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Introduction

* Spectroscopy provides opportunities to study QCD
predictions for models
— e.g. lattice QCD, diquark model, potential model ...

* Exotic states are important for understanding strong
force in QCD
— Predicted 1in quark model
— Recent results show strong evidence for their existence

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?

L. Zhang 2



LHCDb detector

The LHCb detector described in JINST 3 (2008) SO8005

VELO: RICH: Muon System
primary vertex PID: primarily K, separation
impact parameter v M
displaced vertex SPDPS pyp M
ECAL
MI
Beam 1 Verex
Locator
Interaction ik
region -t
|\\I | T?%ill |“kl‘ I J7\<J =
I % o Calorimeters:
Tracking Station: p for Tracking Stations: PID: h,e,y, 7°
lower energy tracksand long || p of charged particles
lived V° reconstruction that traverse the magnet
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® 2 < 1 < 5range: ~ 25% of bb

pairs inside LHCb acceptance

LHCb MC
{s =14 TeV
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LHCDb detector

The LHCb detector described in JINST 3 (2008) SO8005

VELO:

primary vertex

impact parameter
displaced vertex SPD/PS

RICH: Muon System
PID: primarily K, separation

\ ® 2 < 1 < 5range: ~ 25% of bb

M2
HCAL pairs inside LHCb acceptance

Interaction
region .......

LHCb MC
{s =14 TeV

\_ECAL: AEJE =1 @ 10%/./E(GeV) -/

I " % e Calorimeters:
Tracking Station: p for Tracking Stations: PID: h,e,y, m°
lower energy tracksand long || p of charged particles
lived V° reconstruction that traverse the magnet
Int. J. Mod. Phys. A 30 (2015) 1530022
ﬂmpact parameter: orp =20 pm \
Proper time: o, = 45 fs for B) = ] /¢ or D 1~
Momentum: Ap/p = 0.4~ 0.6% (5 - 100 GeV/c)
Mass : 0, = 8 MeV/c? for B — J /X (constrainted my )
RICHK — m separation: €(K - K) ~95% mis-ID e(r —» K) ~ 5%
Muon ID: e(lu—-pn) ~97% mis-IDe(r »> u) ~1—-3%
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LHCDb collected luminosity
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Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

[ 2017 (6.5+2.51 TeV): 1.71 /tb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb

[ 2012 (4.0 TeV): 2.08 /b
2011 (3.5TeV): 111 /fb

e 2010 (3.5 TeV): 0.04 /fb

8TeV
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o(pp - bbX) ~ 300 ub @7 TeV vs ~ 500 pub @13 TeV




Two methods for spectroscopy

* Direct production in pp * Production by a heavier
collisions particle decay, usually with
 Combine a heavy flavour amplitude analysis
(HF) hadron with one or * Low background
more light particles  Better determination of J”

* High statistics

R

PV PV
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Bg*)+(25) > B nta from ATLAS

Based on a yield of 327 ATLAS, PRL 113 (2014) 212004
B} - J/ym™ decays W sl
> 120 F
Data  Signal events % 122
7TeV 100 +23 I TR
§ eV 227 +25 i s :

5800 6000 6200 6400 6600 6800

my, » [MeV]
ATLAS ob d kin Bfm*tm~ t
observed a peak in Bf m T~ spectrum
Mmp_(2s) = 6842+ 4 + 5 MeV 5.20
2O:"""""""'"""""""""': 0
181 ATLAS Q&nn=288iiﬂ M\‘/’V 3 a5 ATLAS Q. =288%5MeV
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Bg*)+(ZS) - Bt~ search at LHCb

JHEP 01 (2018) 138
The peak could be due to NLHCb8TeV — 3375 4 73

B¢
— B;_ (25) — BC-I-T[+T[_ or ;:Zggg‘ LHCb 215 3
() E Vs=8TeV 3
*+ *+ 4+, __—__: = 700 - ata =
~ B*(25) » Bffm*nwith S om
x4 + . . % 500 F g _E
B;™ — B. y (missing) 5 w0 — PV
g 00 fEaEy - Combinatorial 3
200 E
~ 100 ek b

0 6200 6300 6400 6500

LHCD used ~3300 B Signal region MLy ) MeV/e?
signals and searched e i

for BC(*)+ (2S)

Candidates / (28 MeV/c2)

6800 7000 7200 6800 7000 7200
M@Bir*r) [MeV/c?] M@®Birm*r) [MeV/c?]

*) + . (a) MLP category: (0.02,0.2) (b) MLP category: [0.2,0.4)
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C : : . . . .
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Bg*)+(25) - Bt~ search at LHCb

JHEP 01 (2018) 138

R = —De 291 .B(BW (25T — BWTrtr)

Op+
Vs =T7TeV Vs =8TeV

ATLAS (0.22 £0.08 (stat))/e; (0.15+£ 0.06 (stat))/eg
LHCh - < [0.04,0.09]

Upper limit @95%CL

£+, £g: relative efficiencies of reconstructing Bg*) (28)* wrt B}

* ATLAS did not publish &, £g
e More studies needed to resolve the tension between

ATLAS and LHCb.
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=p baryon spectroscopy

* Numbers of excited b-baryons have already been discovered

~/ —_
r~y X —_—
- b(5945)° - 5yt =, |12t | 10y
12t | Lo
| 3/2 | 10
PRL 114 (2015) 062004 PRL 108, 252002 (2012) JHEP 05 (2016) 161
a 140 7 : : - > "°F s o
% 120 %14??, 5\/§f=b7 TeV ; ::poTit:-s:da.: ) %
> %12: ) Beckground ___ >
< 10 §1of— Hb( 945)" CMS g
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L. Zhang 9



=p baryon spectroscopy

* Numbers of excited b-baryons have already been discovered
— 51(5935)7,5£(5955)” - Epm™
— 57(5945)0 - Fomt

Ebert Faustov,Galkin,
E i ¢ PLB&59, 612 (2008).
xperimen ; )
measurement Ebert, Faustov, Galkin, Roberts,Pervin,
PRDE4,014025(2011). Int.J Mad.Phys. A23 2817(2008)

— 6700

* The higher excited states are P
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First observation of a new ="~ state  new

LHCb-PAPER-2018-013, in preparation

. 0 -
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First observation of a new ="~ state  new

LHCb-PAPER-2018-013, in preparation

. 0 + - -
 Hadronic A p AC T . %, [LHCb —Fullfit " LHCb — Fullfit
3 S0 Vs=7.8 TeV — & — AY-AITIK Us=13TeV  — & - AY-AIT)K
. = - L. Combinatorial 400 L. Combinatorial
— Resolution: 2 MeV 2 | Preliminary  Preliminary
5 200 1 1 t, ok i
.‘Q_‘) L
— 7.9c g
g i 200
8 100t
—I‘AA‘IIIIIIIIII IIA—lllllllllll
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M(AK) - M(AJ) [MeV/c?] M(AK) - M(A]) [MeV/c?]
o . . ( ) N\: "LHCb — Full fit ~ "LHCb —_— F&J*” fit B
Segnllep tonic (SL 3 o 178V — 5 - MOAKIK Vs=13TeV  — 5 = MAXK
4+ — — jP limi ombinatorial 2000 Prelimi
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b C M H ; r e e LR o B o e o ,‘ iy
. g 1000—
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R s
. 5004
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L A ] A | L
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First observation of a new ="~

e Hadronic A} - Afn
Resolution: 2 MeV
7.9

* Semileptonic (SL)
A} = AFp=Xv,
Resolution: ~18 MeV
Yields ~15 larger
25c
* Semileptonic (SL)
Ep = ANfu=Xv,
9.2c
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Candidates / [4 MeV/c?] Candidates / [10 MeV/c?]

Candidates / [10 MeV/c¢?]
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LHCb-PAPER-2018-013, in preparation
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The =" properties (preliminary)

. . LHCb-PAPER-2018-013, in preparation
 With hadronic mode

M(Z*7) — M(A)) = 607.3 £ 2.0 (stat) £ 0.3 (syst) MeV/c?,
[' = 18.1 & 5.4 (stat) £ 1.8 (syst) MeV/c?,
M(E*7) = 6226.9 + 2.0 (stat) £ 0.3 (syst) + 0.2(A7) MeV/c?,

Mass peak position is consistent between the three decay channels

 Production ratios are measured with SL. modes

Quantity 7+8 TeV 13 TeV
(05;-/040)B(Z;"” - ApK™) | (3.0£0.4 + 0.4)X10? (3.4 £ 0.4 & 0.4)X10°
(0g5-/050)B(E,"™ > Epm™) (47 + 9 + 7)X 1073 (22 + 6 + 3)X 1073

* The new state could be either a =, (1P)~ or =, (2S)~

— To distinguish them further information needed (e.g. J*)
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Doubly charmed baryons

« Observation of £.(ccd) reported by SELEX
— Mass: 3518.7 + 1.7 MeV

— Unexpected short lifetime and large production z

* Not confirmed by Babar [PRD 74 (2006) 0111031, e

Belle [PRL 97(2006) 1620011 nor LHCDb [JHEP 12
(2013) 090]

£t — AFK~m* PRL 89 (2002) 112001 fc+c - pD*m”  PLB 628 (2005) 18
N pD'K
i 8 . - % 41 peak mass: [l 4-bin Poisson Prob
L 5 _NS|9 =15.9 6.30 a5 3516Mev  ||:  <64x10®
o § 1 L/io>10
=6 SELEX s
r i H - R
I.é? 5 L 25t 4.8 NSlg - J.6
£ 4r o _ SELEX
@ L — i
:: 1 L
| _ . 0 ,
o LA e
0 L| | " I I | 1
3.42 3.47 3.52 3.57 3.62
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Observation of = ... +at LHCb

. Expected to have longer lifetime than £/, higher sensitivity at LHCb

* Decay: £/ »> A K " m*, B could be as large as 10%
Yu et al., arXiv:1703.09086

e LHCD runlIl at+/s = 13 TeV, ~1.7 fb’!
» 313 + 33 events, 120
»> 8 TeV data analyzed for cross-check, 70
» Consistent with weakly decays
> m(E) = 3621.40 + 0.72(stat) + O 27(syst) + 0.14(Af) MeV
~100 MeV above SELEX =, peaks

) U | E
> 180F LHCb 13 Tev ]
2 160 E
> F +Data E

Er > K ntntAL (- pKnh) g 0F —Toul E
S 120F .. Signal

C ---Background

ool ey 1
3500 3600 3700
m, (& N [MeV/c?]
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Pentaquark studies

Ay, — J/YpK

2?
Gt b
Event 251784647 ? {L,,i piy
? 3 BvE
Run 125013 L "u*"'ﬁ’:i* 3
Thu, 09 Aug 2012 05:53:58 Ay At TR
” - s ’
= I N
- decaY—;j?i?f. - RIHSE
1 | 2
sp
PP
collision point




Discovery of pentaquark states

PRL 115 (2015) 072001

» Two pentaquark states observed in AY — J /ypK~

> 2200 * —s— data %\800 t
S 5000 —e— total fit S
0 ' (a) LHCDb background O 700 (b) * LHCb
1800 . & P,(4450) - !
= = P.(4300) % ¢ Ty Data
E 1600 :¢: - A(1405) *E 600 + + .
2 ioof 7T+8 TeV o ats) o L ., Fit
i A(1600) (11 500 wr +nm¢m '
1o00F- i A(1670) ' ¥ Wyt
i -e-- A(1690) 400 #Of “‘“
1000 i m - -~ A(1800)
5 :’g" -5~ A(1810) ) PC(4-4-50)+ ﬁ#
800E- <eode-- A(1820) 800 y \
600F- ¢ ' <o A(1830)
i ok A(1890)
400, ¢ - A(2100)
X A(2110)
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Discovery of pentaquark states

PRL 115 (2015) 072001
* Amplitude analysis reveals the properties

PC (43_80)+ 'DC([M'SO)+ rest frame A, rest frame o —
JP preferred 3 5 + W rest frame
Mass [MeV/c?] | 4380 +£8+£29 44408+ 1.7+£25 ¢ %~ =tz
Width [ MeV] 205+ 18 £ 86 39+5+19 L _npre;fr/a;; 9 -
Significance 90 120 °

lab frame

* Confirmed by a model independent analysis
PRL 117 (2016) 082002

* Production & decay

Chin. Phys. C 40 (2016) 011001

B(A)— PF(4380)K " )B(P} — Jipp) = (2.56 £0.22 £1.28 T 932) x 107>
B(A)— PF(4450)K " )B(PF — Jipp) = (1.25 £0.15 £ 0.33 T 3-22) x 107>
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Study of A(,), - J/Yprc~

* (Cabbibo suppressed mode with less statistics
* Exotic Z. contribute in J /Ym~

Fit with 2 P+ Z.(4200)~ favored by 36 compared
to no exotic contributions

~~ T T T T T T
= 40 (0) LHCb 1

(¢)) C
=350\ —+ Data E
—~ . I O AF —— RM N*+Z+2P_ 1
3 500F w30l EM N* E
S : LHCb - - N P.(4450) =
L 400F il[__)i?ta % 255 ~u P (4380)
~ _ o 20F T e Z.(4200) h
8300F - o<, P11 O Signal >—_ s 5.9.
7+8 TeV - Ay pK 15 . -
. 105 \ylhpt Myr > 1.8 GeV
JRU AN
O ! | 1. 1 | [
4.5 5
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Observation of /12 = Xc1,2)PK™

 Search for P.(4450)%in /12 —>[)(c(1,2)p]K ~decays

—Test hypothesis of kinematic rescattering effect
. PRD 92 (2015) 071502
* First step: observe the decays, measure B

* Use x¢1,2) = J/Yv, constrain J /i)y mass to known y.; mass

PRL 119 (2017) 062001
6(A2 = XaPK™) _ \ OF LHCb
B = ]/ wpK-) 160 Xc2 Xc1
b p 140 7+8 eV 285 + 23 [|453 +2

[::JA48—9Z' PI(

—_— Comb

0.242 +0.014 £0.013 £ 0.009

Events / (5 MeV/c?)
3

B(Ap ~ Xc2PK") _ B(x )
B(Ap ~ J/YpK~)

Q248 +0.020 + 0.014 + 0.009

5450 5500 5550 5600 5650 5700
m(y 1 pK ) [MeV/c?]
C
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Observation of =, — J/YAK™

» Strange pentaquark (udscc) predicted in [PRL 105 (2010) 232001]
* (Can be searched for in the =} decay [PRC 93 (2016) 065203]

: +Dalta I LHCIb
40+ —"Il)ta}ﬁt _
b > > c - Sy signal A decays -
_ c Y/ [ goyr/ni-Kbkg in vertex |
0 w f}K_ 201 detector -
Zp (Ap)] <::f5 I ]
d > > d}A(p) o
) > > S <
(u) (u) >
=
© f
= PLB 772 (2017) 265-273 & 3%
N, =308 + 21 (210) (2017) LN I
2 ¥ after vertex ]
S 40f detector
Jz=- B(E, - JIWAK™) :
25 TR L (419029 £0.15)x102 | Vg T g ]
fay By = JhyA) S ————
TR WA N N S 1t
—2:*..'.'.?.’_'_ _____ i’" _______ ?_’_'_
_4— —]

m( J/ l//AK‘) [MeV/cz]
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Weakly decaying H-flavoured
pentaquarks PRD 97 (2018) 032010

new

* Skyrme model: heavy quarks give
tightly bound pentaquark

b ¢

. ]d K

PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362 PBO u 3 L
1 P——
d d

* Search for mass peaks below strong —— L uep
decay threshold
Mode Quark content Decay mode Search window
| bduud Pgo, — JWKTr~p  4668-6220 MeV
I1 buudd Pro,- = JWEK " n"p 46685760 MeV
111 bduud Pl . = JWpK-ntp 4668-5760 MeV

0
Abﬁ+

IV bsuud Pg,, — J/op 5055-6305 MeV
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Weakly decaying H-flavoured
pentaquarks PRD 97 (2018) 032010

new

* Skyrme model: heavy quarks give

: C}J/lp
tightly bound pentaquark 5 Wl
+ d <::::a~ K
PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362 PBOP u%ﬁ T
u —>\u
* Search for mass peaks below strong d—>— U ¢P
decay threshold
Mode Quark content Decay mode Search window
I bduud Pgop — JWKTr~p  4668-6220 MeV
11 buudd PX%— — JAWK 7" p 4668-5760 MeV
— b
111 bduud PIQW L= JWK “ntp  4668-5760 MeV
IV bsuud Ppo, — J/¢p 5055-6305 MeV

« Upper limit on production ratio ¢ - B wrt A = J /YK ™ p

o(pp — PpX)-B(Pg — Jh X)

R p—
o(pp — A)X) - B(A) — Jhv K—p)
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Weakly decaying H-flavoured
pentaquarks PRD 97 (2018) 032010

new

* No evidence for signal, 90% CL limits on R < 1072 — 1073

<.n T rr r r © 1T T 7 <_a T T T T T T T T T
o @ 1 & 2l 7+8 TeV (®) |
X ‘ 5 X : LHCD 1
© gl LHCb 5 :
:a"m i‘llwll' ‘ ll“'lwl :Q"m
a0t ik 2 HH A
X ' | ‘L: X
o , l ‘ o 102 F
3 ' =
) -

5000 5500 6000 S0 5500
m(J/yK 7w p) [MeV] m(J/yK wp) [MeV]
<,n I I T T <_o >
A 0k © { m °
X LHCD 1 X
e )
S e
m m
X X -3
L 107F 2’
| |
=) -
n 1 " " " n 1 1 L ) N N N 1 N . N N 1 1 L
5000 5500 5500 6000
m(J/yK 7t p) [MeV] m(J/y¢p) [MeV]
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Search for dibaryon state i

LHCb-PAPER-2018-005, in preparation

* A dibaryon state [cd][ud][ud] i
could be produced in A} decays {t ’;li}p
to final state A7 T~ pp w- 12
. e b > > C D::I_ - A(-,I‘-T[_p
L. Maiani, et al. PLB 750 (2015) 37 Ag{ u > > u
d > > d

* LHCb has discovered the decay
Ap - Afm~pp

Resonance contributions

~~ I ! ! i ! | ! ! ' ! | ~ T T T T T ! I ! ! ! ! ! !
~ [ — Q
§ 200: LHC.lb. ¢ Data 1 § i 0 7+8 TeV LHCD
2 L Preliminary — Total . o 40 | X Preliminary
< 150 O p* — E - ¢ Data .
N I R R - Lpﬁﬂ’- - —
= 95243 signal ’ = Total
§ wok i & -l ] «* Background
3 " g 20
o) B - -
8§ 50 i
O gt et O
0 O Ty L, ML T S o Ll Iy el -
5550 5600 5650 5700 2500 2600 2700
m(A:pp7 7) [MeV/c?] m(A! 7 -) [MeV/c?]
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Search for dibaryon state i

. ) ) .. LHCb-PAPER-2018-005, in preparation
* Ratio of branching fractions (preliminary)

B(Ay = Afppr”)
B(A) — Afn)

« No obvious dibaryon peak in m(Afw~p) spectra

= 0.0544 = 0.0023 £ 0.0032

All signals 29 region signals 2*0 region signals
2 60 ppcp - Data ’ 12 [ 2 frucw
é) : (a) ~MC | H—’ H : ﬁ 6__(b) Preliminary - é) 10_—(c) Preliminary y
§/ 401 Preliminary +H|+ +++++‘H—_ 5 4:_ ] lé:, [ ]
TR I TR (RY T il
[f] 20_— **?H}l }f LT::J 2 * ‘ ] LT:J i *:“‘ ‘#H ' +H +’++‘ |
AT T L T
0 sttt H 1 4 or oty £y e or H’rﬂl } ]
3500 4000 4500 3[00 4000 4500 300 4000 4500

m(A 7 p) [MeV/c?] m(A 7 p) [MeV/c?] m(AS 7 p) [MeV/c?]
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Summary

* LHCDb has made important contributions to the
knowledge of hadron spectroscopy

— Observation/study of excited B(D)mesons & b(c) baryons
— Observation/study of exotic states

— Discovery of doubly charmed baryons

 Stay tuned with new results from RUNI+RUNII

* Spectroscopy at the upgraded LHCDb 1s challenging
and promising

L. Zhang 25



Backup



Muonic decays of y.1 and y -

— . . PRL 119 (2017) 221801
* (C states y. usually studied in 017
— 4
—4
[ [
E 2000_ LHCH Xcl 4755+81 fit result —f
e First observation of y, — & 18000 [ e e
+,,— £ 16005 ot 7 Tev | E
]/l/)[l U decays :g;j 140055 0 fbt 8 Tev Ny, = 3969+ 96
§ 1200£1.9 fb? 13TeV

 Much better mass resolution

600
allows competitive mass and 400
. 200
width measurements P
3.5
' i m( It GeV
Quantity LHCDb Best previous World average (At p™) [GeV]
[MeV] measurement measurement
m(xea) 3510.71 = 0.10 3510.72 % 0.05 3510.66 =+ 0.07
m(Xe2) 3556.10 4 0.13 3556.16 & 0.12 3556.20 = 0.09
T'(Xe2) 2.10 £ 0.20 1.92 +0.19 1.93 +0.11
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Physics program at LHCDb

* Not only precision measurements in b, ¢ sectors
— CKM and CP-violation parameters
— Rare decays

— Testing lepton universality

* But also a general purpose detector

— Electroweak measurments: sin 8y,, W/Z, top quark

[— Spectroscopy, exotic hadrons ]
— Soft QCD
— Heavy 1ons

L. Zhang
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