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We then refer to the members u3, d-3, and s-7 of
the triplet as "quarks' 6) q and the members of the
anti-triplet as anti-quarks . Baryons can now be
constructed from quarks by using the combinations
(qqq), (@qgqqd),|etc., while mesons are made out
of (qd), (qaqa), |etc. It is assuming that the lowest

MASS [GeV/c?]

a We think of hadrons as qq or
qqq

m But there is nothing preventing
other combinations

a Can we find

m molecule
m tetraquark
m your other favourite choice

2 04 Aug 2014

4.4

4.2

4.0

MD+MD»‘ =

3.8

2Mp

3.6

3.4

3.2

3.0

THE UNIVERSITY OF

WARWICK

arXiv:1403.1254

| W(49S1)
e | waes,) (SO
'I-:maem
Xc2(33F’2)|
Xe1(3%P1)
-
| X(4160) | w(2=D) |
[ ne(@'S0) | W(3°S1) _
V(015) [xca(2°P)]
- 23p
,,,,,,,,,,,,,,,,,,,,,,, e
P(238,) |
l’]a’(21So)
Xe2(13P2)
e
-
established cc states
predicted, undiscovered
3
neutral XYZ mesons
" (] | enaroea xvz meso |
0O+ 1-—-— 1+ O++ 1++ 2++
JF’C

Michal Kreps — Hadron spectroscopy at LHCb


http://arxiv.org/abs/arXiv:1403.1254

7,(4430)" history WARWICK
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m Seen by Belle, but not | % % L
Babar g T J .' ! T .. '.. ..6"
- .-9 ... '..'..:...1.‘ X
m Data consistent &
o
a Charged state

— Cannot be cc 4.8

m Latest Belle result uses 4D

analysis
m Is it real and if yes, is it resonance?
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Babar L e o
m Data consistent S O§+++T++“+++HW#ﬁulﬁmmu H H*m +u+
m Charged state = o H M +
_ -20 ' :
m Latest Belle result uses 4D Myzsy (GeVIC)
analysis

m Is it real and if yes, is it resonance?
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Data sample WARWICK

m Use B — ¢(25)Kr decays
m Large statistics (> 25k), about 10 times what B-factories had
m Very clean signal, background 4% of events (about 8% at

B-factories)
m Perform both model-independent analysis (BABAR) and amplitude

fit (Belle)

Only 2 out of 4 dimensions

- K*(892) Kj}(1430)
= 1800 S < = el M
= 1600 3fb~! 38 2F ETSht 3
- [ ]
¢ 1400 = “t -0 " . ~
2 1200 20 I =
£ 1000 19 Sl REE g
O e B = -
800 18 -..".EI:_: S
=t
600 . i | 1 =
400
200 sideband sideband 16 I B
' E et LHCb N
. L L — M e S I . o
5250 5300 0.5 1 1.5 2 2.5 S
My MEV] m2. [GeV?]

4 04 Aug 2014 Michal Kreps — Hadron spectroscopy at LHCb


http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.222002

THE UNIVERSITY OF

Amplitude analysis WARWICK

Yy

m Full 4D amplitude analysis Rotation between
a Amplitude helicity f%es
2

IMPP= "D Ao (Qmoe Tor) + Y AZ’Ai(QZ]mOZ, Doy )ettue

A | Ay K 2z

m Mass described by relativistic Breit-Wigner
m Angular part using helicity formalism
m Imposes model how invariant mass distribution should look like
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m Look to cos(fk) in bins
of K'm mass

a Allows to find out which
spins contribute

1
Z — P(cos Ok;)
— €

mZ,; [GeV7]
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m Take only moments
corresponding to J < 2

@ [est whether contributions in K7 a Construct Dalitz plot

system can describe data and project on ¥(25)m
m Do not impose specific model for i

resonances
— Model independent test
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m Clearly, pure kaon resonances cannot explain M (1(2S)m) spectrum
m Understanding details difficult

m Resonances in ¢ (2S5)m will contribute to K7 and its moments
m Any fit to ¥ (25)m on top of reflections neglects interference
between two axes
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Mg [GeV7] Mg [GeV7]
Resonance JY Likely n*> Tt Mass (MeV) Width (MeV) B(K*O — KTx ™) —-€@- data
K; (800)° (k) O — 682 £ 29 547 £ 24 ~ 100% .
K*(892)° 1~ 135, 895.94 + 0.26 48.7 & 0.7 ~ 100% = total fit
Ks(1430)° o 13 Py 1425 £ 50 270 + 80 (93 + 10)% K*(892)
K (1410)° 1™ 235, 1414 £ 15 232421 (6.6 + 1.3)%
Ky (1430)° 27 13p, 1432.4 + 1.3 109 + 5 (49.9 + 1.2)% " a.
BY — ¥ (2S)K T~ phase space limit 1593 K* S-wave
K (1680)° 1~ 13D, 1717 £ 27 322 4+ 110 (38.7 + 2.5)% K,(1430)
K3 (1780)° 3~ 13D, 1776 + 7 159 + 21 (18.8 + 1.0)%
K3 (1950)° ot 23 P, 1945 +22 201 + 78 (52 + 14)% b?ckground
K, (2045)°  4* 13F, 2045+9 198 + 30 (9.9 + 1.2)% K (1680)
BY — J/ib KT~ phase space limit 2183 *
K> (2380)° 5 1365 2382+ 9 178 + 32 6.1+ 1.2)% K (1410)
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K; (800)° (k) O — 682 + 29 547 + 24 ~ 100% .
K*(892)° 1~ 3(])&' 895.94 + 0.26 48.7 & 0.7 ~ 100% = total fit
Ks(1430)° o @@0 1425 £ 50 270 + 80 (93 + 10)% i
Ki(1410° 17 DV23s; 1414 + 15 232+ 21 (6.6 & 1.3)% K (892)
K5 (1430)° 13p 1432.4 + 1.3 109 + 5 (49.9 + 1.2)% K* S
5 - — -wave
B* — AN phase space limit 1593 *
K (168080 1~ 13D, 1717 £ 27 322 4+ 110 (38.7 + 2.5)% K,(1430)
K3 (1780)° 3~ 13D, 1776 + 7 159 + 21 (18.8 + 1.0)%
K3 (1950)° ot 23 P, 1945 +22 201 + 78 (52 + 14)% b?ckground
K, (2045)°  4* 13F, 2045+9 198 + 30 (9.9 + 1.2)% K (1680)
BY — J/ib KT~ phase space limit 2183 *
K> (2380)° 5 1365 2382+ 9 178 + 32 6.1+ 1.2)% K (1410)
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% 1004
§ § M(Z) 4475 & 7132 MeV
= £ soq 0Z) 172+ 13+ MeV
N fz 5.9 =+ 0. 9+1 5 0
= fy 167i16+26‘y
— I P e SOBBEE eI . . e
g T, = = 5 : Significance >~ 13.90

Mg [GeV7]

m Data are described well with 17 Z(4430)" contribution
(x* p-value 12%)

m Parameters extracted consistent with Belle

m Large interference effects seen

m Adding additional K* resonances to model does not alter

conclusion
[ AZ(Q)dD 1 S Awz(Q)d0
/2= [ A(Q)dD Jz=1- [ A(Q)dD
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7,(4430)" spin WARWICK

< 300—————————— —
P LHCb  : . .
N 5 20K Simulated E Hypothesis Rejection
N 5 200F Tog Data 3 0 07c
- . _
8 o 150 _ -] 1 15.80
TP Sxperments : I
— 8 100F For = 2 16.10
N r . .
S jj E 2 1460
| C 3
Q: 0' . L L ] . L L | . . . ] .
ol -200 0 200 400

A(2InL)
m As we use full kinematic information, we have sensitivity to quantum
numbers

m lest spins 0,1 and 2 with both parities

m Based on likelihood ratio

® Quote exclusion based on asymptotic formula (lower bound)
m Verified by simulation

m All rejections relative to 17

m 7(4430)" is 1T state without any doubts
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Is Z(4430)" resonance? WARWICK

g180 5 16 1

§140 ( 12 °°°°°°°°° m% — m2 — ZmRF(m, FR)

%100 ; ’g 8 ] ]

£ w £ m Data are consistent with BW for
2 \\ / 7(4430)*

a But will they follow if BW is not

9.63.84.04.24.44.64.85.0 28 6 4 -2 0 2 4 6 8

(cey] retme) imposed?

w Change BW in Z(4430)"
amplitude to 6 complex numbers
in 6 M(y(25)m) bins

m Plot resulting amplitude on
Argand plot
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Is Z(4430)" resonance? WARWICK
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96 33 a0 4.2 44 46 48 50 28 6 -4 —2 0 2 4 6 8

foel rear) imposed?
m Change BW in 7(4430)"

phase [deg

% amplitude to 6 complex numbers
N in 6 M(y(25)m) bins

= m Plot resulting amplitude on
S Argand plot

o — It shows resonance behaviour
- _ | without imposing it

o o6ty b1y

al -0.6 -0.4 -0.2 0 0.2

Re AZ
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Second Z™ state WARWICK

PRL 112 (2014) 222002

13

>

E | M(Z) 4239+ 18%% Mev

= s T'(Z) 220 + 47+1%8 MeV

g ] 2 1.6+ 0.5719 %

: 1 fh 2.4 + 1.131); %
Significance 6o

-=-‘=-¢-$‘ -

oL T e S TNG. TSt

16 18 20 22
Mg [GeV]

m Data can be described even better by adding second ¢(2S5)m state
a On its own, it is significant
m Preferred 0~ (but 660 + 150 MeV wide 17 option cannot be ruled out)

m Argand diagram is inconclusive
m No evidence in model-independent approach
a Will need more data to clarify situation
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D.j spectroscopy

3200
% 2800

2
_ 22400

m Lowest lying D, and §
D7 well established 2000

m D,(2536), D*,(2573)

reasonably studied, 1600

“narrow’” L = 1 states
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m D¥(2317) and Dy;(2460) interpreted as “wide” L = 1 states,

lower than expected

m States with unnatural spin parity (J

decay to DK
m D (2700),
in inclusive production

14 04 Aug 2014
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) cannot

*,(2860) and D,;(3040) seen by Babar and LHCb
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B, — D K~ 77* decay WARWICK

5200 5400 75600 5800
m(D K™ 71") [MeV/c?]
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= 2000 . Data 1 =
= : {1 »
8 - Full fit 1 3
& 1500 §{ Bs signal E ?',—.
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% : i) B . DKn i ;<
@) - B _ DV 1 <
500_— : . A 5(*)07T7T ] z

- o : b — pr i
e <
Ny
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@ Decay B, — D K7t allows to study D, states in DK~
m Clean sample of about 11k signal decay (87% purity)
m Dalitz plot analysis allows to access also spin
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(Square) Dalitz plot WARWICK
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Contributions in DK~ and K7t

D7 would decay to D°7", so would contribute only through
doubly Cabibbo suppressed D° decay

As most activity in corners and around boundary, transform to

square Dalitz plot
m' is effectively m(DK) and " is the DK helicity angle

B- —_
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Dalitz model WARWICK

Resonance Spin  Dalitz plot axis Model Parameters ( MeV/c?)
K*(892)° 1 m2(K-77)  RBW mg = 895.81 £ 0.19, Ty = 47.4 £ 0.6
K*(1410)° 1 m2(K—nt)  RBW  mg = 1414 + 15, [y = 232 + 21
K} (1430)° 0 m?(K ) LASS Parameters floated
K3%(1430)° 2 m2(K ™) RBW  mg=14324413, Ty =10945
K*(1680)° 1 m?(K—m™) RBW  mgy = 1717 £27, Ty = 322 £ 110
K%(1950)° 0 m2(K-7t)  RBW  mg = 1945 4 22, Ty = 201 = 90
Dz, (2573)~ 2 m?(DYK ™) RBW Parameters floated
D*,(2700)~ 1 m?2(D°K ~) RBW mo = 2709 £ 4, I’y = 117 £ 13
Dz ,(2860)~ ? m?(D°K ™) RBW Parameters floated
Multiple spin hypotheses tested
Nonresonant m?(DYK ) EFF Parameters floated
D 1 m?(D'K~)  RBW mo = 2112.3 £0.5
D7, (2317)~ 0 m?(D°K~)  RBW mo = 2317.8 £ 0.6
Bt 1 m?(DOx ) RBW mo = 5325.2 + 0.4

RBW = Relativistic Breit-Wigner, LASS = LASS Km S-wave parameterisation, EFF = exponential form factor
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Dalitz plot fit
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Dalitz plot fit
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Dalitz plot fit
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Helicity angle pro;ectlons WARWICK

m(K ™) [GeV/d] cos B(K 1t

m Angular distribution depends on spin of the resonance
m Spin 1: cos? 0
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Helicity angle projections WARWICK
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->§ m Angular distribution depends on spin of the resonance

m Spin 1: cos? 0
a Spin 0: Flat

m Spin 2: (£ cos* 0 — 5)2
m Spin 3: (——cos@ + 2 cos® )?
m Spin of Dy (2573) determlned as 2 for the first time
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2860 MeV region
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-0.5 0 0.5 1

cos8(DK")

Spin hypothesis ANLL +2ANLL

Masses and widths

1+3 0 —

0 141.0 16.8 2862 57

0+1 113.2 15.0 2446* 250 2855 96
0+2 155.1 17.6 2870 61 2569* 17
0+3 105.1 14.5 2415* 188 2860 52
1 156.8 17.7 2866 92

1+2 138.6 16.6 2851 99  3134*% 174
2 287.9 24.0 3243* 81

2 365.5 27.0 2569* 17

2+3 131.2 16.2 2878 12 2860 56
3 136.5 16.5 2860 57
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Results WARWICK

m Best measurement of mass and width of D*,(2573)
Uncertainties are statistical, systematic and Dalitz model

m(D%,(2573)7) = 2568.39 & 0.29 £+ 0.19 =+ 0.18 MeV/c?
[(D%(2573)7) = 16.9+0.5 £ 0.4 £ 0.4 MeV/c?

m Some tension with world average

m Confirm spin 2 for D*,(2573)
m With high significance, peak at m(DK) =~ 2860 MeV is due to two

resonance with spins 1 and 3
m(D*(2860)7) = 2859 £ 12 £ 6 £ 23 MeV/c?

(D (2860)7) = 159 4= 23 4 27 4 72 MeV/c?
m(D%(2860)7) = 2860.54 2.6 + 2.5 £ 6.0 MeV/c?
['(D*(2860)") = 534+ 7+4+6MeV/c
m Measured also branching fractions of B, to several intermediate state,
see backup or arXiv:1407.7574,arXiv:1407.7712
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PRL 113 (2014) 032001 m Mass of the =) difficult to measure as high

S LHeb T branching fraction decays are difficult to
cwn- 3 fp! ﬁ = reconstruct
§ | - moom m At LHCb, data sample allows to exploit
Ezoo more suppressed decays
m Here, we use =) — =7~ with =F —
pK~mt
PO TR B N Mevie] m Have about 3800 signal decays
a Mass measured
A o M (Z?) = 5791.80+0.39+0.17+0.26 MeV
200 \ Il combinatora m In the process we exploit also large sample
E ‘ of =. baryons to measure
S i M(ZF) = 2467.97+0.14+0.10+0.14 MeV
m [he most precise measurements

2440 2460 2480 2500

) [ Uncertainties: statistical, systematic, A/, mass
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Conclusions WARWICK

m 7 (4430)" from Belle confirmed and J* = 11 without any doubts

m From Argand plot, resonance character of Z(4430)" is demonstrated

m Charge and quantum numbers rule out conventional explanations

m Confirm spin of D*,(2573)

@ Demonstrated that peak around 2860 MeV is due to two states
D7,(2860) and D7;(2860)

m Measured mass and width of D?,(2573), D?,(2860) and D?,(2860)

a Amplitude analyses of exclusive B decays good systems for study of
charm spectroscopy

a At LHCb, we are effectively only at the beginning of the program

@ Much more is possible and much more will come
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LHCb detector WARWICK

m Good mass resolution

a Good time resolution

m High trigger rate on c
and b

a Uniform running
conditions

LHCb Integrated Luminosity pp collisions 2010-2012
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LHCb detector WARWICK

m Good mass resolution

m Good time resolution

m High trigger rate on c
and b

a Uniform running
conditions
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Dalitz plot slices WARWICK
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Amplitude analysis WARWICK

2

AN,

IMPP =D A (Qmor. Tor) + Y Azxz (%|moz, Dog)e' ™
)\w k )\i

LB

R(m|mpg, Tg)FLr (p—R)LRﬂm

=
Blatt- Welsskopf form factor \ Angular distribution (Helicity)

Orbital momentum part

Ak/\w(Q]mR,FR) FLB (pB

1
m% —m? —imgl'(m, ['g)

2Lpr+1 m
[(m,Tr) =Tx (p—R) TR 2
PRo m

R(m|mpg,T'g) =

27 04 Aug 2014 Michal Kreps — Hadron spectroscopy at LHCb



Excitement?

THE UNIVERSITY OF

WARWICK

\

KRODERLE

CE/RW LHCb conﬁrms eXIstence of EXOtIC How CERN'’s Discovery of Exotic Particles May Affect
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X (3872) enigma

PRL 91, 262001

PRL 98, 132002
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m Discovered in 2003 by Belle

m Huge number of results available
@ Quantum numbers J¥¢ = 1+
m Nature of X (3872) still unclear
m loday radiative decays

X(3872)
e data points

acc. corrected

prediction for
++
o OP-
1s
++
— ]_p
—2"
p
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X (3872) — (2S)y

a \We measure

B(X(3872) — 1(25)7)
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WARWICK

R —

B(X(3872) — J/i~y)

= 2.46 = 0.64 = 0.29

m Compare to theory for different interpretations

m Clear inconsistency with pure molecule
m Pure cc or mixture of molecule with c¢ possible

. BaBar 2009

Belle 2011
[

LHCb Preliminary

prediction for pure DD* model

LSS S S S S ST S LSS IS LSS S S S S S S

... predictions for pure cc state

| predlctlons for admixture of cc and DD*
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B. — D K 7" efficiency, bg

arXiv:1407.7574,arXiv:1407.7712
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D¢y spin

Entries

33

m Verify the significance of having two states around 2.86 GeV by

simulations

m Generate samples with only single resonance
m Compare likelihood ratios on data to distribution from generated

experiments

m In data we have 2ANLL of 313.6 and 273

10% E

10 E

Entries
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B. 5D K 7" BFs
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Resonance R

Product branching fraction
(107°)

Branching fraction
(10~7)

K (892)° 28.6+0.6+074+09+42 420+0.09+0.114+0.14+0.63
K (1410)° 17+05+02+14+02 3.86+1.14+0.45-+3.18+0.89
LASS nonresonant  13.7+25+15+41+20 2.06+0.38+0.23+0.6240.30
K, (1430)° 200+1.6+07+334+29 3.00-£0.24+0.1140.50+0.44
LASS total 2144+14+10+47+31 3214+0.21+0.15+0.71+0.47
K,(1430) 37+06+04+1.1+05 1.114+0.1840.12+0.334+0.15
K (1680)° < 2.0 (2.4) < 0.78 (0.93)
K,(1950)° < 3.7 (4.1) < 1.1 (1.2)
K5(1780)° < 0.33 (0.38) < 0.26 (0.30)
K,(2045)° < 0.21 (0.24) < 0.31 (0.36)
D*,(2573)~ 2574+07+08+1.1+3.8
D*,(2700)~ 1.6+0.44+04+05+0.2
Dj‘;l(2860) 50+1.2+0.7+3.34+0.7
D*,(2860)~ 22+0.1+03+04+0.3

arXiv:1407.7574,arXiv:1407.7712
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