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@ Wide range of heavy quark spectroscopy analyses
performed at LHCb
@ Talk will focus on most recent results

e Search for =;* resonances

e pp spectroscopy using B+ — ppK* decays EID

e D7 spectroscopy in inclusive D*K

e D° spectroscopy from B~ — D*n~ 7~ decays (EID

@ All results based on analyses of full Run | dataset (3 fb‘1)
@ Exotics covered in a separate talk (Giovanni — up next)
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The LHCb Detector

@ Instrumentation
in the forward
region
(2<n<b)

@ Excellent vertex
reconstruction

@ Precise tracking
before and after
magnet

@ Good PID
separation up to
~ 100GeV/c

Int. J. Mod. Phys. A 30 (2015) 1530022
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E**O resonances JHEP 05 (2016) 161

@ =, baryons contain a heavy
quark (b,c), a strange quark (s)

o ompe g and another light quark (u,d)

SU(8) flavour multiplets of singly-heavy
baryons. Q denotes the heavy flavour,
a + n denotes the baryon’s charge.

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 3



E**O resonances JHEP 05 (2016) 161

@ =, baryons contain a heavy
quark (b,c), a strange quark (s)
o ompt A and another light quark (u,d

@ =) ground state has J” = 1",

b(su): 1 (14)

SU(8) flavour multiplets of singly-heavy
baryons. Q denotes the heavy flavour,
a + n denotes the baryon’s charge.
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E**O resonances JHEP 05 (2016) 161

@ =, baryons contain a heavy
quark (b,c), a strange quark (s)
o ompt A and another light quark (u,d

@ =) ground state has J” = 1",

b(su): 1 (11)
@ =P hasJP = 1", b(su): | (17)

SU(8) flavour multiplets of singly-heavy
baryons. Q denotes the heavy flavour,
a + n denotes the baryon’s charge.

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 3



=+0 rasonances

JHEP 05 (2016) 161

@ =, baryons contain a heavy

quark (b,c), a strange quark (s)
o ompt A and another light quark (u,d

=9 ground state has JP = 1"

bsu): 1 (1) 2

@ =V has JF =

, b(su): L (1)
» b(su): 1 (11)

1+
2
@ =hasJP=2"
SU(8) flavour multiplets of singly-heavy 2
baryons. Q denotes the heavy flavour,

a + n denotes the baryon’s charge.
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E**O resonances JHEP 05 (2016) 161

@ =, baryons contain a heavy

quark (b,c), a strange quark (s)

o ompt A and another light quark (u,d
@ =) ground state has J” = 1",

b(su): 1 (14)

@ = has JP = %+, b(su): | (1)
@ =%has JP = 2", b(su):
SU(8) flavour multiplets of singly-heavy b Nas 2 (Su) T (TT)

baryons. Q denotes the heavy flavour, @ =30 — = 7+ seen by CMS (left)
) —b —b
a + n denotes the baryon’s charge.

© =P~ =, not seen

@ assumed below threshold

10 20 S0 40
MQI=T0) - MOIE) - M) (MeV]
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E**O resonances JHEP 05 (2016) 161

@ =, baryons contain a heavy

quark (b,c), a strange quark (s)

o ompt A and another light quark (u,d
@ =) ground state has J” = 1",

b(su): 1 (14)

@ =V has JF =

, b(su): L (1)

@ =%hasJP =27, b(su): 1
SU(8) flavour multiplets of singly-heavy b ( ) (TT)
baryons. Q denotes the heavy flavour, @ =30 — = 7+ seen by CMS (left)
a + n denotes the baryon’s charge.

® =P~ =, notseen

@ assumed below threshold

1+
2
3+
2

@ Analogous states in ="~ both
seen to decay to =97~ by LHCb
(right)

Entries per 0.45 MeV/c?

020 30 %0
MOWET) - MOIE) - M) (MeV] am [Mev/c]
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E**O resonances JHEP 05 (2016) 161

@ =, baryons contain a heavy
quark (b,c), a strange quark (s)
o ompt A and another light quark (u,d

@ =) ground state has J” = 1",

b(su): 1 (14)

@ =V has JF =

, b(su): L (1)

, b(su): T
SU(8) flavour multiplets of singly-heavy ( ) (TT)
baryons. Q denotes the heavy flavour, @ =30 — = 7+ seen by CMS (left)
) —b —b
a + n denotes the baryon’s charge.

® =P~ =, notseen

@ assumed below threshold

1+

2
=0 p_ 37t

@ ="has J" =3

@ Analogous states in ="~ both
seen to decay to =97~ by LHCb

(right)
@ Search for =;*0 — =, 7+
performed at LHCb
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@ =, candidates reconstructed from
=, = =977, =3 = pK~K~n* decay
chain
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=+0 resonances

% prs { LHCb
2 =
- , i w0 "
° =, candldates reconstructed from 2% ’
=, - =%, Z0 » pK~ K~ 7" decay " w -
~b - 1 =c y 50 RPN VL e
chain B -
Meaa(ED) [MeV/cg
® Pure samples of = (top) and =, == ARV
(middle) mesons obtained S ++**+ 3
120 E|
_E}' 100F # ﬂ E
S 80F E
& w; : &Q 3
g ‘“”.’w&. UM ‘ ",“ “A WfM‘:
s - m(—b) [MeV/C’J
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=+0 resonances

{ LHCb

%
3“0 f
g @ t
° Eg candidates reconstructed from 2% N
=, > =01, =0 - pK~K~n" decay "= -
_b —C I _C y © \.-.:" s R
chain w70 o
—o _ e
@ Pure samples of =; (top) and =, i3 T
(middle) mesons obtained S +tt*t :
E}_1.2\)7 E|
@ =, combined with 7+ to give =;° £ i 3
. w60 |
candidates (bottom) B, o %‘m 3
L A\\«eﬁ\-
= e car‘(,(_,@,) [Mev/c?]00
b 1oF T T 3
3 ot | LHCb |
Em: t JO
2t ¥ e
T e
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=+0 resonances

: s { LHCh
2 350
3 t
° =, candidates reconstructed from 2% ‘
— O K K + d w 150 0’ 4
=p =T, —c — P m aecay o o0
chain B S
Meaa(ED) [MeV/cg
@ Pure samples of = (top) and =, o o T
(middle) mesons obtained %ﬁi :**t 3
@ =, combined with 7+ to give =;° ? o i 3
. w 60F 4 |
candidates (bottom) Bomed M
@ Estimate combinatorial background N
from. wrong-sign” =, g e T e
candidates 2 wof f
g +rs
] e
E i
20E by ¥ e,
T e
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=+0 resonances

{ LHCb

o !
g @ H
° Eg candidates reconstructed from 2% ‘
= —=0 — pK~ K~ 7t decay " i o
=p =T =2—p m y = o e
chain B S
Meaa(ED) [MeV/cg
® Pure samples of = (top) and =, == T
(middle) mesons obtained S +tt*t :
@ =, combined with 7+ to give =;° £ i 3
. w60 4 |
candidates (bottom) b Wi W *‘“A»,W,Mf
@ Estimate combinatorial background N
from. wrong-sign” =, T
candidates i i | ]
@ Single peak seen in “right-sign” data £ « ™
S ¥ e
T e
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=+0 resonances

@ Mass and width obtained from a
fit to data

@ Signal shape inconsistent with a
natural width of zero

@ not well described by resolution
effects alone

@ Confirms observation by CMS e M i

10 20 aoam [Mé:)//cz]
@ Improved measurement of mass
and first measurement of width

Entries per 0.45 MeV/c?

m(Z%) — m(Z,) — m(zx*) = 15.727 + 0.068(stat.) + 0.023(syst.) MeV/c
M=) = 0.90 + 0.16(stat.) + 0.08(syst.) MeV .
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=+0 resonances

— Full fit
— o -

Entries per 5 MeV/c?

@ Measure production rate relative
to =,
"""" G @ Common selection for inclusive
5900 6000 .
m(E) [Mevre? and exclusive modes to reduce

‘ systematic uncertainties

@ Ratio extracted from fits to both
modes (left)

Entries per 0.45 MeV/c?

o 10 20 Ej )
m [Mev/cY

o(pp—Z0X)xB(E0—Z, 7 t)
o(pp—=, X)

= 0.28 £ 0.03(stat.) £ 0.01(syst.)

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 6



Wie(2S) - pp D G

@ Onia an excellent
environment to test QCD
@ Study of charmonium
decays to pp at LHCb
@ Performed using large
clean sample of
Bt — ppK™ decays
@ Exclusive study offers o T
better control of ‘

T

+ Data

— Total

<. Signdl

. Comb. bkg
Part. rec. bkg

-.- Mis. bkg

Candidates/(5 MeV)

background and resolution g g

effects 3

. § F

@ Fit performed to i3
background-subtracted pp L . - 1l
invariant mass (bottom) Mo 1)

e weights obtained from fit
to m(ppK™) (top)
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arXiv:1607.06446

@ Known contributions from 7¢(1S), J/1, xc0, xc1 @and ¥(2S)
@ Search for n¢(2S), ¢(3770) and X(3872)

Candidates/(6.0 MeV)
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arXiv:1607.06446

@ Known contributions from 7¢(1S), J/1, xc0, xc1 @and ¥(2S)
@ Search for n¢(2S), ¢(3770) and X(3872)

Candidates/(6.0 MeV)

@ First observation of n¢(2S) — pp
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arXiv:1607.06446

@ Known contributions from 7¢(1S), J/1, xc0, xc1 @and ¥(2S)
@ Search for n¢(2S), ¢(3770) and X(3872)

g

Candidates/(6.0 MeV)
2 g
-

o
S

-

@ First observation of n¢(2S) — pp
@ Limits set on ¢/(3770) and X(3872)
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Wie(2S) - pp D G

@ Product branching fractions measured relative to J/1»

© Ry — B(BT—[ct]K ") x B([cT]—pp)
[cC] = BBT=Jp K+)xB(Jp —pp)

@ Also measure masses of n. resonances relative to
corresponding ) resonances and width of 7¢(1S)

Royezs) = (1.58 4 0.33(stat.) +0.09(syst.)) x 1072,
Rw(377o) < 9(1 O) X 1072 s
0.20(0.25) x 1072,

A

Rx(3s72)

at the 90 % (95 %) confidence level

m(Jfp) — m(ne(18)) 110.2 + 0.5(stat.)  0.9(syst.) MeV/c?
m(4(28)) — m(ne(2S)) 52.5 + 1.7(stat.) & 0.6(syst.) MeV/c?,
I(nc(1S)) = 34.0 £ 1.9(stat.) £ 1.3(syst.) MeV
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DZ Spectroscopy

@ Meson spectroscopy tests _ s,
refine models of QCD

23/08/2016

Daniel Craik

JHEP 02 (2016) 133

theory predictions from PRD 89 (2014) 074023

o
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2400F
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JP =

13) SS1 3F"o Py 3F’z 3Dl D, 3D3 3Fz Fs 3F4
0~ 1~ 0" 1+ 2F 1= 2= 37 2t 3 4+
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DZ Spectroscopy

@ Meson spectroscopy tests _ s,
3200
3000F
2800
2600

refine models of QCD
@ DS mesons particularly

o

=

3

<

ass (M

interesting with one heavy =

and one light quark
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JHEP 02 (2016) 133

theory predictions from PRD 89 (2014) 074023

2400

2200
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1600

JP =

13) SS1 3F"o Py 3F’z 3Dl D, 3D3 3Fz Fs 3F4
0~ 1~ 0" 1+ 2F 1= 2= 37 2t 3 4+
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DZ Spectroscopy JHEP 02 (2016) 133

theory predictions from PRD 89 (2014) 074023

@ Meson spectroscopy tests _ siwo—— R
refine models of QCD S 3200 — ]

E G000/ — E

@ DS mesons particularly B20E — E
. . . s 2600;— —— —
interesting with one heavy =, —— 3
and one light quark 2008 __ ;
2000 =— E

@ Unexpected large mass 1800F- E

splitting seen betweenthe 5 5 % 7 = o0, o, & *

1P states @ G JP= 07170t 1t 2t 172737 2t 3t 4F
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DZ Spectroscopy JHEP 02 (2016) 133

theory predictions from PRD 89 (2014) 074023

@ Meson spectroscopy tests _ siwo—— R
refine models of QCD S 3200 — ]

E SO0/ — E

@ DS mesons particularly B20E — E
. . . s 2600;— —— —
interesting with one heavy =, —— 3
and one light quark 2008 __ ;
2000 =— E

@ Unexpected large mass 1800F- E

splitting seen betweenthe 5 5 % 7 = o0, », & *

@ Two states recently
observed by LHCb
considered two of the four

1D states (EATIEEIEID
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DZ Spectroscopy JHEP 02 (2016) 133

theory predictions from PRD 89 (2014) 074023

@ Meson spectroscopy tests _ siwo—— R
refine models of QCD S 3200 — e

T . \Z‘i 3000:— = 7 E

@ Dg mesons particularly g 2o R 3
. . . 2600F —— =
interesting with one heavy =, f -~ —— E
and one light quark 2008 __ g
2000 =— E

@ Unexpected large mass 1800F- E

splitting seen betweenthe 5 5 % 7 = o0, o, & *
@ Two states recently

observed by LHCb

considered two of the four

1D states (EATIEEIEID

@ At least three more states
expected up to 3 GeV/c?

o all with unnatural J?
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D¢ Spectroscopy JHEP 02 (2016) 133

@ Inclusive analysis of pp — D**K9X and D*°K* X decays
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D¢ Spectroscopy JHEP 02 (2016) 133

@ Inclusive analysis of pp — D**K9X and D*°K* X decays
@ Use D*t — DOzt DO — K==t (shown) or K~ ntatn—
and D*0 — D70 D° — Kzt decay chains
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D¢ Spectroscopy JHEP 02 (2016) 133

@ Inclusive analysis of pp — D**K9X and D*°K* X decays

@ Use D*t — DOzt DO — K==t (shown) or K~ ntatn—
and D*0 — D70 D° — Kzt decay chains

@ Builds on previous analyses of D°K*
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D¢ Spectroscopy

@ Inclusive analysis of pp — D**K9X and D*°K* X decays

@ Use D*t — DOzt DO — K==t (shown) or K~ ntatn—
and D* — DO7% D® — K—z* decay chains

@ Builds on previous analyses of DOK+

@ Access to natural (NP) and unnatural (UP) spin-parities
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D¢ Spectroscopy

@ Inclusive analysis of pp — D**K9X and D*°K* X decays

@ Use D*t — DOzt DO — K==t (shown) or K~ ntatn—
and D* — DO7% D® — K—z* decay chains

@ Builds on previous analyses of DOK+

@ Access to natural (NP) and unnatural (UP) spin-parities

@ Plots show (a) |cos fy| < 0.5 and (b) > 0.5 to emphasise
NP and UP components
e Resonant contributions seen due to Ds1(2536) 7,
D:,(2573)", D%, (2700)* and D%,(2860)* resonances

T
LHCb

@

camidag/ (8Mev)

Candidates/ (8 MeV)
g
8

g

A L L L L L e L L L
2600 2800 3000 3200 3400 2600 2800 3000 3200 3400
m(D"K:)[MeV] m(D"KZ) [Mev]
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D¢ Spectroscopy

@ Inclusive analysis of pp — D**K9X and D*°K* X decays

@ Use D*t — DOzt DO — K==t (shown) or K~ ntatn—
and D* — DO7% D® — K—z* decay chains

@ Builds on previous analyses of DOK+

@ Access to natural (NP) and unnatural (UP) spin-parities

@ Plots show (a) |cos fy| < 0.5 and (b) > 0.5 to emphasise
NP and UP components

e Resonant contributions seen due to Ds1(2536) 7,
D, (2573)", D%, (2700)* and D%,(2860)* resonances
e Weak evidence for structure around 3 GeV/ c?

ev)

T
LHCb

@

camidag/ &M

Candidates/ (8 MeV)
g
8

g

A L L L L L e L L L
2600 2800 3000 3200 3400 2600 2800 3000 3200 3400
m(D"K:)[MeV] m(D"KZ) [Mev]
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DZ Spectroscopy JHEP 02 (2016) 133

@ NP and UP resonances identified by helicity angle
distribution of D* decay
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DZ Spectroscopy JHEP 02 (2016) 133

@ NP and UP resonances identified by helicity angle
distribution of D* decay

@ NP resonances follow sin® 6 distribution
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D¢ Spectroscopy JHEP 02 (2016) 133

@ NP and UP resonances identified by helicity angle
distribution of D* decay

@ NP resonances follow sin® 6 distribution
@ UP resonances follow 1 + hcos? 0y
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D¢ Spectroscopy

@ NP and UP resonances identified by helicity angle
distribution of D* decay

@ NP resonances follow sin® 6 distribution
@ UP resonances follow 1 + hcos? 0y

@ Expected background-subtracted distributions seen for
(a—c) D%,(2700)", D;;(2860)* and Ds,(3040)"

) 6000 T T T - 1000, T T T = 2500 T L"_icb
900

Lo + ¥ + EM;{, (9 Dy(3040)
3 4000 s ™ — E
s /4( ﬁ i3 $+ jr+%\ 1500 \ +

20000 / LHCb —% E ol / 1000F

/@ N T e ] S

A + A oy + N o L

| | | | .
-1 -05 0 05 1 -1 05 0 05 1 - -0 X
cosfy cosf,, cosf,,
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D¢ Spectroscopy

@ NP and UP resonances identified by helicity angle
distribution of D* decay

@ NP resonances follow sin® 6 distribution

@ UP resonances follow 1 + hcos? 0y

@ Expected background-subtracted distributions seen for
(a—c) D%,(2700)", D;;(2860)* and Ds,(3040)"

@ Data consistent with additional UP contribution in
2.86 GeV/c2 region

~ 1000
1500~
- ﬁt ﬁ%ﬁxﬂ \
20005 / LHCb \ e 10007 \
/ D(2700, LHCb
1000/ 4 @ \f + (b) D(2860) A\ i ~

100|
i , , . I o , | . .
-1 -05 0 05 1 -1 05 0 05 1 -1 -05 0 05 1

cosfy cosf,, cosf,,

dN/d(cos6,)
g
+
)
O -
g
g8

dN/d(cos6,,

£88388

dN/d(oose

g8

o
‘.

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 12



D¢ Spectroscopy

@ First observation of D%,(2573)* — D** K decay

@ Branching ratio relative to D},(2573)" — D" K? measured
to be
B(Dz,(2573)" — D**K?)
B(D:,(2573)" — DTK?)

= 0.044+0.005 (stat.)+0.011 (syst.)
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D° Spectroscopy

theory predictions from PRD 93 (2016) 034035
3400 ]

UL R E— |

w
g
|
~|

|
|

@ D° spectrum similar to Dy

T

2000F = E
1800 3
1600

13) 351 3Po Py 3F’z 3D1 D, SDa an Fs 3F4
JP= o717 ot 1t 2t 1= 2737 2F 3t 4+

/ \
\ ! \ !
~ - ~ -
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D° Spectroscopy

& 3400F
. - 2wk
= |1 @ D" spectrum similar to Dy 2 swof=————

S = . . . B 2800F = —
= |4 @ Previously studied in §zeoo' - ]
) eter - DWFr~Xand mop == E
= [ pp— DMt~ Xinclusive  af — E
= B 1800 3
o decays. - .

1600

IS) 3% 3Po Py 3F’z 3Dl D, SDa 3Fz Fs 3F4
JP= o717 ot 1t 2t 1= 2737 2F 3t 4+
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D° Spectroscopy

& 3400F
. - 2wk
= |1 @ D" spectrum similar to Dy 2 swof=————

= o . . . VZBOO-_ —— =
= |4 @ Previously studied in §m- - ]
) eter - DWFr~Xand mop = E
= [ pp— DMt~ Xinclusive  af — E
- B 1800 3
o decays.
1600 IS) 3% 3Po Py 3F’z 3Dl D, SDa 3Fz s 3F4
@ May also be compared P e 1m0t 1t ot 1~ 25t 3 4

against D" spectroscopy
results

PRD 92 (2015) 012012

o
=3
=1
I3
)
S
o)
=
=y
g
o
-3
[a]
o
o

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb



PRD 82 (2010) 111101

o
=3
=1
I3
)
S
o)
-
=y
g
o
-3
[a]
o
o

JHEP 09 (2013) 145

o
o
«
=
=y
o
=
o
g
o
=
=]
o
a

o D° spectrum similar to D & swof=————

@ Previously studied in 4 ol — ;
ete” — Dt X and e = E
pp — D&+r=Xinclusive  aof — E
decays. oost S S

. . E
s %, ", P %p, D, D, D, F, Fs R,

@ May also be compared P e 1m0t 1t ot 1~ 25t 3 4

against D" spectroscopy
results

@ A number of claimed
states have unknown J*
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D° Spectroscopy

& 3400F
. - 2wk
= |1 @ D" spectrum similar to Dy 2 swof=————

S = . . . B 2800F = —
= |4 @ Previously studied in §zeoo' - ]
) eter - DWFr~Xand mop == E
= [ pp— DMt~ Xinclusive  amf — E
= B 1800 3
o decays. - .

1600

. .
's s, ", P %P, D, D, D, F, Fs R,

@ May also be compared P 1m0t 1t 2t 1~ 25t 3 4

against D" spectroscopy
results

@ A number of claimed
states have unknown J*

@ Dalitz plot analysis of
BT — D~ntxT decays
allows J” of natural states
to be measured -

PRD 92 (2015) 012012

o
=3
=1
I
)
S
o)
=
o
g
o
-3
[a]
o
o
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arXiv:1608.01289

Candidates/ (5 MeV/c?)

1 5200 5400 5600 5800 5 10 15
m(D'* i) [MeV/c? mYD*m)  [GeV?]

@ Large pure sample of B~ — D*n~ 7~ decays
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Candidates/ (5 MeV/c?)

1 5200 5400 5600 5800 5 oo 15
m(D'* i) [MeV/c? mYD*m)  [GeV?]

@ Large pure sample of B~ — D*n~ 7~ decays

@ Signal window contains 28000 B~ — D*n~ 7~ decays
with very small (1 %) background contribution
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Candidates/ (5 MeV/c?)

LHCb

Data
Total

Comb. bkg.

!

5200 5400 5600 5800
m(D'* i) [MeV/c?

5

10

15
ml(D*’r)mm IGEVZI

@ Large pure sample of B~ — D*tn~ 7~ decays
°

contains 28000 B~ — DTn~ 7~ decays
with very small (1 %) background contribution

the three-body decay

23/08/2016 Daniel Craik

@ Dalitz plot (right) gives details of the resonant structure of
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Candidates/ (5 MeV/c?)

E Data LHCb
10% Total
E 777777777 Comb. bkg.
10%E
"0 00 560 5800 G 0 5
m(D'* i) [MeV/c? m D) [GeV’]
@ Large pure sample of B~ — D7~ decays
° contains 28000 B~ — DTn~ 7~ decays

with very small (1 %) background contribution

@ Dalitz plot (right) gives details of the resonant structure of
the three-body decay

o DP folded at m(D*n; ) = m(D*r, ) due to symmetry
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Candidates/ (5 MeV/c?)

E Data LHCb
10% Total
E 777777777 Comb. bkg.
10%E
"0 00 560 5800 G 0 5
m(D'* i) [MeV/c? m D) [GeV’]
@ Large pure sample of B~ — D7~ decays
° contains 28000 B~ — DTn~ 7~ decays

with very small (1 %) background contribution

@ Dalitz plot (right) gives details of the resonant structure of
the three-body decay
o DP folded at m(D*n; ) = m(D*r, ) due to symmetry
e Three-lobed structure at m?(D* 7~ )i, ~ 6 GeV?/c* is due
to spin-2 D; (2460)° resonance
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@ Model-independent description used
for D7~ S-wave

arXiv:1608.01289

1000)

00|

600)

400)

Candidates / (28 MeV)

200f

%nm

=

5 800|
Resonance Spin  Model Parameters < -
D;(2460)° 2 RBW =N
D; (2680)° 1 RBW . S F
D3 (2760)° 3 RBW Determined from data 20
D;(3000)° 2  RBW = I
D;;(2007)° 1 RBW m=2006.98+0.15MeV, [ = 2.1 MeV owa e P
BJO 1 RBW m=5325.2 +0.4MeV, [ = 0.0 MeV Totd e Dy(2760)°
Total S-wave 0  MIPW See next slide za:i:m . me

- DrSwave ——— D3(3000)°
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@ Model-independent description used £
for DY 7~ S-wave

@ Non-resonant P-wave described by two
virtual resonances

arXiv:1608.01289

Candidates /

1000)

00|

600)

400)

Candidates / (28 MeV)

200f

%nm—
=
I 800
Resonance Spin  Model Parameters < fm:
D;(2460)° 2 RBW =
D; (2680)° 1 RBW ) 3
D3 (2760)° 3 RBW Determined from data 20
D;(3000)° 2  RBW S P
D;;(2007)° 1 RBW m =2006.98 +0.15MeV, I = 2.1 MeV T — Di2460y
,:0 1 RBW m=5325.2 +0.4MeV, [ = 0.0 MeV Totd e Dy(2760)°
Total S-wave 0  MIPW See next slide za:i:m me
-+ DnSwave ——— D3(3000)°
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@ Model-independent description used
for D™~ S-wave

@ Non-resonant P-wave described by two °
virtual resonances

@ All other resonances described by
relativistic Breit—-Wigner functions

arXiv:1608.01289

Resonance Spin  Model Parameters
D;(2460)° 2  RBW
D; (2680)° 1 RBW .
D3 (2760)° 3 RBW Determined from data "
D;(3000)° 2  RBW i P
D;;(2007)° 1 RBW m=2006.98 +£0.15MeV, I = 2.1 MeV . baa e Di2460y
B“/D 1 RBW m=5325.2 +0.4MeV, [ = 0.0 MeV Totd e Dy(2760)°
Total S-wave 0  MIPW See next slide Za:i:m me
= DrSwave ——— Dj3(3000)°
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B~ — Dnn~ NEW!

@ Model-independent description used
for D7~ S-wave

@ Non-resonant P-wave described by two
virtual resonances

@ All other resonances described by
relativistic Breit—-Wigner functions

@ Mass projections of the DP (left) show
good agreement between data and fit

function
Resonance Spin  Model Parameters
D;(2460)° 2  RBW
D; (2680)° 1 RBW )
D3 (2760)° 3 RBW Determined from data
D;(3000)° 2  RBW
D;;(2007)° 1 RBW m=2006.98+0.15MeV, [ = 2.1 MeV
1 RBW m=15325.24+0.4MeV, [ = 0.0 MeV
Total S-wave 0  MIPW See next slide

> 3500
2
=

LHCb

200)

Data

Total
Background
D3(2007)°
- DTSwave

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb

3
m(z ) [GeV]

""" D3(2460)°

————— D3(2760)°
™)
D3(2760)°

——— Dja000f
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B~ — Dnn~ NEW!

Resonance Branching fraction (10~%) [+ ] Produc‘t branch”‘]g fraCtlon
D;(2460)°  3.62%0.06=0.14=0.09 025
D;(2680)°  0.84:0.06 +0.07 4 0.18 + 0.06 measured for each resonance

D;(2760)° 0.10£0.01 £0.01 £0.02+0.01

D;(3000)°  0.02+0.01:+0.01+0.01+0.00 (B(B— N Rﬂ_) X B(R N D+7T_))

D;(2007)°  1.09 + 0.07 + 0.07 + 0.24 + 0.07
B; 0.27 £0.10 £0.14 £0.16 £ 0.02

Total S-wave 5.78 £ 0.08 £ 0.06 £ 0.09 £ 0.39 @ Due to interference between
broad overlapping states, total
S-wave described in a model
independent way

@ Phase motion at low masses
(points 1-6) consistent with
presence of D}(2400)° state

LHCb
T

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 17



B~ — Dnn~ NEW!

& 1s00f 24<mibm, <25 GeVIe &)
Zi600F  LHCb

£ 1400F

5
= 1200E

Contribution  Mass (MeV)  Width (MeV) 3,
D;(2460)°  2463.7+08 47.0+1.2 X\
D;(2680)° 2681 + 15 187 + 15 T
D;(2760)°  27755+7.9 95+35  zw
D;3(3000)° 3214£57  186+£81  Ix

@ Masses and widths of resonances
determined from fit :

@ Sensitivity to spins from angular
distributions

E s0f
5
60

@ Angular projections of the DP around ¢
each resonance (left) show good R
agreement between data and fit

B A

0.5
cos O(D'm)

Daa e Dj(2460)°

1 Totd e D3(2760)°
function s

D;(2007)° D3(2760)°

- DrSwave ——— Dj3(3000)°
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@ D;(2460)° in good
agreement with world
average

Mass (MeV/c?)
w
S

! T T ! !

P E
% P %, D, D, D, °F, F5 F

E
'S s 4
JP= 07170t 1t 21— 2737 2% 3F 47

C D0 )G;(zztoo@ (1*(2760)5

<0 YA

;T T T

7 = /‘777\
|

\ \
I

/ /
N _ N -

D,(2740)°

D,(3000)°
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@ D;(2460)° in good
agreement with world
average

@ First observation of
D;(2760)° and D;(3000)°
resonances

23/08/2016 Daniel Craik

1800
1600

! T T ! !

°p, D, *p, F, Fs °F,

lsb 331 3Pe Py sz
JP= 07170t 1t 21— 2737 2% 3F 47

C D0 )G;(zztoo@ @*(2760@

0 YA

;T T T

7 \\ /‘777\
|

: / -
N / N

D,(2740)°
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@ D;(2460)° in good
agreement with world
average

@ First observation of

D;(2760)° and D (3000)°

resonances

e D;(2680)° and D;(2760)°
confirmed with significances

in excess of 100

23/08/2016 Daniel Craik

!

!

!

E
JP =

P
 P%R,

L E
*p, D, *p, F, Fs %,

0~ 170" 1t 2+ 1= 2737 2% 3t 4F

C D° )(g(moo@ @1*(2760)9

0 0 \

D(2550)°
p ~

I
N

D,(2740)°

P

0 \

D; (2430)° ) ¢ )
) - : )
; |

_ N
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@ D;(2460)° in good
agreement with world
average

@ First observation of
D;(2760)° and D;(3000)°
resonances

e D;(2680)° and D;(2760)°

confirmed with significances

in excess of 100

e most likely correspond to

2S and 1D states,
respectively

23/08/2016 Daniel Craik

arXiv:1608.01289

o 3400 .
< 3200F —— =
2 a000f E

2800 —_— 3
£ 2s00= -
2400 — E
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|
|
‘\

ass(Me
|

b
|

g 3
T
|

1800 <

1600 ‘3
'S S
JP= 01— o0t 1t 2t 1= 2- 37 2t 3t 4

C D° ) (;; (2400)9 @1*(2760)9
0 YA

D,(2740)°

! T T ! !

*p, D, *p, F, Fs %,

P
 P%R,

D,(3000)°
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D; (2460)° in good i e
agreement with world %zaooi _— E
average = iﬁf—: e ;
First observation of o E
D;(2760)° and D3 (3000)° o~
resonances T

D;(2680)° and Dj (2760)° /7= 01 oT e iememarana
confirmed with significances D % (2400)°) (D7 (2760)°
in excess of 100 C ) ( ) < )

e most likely correspond to MUY
2S and 1D states, [ )

respectively

D;(3000)° confirmed with - - -

significance of 6.60
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@ D;(2460)° in good iy —
agreement with world %zaooi I ]
average e S — E

@ First observation of oy S E
D;(2760)° and D(3000)°  muF—
resonances S B, 0, B 0, R, B

o D;(2680)° and D (2760)° - ° T
confirmed with significances ( ) )( 240@ @* 276@

in excess of 100 ,
e most likely correspond to - N
2S and 1D states, 2550)0 2430)0)
o -\

@ D;(3000)° confirmed with - - -

significance of 6.60 N

e may correspond to either S
2P or 1F excitation

> \

>

D,(3000)°
23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb




@ LHCb confirms observation of =30 — =, =+

@ New best measurement of mass
o First measurement of width

@ First observation of n¢(2S) — pp using Bt — ppK*
decays

@ Inclusive D*iKs0 spectroscopy gives first observation of
D:,(2573)* — D**K? decay

@ Dalitz plot analysis of B~ — D*#~x— decays gives first
observations of D} (2760)° and D;(3000)°

e Spin of Dy (2680)° also determined for first time

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 20



Backup
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LHCh Integrated Luminosity in pp collisions 2010-2016

- - =
£ o ® 2016 (6.5 Tev): 1.00 /fb 1—012‘,—'
3 2E 2015 (6.5 TeV): 0.32 /fb /
é 18— e 2012 (4.0 TeV): 2.08 ffb /
5 16F 2011 (3.5 TeV): 1.1 /ib V.
3 2010 (3.5 TeV): 0.04 fib /
5 14
g
g
E 12¢
1F
08k
06 /
04f / ’/
oz 7’ 2016
. T : ! . d el
Gtar ay Jul Sep Nov
Date
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K? Categories

magnet

T1-T3

Long tracks (30 %)

p . p ------- \ Not usable

Downstream tracks (70 %)
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=+0 resonances

Effect om r

Fit bias correction 0.016
Simulated sample size  0.007 0.034
Multiple candidates 0.009 0.007
Resolution model 0.001 0.072
Background description 0.002 0.001
Momentum scale 0.009 0.001
RBW shape 0.017 0.011
Sum in quadrature 0.023 0.082

Statistical uncertainty 0.068 0.162

Systematic uncertainties on the mass and width

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 24



=+0 resonances

Effect Uncertainty
Simulated sample size 2.4%
Tracking efficiency correction 3.0%
Fit quality efficiency correction 1.5%
Soft pion pr cut 1.4%
=0 yield 1.0%
=, Yield 2.0%
Sum in quadrature 4.9%

Systematic uncertainties on the production ratio
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1nc(2S) — pp

State Signal Yield
ne(1S)+nonres. 11246+ 119
J 6721+ 93
Xc0 84+ 22
Xct 95+ 16
1e(28) 106 + 22
»(28) 588 4 30
¥(3770) —6+9
X(3872) —144+8
23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 26



1nc(2S) — pp

ne(2S)  X(3872) (3770)

Fit 5 3 5
BDT 8 2 11
Efficiency 2 1 1
Total 9 4 12
Myy = Myo1s)  My(es) = Myges)  Toe(1s)
[ MeV ] [ MeV ] [ MeV ]
Fit 0.90 0.10 1.20
BDT 0.21 0.55 0.40
Momentum scale 0.03 0.06 -
Total 0.92 0.56 1.27

Systematic uncertainties on (top) branching fractions (10—%) and
(bottom) mass and width measurements
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D¢ Spectroscopy

— < chf" T T T T
3 3
21500 S b ) LHCb ] )
B 3 D*t — D%t candidates recon-
$1000 g 100F
3 3 structed from (a) D° — K~ 7+
§ =0 § = and (b) D° — K—ntntn—
2%06 2008 2810 2%06 2008 2010 2012 2014 2016
m(D°7r*) [MeV] m(D°rr) [MeV]
x10° x10°
St o Ay
s © LHCh{ S %0 (g) LHCb
K® — =tr— candidates recon- 2 =
400 b
structed from (c) “long” tracks and §5°°’ ] %
200 q
(d) “downstream” tracks
0 280 500 520 0366 480 50 50 50
(T 1) [MeV] m( 1) [MeV]
3 o000 LHCb
}'!H;AOOOO —
H \ m(D%x%) — m(D°) — m(x°) for D*O — DOx0 candidates
O 20000 .

160 180
Am(D°70) [MeV]
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D. Spectroscopy

B
S20000
B
g
515000
§
10000
g
5000 [+ ® 600
8
‘ i ‘ . ERE
2600 2800 3000 3200 3400 bl

3 j
=
2 800 200 4
3 iy )
g M
S 600 2
5 0 s L, L L
2600 2800 3000 3200 3400
400+ m(D"’K*) [Mev]

A 12 L |
2600 2800 3000 3200 3400

zooj
m(D"*K) [MeV]

(Left) m(D*+ K?) for (top) D° — K—=* and (bottom) K~ nt7t 7~
(Right) m(D*°x%) for D® — K==+
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D¢ Spectroscopy

Data Dz, (2700)*" D;,(2860)" X2 /ndf

(@) D**K? Mass 27323+43+58 2867.1+43+19

DO — K—nt Width 136 19+ 24 50+ 11+13
Yield (1.57+0.28) x 10+ (3.1+0.8) x 108 94/103
Significance 8.3 6.3

(b) D*+K? Mass 2729.3+3.3 2861.2+4.3

DO — K—xt Width 136 (fixed) 57+ 14

NP sample Yield (1.50+0.11) x 10* (2,50 +0.60) x 103 90/104
Significance 7.6 71

(c) D*tK? Mass 2732.3 (fixed) 2876.7 + 6.4

DO — K—7t Width 136 (fixed) 50 +19

UP sample Yield (0+0.8) x 10° (1.0+0.4) x 103 100/105
Significance 0.0 3.6

(d) DFK? Mass 27255+ 6.0 2844.0+6.5

DO — K-atztz=  Width 136 (fixed) 50 +15
Yield (2.6 +0.4) x 10° 490 + 180 89/97
Significance 4.7 3.8

(e) DK™ Mass 2728.3+6.5 2860.9 +6.0
Width 136 (fixed) 50 (fixed)
Yield (1.8940.30) x 108 290 + 90 79/99
Significance 6.6 3.1
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D. Spectroscopy

Resonance J”  Function  x?/ndf
Ds1(2536)F 1T 14 hcos®6y  0.1/3

2+ sin? Oy 2.2/4

1~ sin? Oy 11.4/7

3- sin? Oy 13.4/7

UP 1+ hcos?6y 8.0/6

1 §jm: +¥ ]

b J x: LHCb :

zooo— (a) Dy(2536)" ] ol (b) D(2573)"

%1 o5 o 05 cosGHl s 0 05 0059:
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The first nine unnormalised moments for background-subtracted
efficiency-corrected data
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Pulls between data and the fit model in equally populated bins across
the square Dalitz plot
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% 10 Background By
E D;(2007)° e DY(2760)°
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Mass projections of the Dalitz plot on logarithmic scales

23/08/2016 Daniel Craik Heavy Quark Spectroscopy at LHCb 35



Nominal __ S/Bfrac. Eff. Bkgd. Fitbias Total Nominal  Fixed Add _ Alternative DP veto Total

D;(2460)° 357+06 0.1 13 0.0 0.2 14 params. D;(2760)°  models
D; (2680)° 83+06 00 07 01 01 07 D;(2460)” 357£06 09 00 0.0 01 09
D;(2760)° 10401 00 01 00 00 01 D;(2680)° 83+06 02 09 0.0 15 18
D;(3000)° 02+01 00 01 00 00 01 Dy(2760)° 1.0£01 00 0.0 0.0 02 02
D;(2007)° 108107 00 07 01 01T 07 D3(3000)° 02:01 0.0 0.0 0.0 01 01
B 27+10 00 14 04 02 14 0;(2007) 108:07 23 0 0.0 02 23
Tolal S-wave 570108 01 06 01 01 06 -2 27410 12 02 0.0 10 16
- - Total S wave 57.0£08 08 04 0.0 01 09
m(D5(2460)°) 2463.7£04 00 03 01 01 03 (D,(2460)") 2463710404 o 50 0%
[(D;(2460)0) 470408 01 08 01 00 09 F(D;(ZASO)“) 470408 02 0.0 0.0 01 03
m (Dj(2680)°) 26811456 01 48 09 02 49 m (D; (2680 U) 26811156 47 118 0.1 30 131
r(Dj(2680)°) 1867485 05 84 10 12 86 r (D;( 2650 P°) 1867485 3.2 45 03 60 82
m(D;(2760)°) 27755445 04 44 06 04 45 m (D5(2760) 27755545 34 04 0.0 33 47
r (D* 2760)°) 95.3+9.6 0.9 59 15 4.9 79 I (D3(2760)°) 953+96 28 3.2 0.0 329 331
m(D;(3000)°)  3214+29 3 29 13 9 33 m(D;(3000)°) 3214229 25 1 1 26 36
I (D5(3000)°) 18638 2 318 12 34 I (D3(3000)°) 186+38 7 19 0 60 63

(Left) Experimental and (right) model systematic uncertainties on the

23/08/2016
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parameters
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Resonance Fit fraction (%)

D*(2460) 35.69+0.62 +1.37 +0.89
D;(2680)° 8.32+0.62+0.69+1.79
(2760)0 1.01 £0.13+0.13+0.25
D;(3000)° 0.23 +0.07 +0.07 +£0.08
D:(2007)° 10.79 £ 0.68 +0.74 + 2.34

B; 269+1.014+143 +1.61
Total S-wave 56.96 +£0.78 £0.62 £0.87

Fit fractions with statistical, experimental systematic, and model
uncertainties
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