~ 18 candidates
Significance (including LEE): 5.3 ¢
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http://arxiv.org/abs/1204.5955v2

QQ and QQ-like spectroscopy
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Observation of )&’(3823) at BESIII [PRL 115, 011803]

In 2015, BESIII confirms the state (6.20).

o r —+ Data
In 2013, Belle reports an evidence (3.80) % 40:_ — Fit
for a state X (3823) — xc17. [PRL 111, 032001] s 30i_ - Background
30r o . [ Sideband
ol + @ 20F
e T
o0 1 T @ = hﬂ
T L llll{' L L L] ]
P it e e 9% 3.7 3.8 3.9
7 . . . -
ZOR I ) (GIC)
Its mass (3823.1 +1.8+0.7 MeV/cQ) was Improved measurement of mass and width:
found consistent with the interpretation as 9
¢2(13D2) state. M = 3821 £1.3+0.7 MeV/c

_ 2
No peak seen in DD: also consistent with ' <16 MeV/c*(90%C.L.)
2 (13D3). _ B(X(3823) = xc27)
B(X(3823) = xc17)

< 0.43(90%C.L.)

Potential model predictions for v (13 D3) [PRD 69:094019]

M ~ 3815 MeV /c? R~02
I small (DD suppressed for P violation)
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http://arxiv.org/abs/1503.08203
http://arxiv.org/abs/1304.3975
http://arxiv.org/abs/hep-ph/0401210

Z, states at BESIII

Z.(3900)%7 Z(3900)°?

3
g g . (04230 GeV, 10917 g’
8 -
S I
3 § o
& M

o 37 38 39 4.0

Mna (7 01y) (GeV/c)

ete™ > ntJ/y ete™ = x%x%J/y

[PRL 110, 252001]

[1506.06018]

Events / 4 MeV/c?
caRgauaIee

,

.85 3.90 3.95 4.00 4.05 4.10 4.1¢
M(D°D*) (GeV/c?)

ete™ - n¥(DD*)F

[PRL 112, 022001]

Zc(4020)%? 70(4020)07

< -

o

Z <o

< 100/ < 3

2 B

Sw ¢

Z g 5

E 60 S .

i Z .
&

9l
B i, T PR,
ete™ — m nthe ete” — 71'07r0hC

[PRL 111, 242001]

[PRL 113, 212002]

— - comb. BKG.

Events / ( 2.5 MeVic? )

402

404 406 408 a0 ooy
RM(r) (GeVic?) RM(=)(Gevic)

ete™ » 7t (D*D*)F ete™ —» w%(D*D*)°

[PRL 112, 132001] [1507.02404]

Most of these papers were submitted in 2014 and 2015. No angular analysis yet.
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http://arxiv.org/abs/1303.5949
http://arxiv.org/abs/1506.06018
http://arxiv.org/abs/1309.1896
http://arxiv.org/abs/1409.6577
http://arxiv.org/abs/1310.1163
http://arxiv.org/abs/1308.2760
http://arxiv.org/abs/1507.02404

Search for X, — Y(1S)r "7~ at ATLAS and CMS

ATLAS and CMS report a search for a state analogue to the X (3872) in the b-sector.

In analogy to X (3872) — J/¢mT 7~ they look for X, — Y(1S)n 7, using
T(2S8) = Y(1S)rt 7~ as control channel.

In absence of signal, they put an upper limit (at 95% of C.L.) on

_ B(Xp = Y(1S)mtrT)
ATLAS [PLB 740 199]

T B(Y(28) = Y(18)wtw)

o T T T
5 — Observed CMS [PLB 727 57]
S ATLAS ©
€. i LT Median Expected |
510 r Vs=8TeV, 1620 [ +1c Band 1 @ T T T T T T T T T
> [ ] CMs - + 1o Expected
2 +20 Band 5
g = b £ 10% [\s=8Tev [__J+2cExpected |
=20 1 T L L=z07m? 6.56% ---- Median ]
) | ] § 6% —— Observed
8 a% [
(=24 - - .
2%
102 =
r ] 1% |- —
L | ) ) ) | h e ..
10000 10200 10400 10600 10800 11000 11200 10 101 102 103 104 105 106 107 108 109 1
Parent Mass [MeV] My, [Gev]
y y

. _ B(X(3872) — Jipmtr)
For comparison: R= B (25) = JR(1S) )
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http://arxiv.org/abs/1410.4409
http://arxiv.org/abs/1309.0250

X (3872) quantum numbers using J/vp decays [PRD 92 1, 011102]

o X (3872) — J/1y implies C' = +

o X(3872) — J/p° implies Jpr = 1 Lt HM

o Angular analysis at CDF finds
JPC =1+t or 2—+

o With 2011 LHCb data: JXC¢ =11+,

3
T
I

T

Making short a long history %‘50' LHCb s T
EGO + 1
o X(3872) observed at Belle (2003) i AR ey
o CDF, DO, and Babar confirm it exists o P o
= 8o J=r 4 Jo=r
£ sl

Candidates /0.2
N s g R
3
L———
I
L L

v

Extension to full Runl dataset (LHCb)

LHCb and CDF analyses rely on the

1
é:
pam)
t

)
E;;

! - . S o Foa Fooan
assumption of a matrix element dominated Z o0 - . - | ]
by the lowest angular momentum (Lyin) EP kg iR 5 1, * .
between products. ° T T oo oy
Exotic nature of X (3872) can introduce Ox = helicity angle of X (3872)
contribution of Ly, + 2, invalidating 11+ P
assignment. J ¢ = 1+
This is the first analysis with no All alternative hypotheses discarded by 160
assumption on L. or more.

v
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http://arxiv.org/abs/1504.06339

[PRL 112, 222

30k

Events/0.01 GeV'
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0 2
m2. - [GeV?]
2.70 excess at Babar [PRD 79 112001] with unambiguous resonant behaviour

(inconsistent mass)
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http://arxiv.org/abs/0708.1790
http://arxiv.org/abs/0811.0564
http://arxiv.org/abs/1404.1903

Model independent confirmation of Z.(4430)~

[LHCb-PAPER-2015-038]

PRELIMINARY RESULT!

Following the example of the Babar's
analysis, LHCb attempts to describe the
¥(2S)7™~ mass in terms of reflections of
the K7 system.

o In fine bins of m(K), decompose
distribution cos(67,) on the first £max
spherical harmonics (moments).

o Generate phase-space simulation
(cyan)

o Reweight MC to reproduce m(K)
distribution ( )

o Reweight MC according to the
moments ( )

K* resonance with ¢ larger than 6 are
unphysical: ¢max = 6.

Conclusion: K7 structures with reasonable
angular momentum are insufficient to
explain the m,/ . distribution.

The null hypothesis, with no Z.(4430) is
rejected by 8o, or more.
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BY — (2S)K 7~ at LHCb [PLE 747 484

LHCb extended the study of the 1(2S)m~ system to the BY — (2S)K T~ decay.

The decay is largely dominated by

BY — 4(2S)K*(892)°. %
2
6}
LHCb reports the first observation of the non =
resonant decay. =
2
_g
The small relative branching ratio g
B 2YKtn— s o E*
B( g_”/’( SETTT) _ g 3840.3640.2240.31 (L> i e
B(B® — (28)K+7~) fa myS)n) [GeV/c?]

makes the statistics limited. solid histogram: amplitude fit model

. dotted hist : phase-
No structure observed in m(1(2S)m ™) spectrum. otted histogram: phase-space
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http://arxiv.org/abs/1503.07112

Spectroscopy studies are very active at the LHC and all over the world.
In the last year

o New excited b-mesons and b-baryons were observed,

o The first spin-3 charm mesons were found in b-decays,

o An excited Bér state was seen,

o A tetraquark was unambigously identified as such,

o Two pentaquarks were observed.

Enhance interest in B — DD X decays as probe of over-threshold charmonia,
and as play-ground for excited charmed states (e.g. D} (2700)7T).

All of the studies presented here are dominated by statistical uncertainties.

The higher HF production cross-section, and the increased luminosity make the
second run of the LHC extremely promising for spectroscopy studies.

Teasers include:
o Double heavy baryons (Ecc, Epe, -..)
o More B. excited states

o Bf —» DT piat

(s) (s) h~ decays
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Spare slides

Lucio Anderlini — HF spectroscopy LHCP 2015, Saint Petersburg (Russia) 25 /25



StUdy of B decays to final states containing Ne at Belle [JHEP 1506(2015)132]

Molecular interpretation of X (3872) suggests other DD states may exist.

Belle searches for X1(3872), X (3730), and X (4014) to final states: n.ntn—, nen,
and 7 (where n — vy or n — w7~ x0).

The analysis strategy is based on unseen BT — KEn. + nh decays.

Upper limits are given at 90% of C.L.

B(BT — KEnentn—) 39 x1077°
nert ™ from X1(3872) 3.0x107%

nertm™ from Z.(4020) 1.6 x107°2 T
B(BT — KTn.w) 53 x10 ° o e o
Tew from X1 (3872) 6.9 x10~° §1:(337§’(7]2) e
Tew from Z(3900)° 47 %105 (D) A A
BBE o K 5510 X(4014)  D*0D*0 4+ D*Op
nen from X (3730) 4.6 x107° 26
nen from X (4014) 3.9 %105 J.~ Modes
B(BE = K*n.0) 6.2x10°° X1(3872) 1T mew, mep
nem® from X (3730) 0.6 x10~5 2B 0++ et e
new® from X (4014) 1.2x107° ) 0 et et )
nem® from X (3915) 1.8 x107°

Lucio Anderlini — HF spectroscopy LHCP 2015, Saint Petersburg (Russia) 26 /25


http://arxiv.org/abs/1501.06351

