Spectroscopy of charm and
bottom baryons at LHCDb
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= Proton Proton CoII|S|ons at /s = 13 TeV
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LHCb detector and performance

The LHCb detector described in [JINST 3 (2008) S08005]

VELO: RICH: ‘MUOH System ‘ ® 2 < n < 5range: ~ 25% of bb
primary vertex PID: primarily K, separation rs inside LHCh "
impact parameter // s \\ pairs inside acceptance
displaced vertex SPDPS 1y M2 ek

ECAL \ \

Beam 1 Vertex 3|

Locator

q v‘”,
Interaction
re g i on -k P

LHCb MC
{s =14 TeV

1

e Calorimeters: 6, [rad] 2
Tracking Station: p for Tracking Stations: PID: h,e,y, n° "
lower energy tracksand long || p of charged particles Tx 6; [rad]
lived V° reconstruction that traverse the magnet
[Int. J. Mod. Phys. A 30 (2015) 1530022]
mmpact parameter: orp =20 pm \

Proper time: o, =45 fs for B —» J/PY¢por Dim~

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%

\_ECAL: AEJE =1 @ 10%/./E(GeV) J
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LHCDb collected luminosity

TRELHA

Integrated Recorded Luminosity (1/fb)

N W e g 3~ 0 W

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

— 2018 (6.5 TeV): 219 /fb

:_ 2017 (6.542.51 TeV):1.71 b + 010 /b

— 2016 (6.5 TeV): 1.67 /fb |

:_ 2015 (6.5 TeV): 0.33 /fb |

E 2012 (4.0 TeV): 2.08 /fb |

:_ 2011 (3.5 TeV): 1.11 /b |

— 2010 (3.5 TeV): 0.04 /fb
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o(pp — bbX) =~ 300 pub @7 TeV vs = 500 pub @13 TeV
~25% can be collected in LHCb acceptance




Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles o Usually with amplitude analysis
o Pros: High statistics, in principle can a Pros: Low background, Better
study all states determination of JP
o Cons: Large combinatorial o Cons: Low cross-section, limited
background, hard to determine J” states and limited J
E, T
1 e it -
PV PV
P,

TRELHA




Two methods for spectroscopy

= Direct production in pp collisions = Production by a B or D decays
a0 EXF QS5 EK o X(3872) JP
o Z,(4430)
o All excited B, £;* = &Z,m; A,K 0 X(4140) ...
o P(4312), P(4440) , P (4447)
Q D(S)J
g, T
Mg g:E Aj
PV PV
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Charmed and bottom baryons

= 25 charmed baryons
observed
o Missing many X:?

= 11 bottom baryons
observed

= Bottom are very similar
to charmed baryons
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(Experimental results by end of 2018)
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2., baryons

— 6.5

B 25 Charmed ba ryOnS _ (a) Charmed baryons - 7 (b) Bottom baryons .
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o Missing many X7 | -
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Excited 2, —» £ K~ states, prospect for 2,

s LHCDb observed 5 narrow states (+ a possible wide one) in 2017

m Belle confirmed the first four states Mass splitting 20-50 MeV
[PRL 118 (2017) 182001]

—_ e e S A S e e e B e S Resonance Mass (MeV) ' MeV) Yield N,
> - - Q.(3000)° 3000.4 + 0.2 4+ 0.1103 45406403 1300 + 100 + 80 20.4
L 400 LHCb — Q,(3050)° 3050.2 £ 0.1 + o.1f§°}§3 0.8£02%0.1 970 £ 60 %20 20.4
= - 4 EKT 1 <1.2 MeV, 95% C.L.
— - e § Q.(3066)" 3065.6 + 0.1 £ 0.3703 354£04+£02 1740 + 100 £ 50 23.9
g - — Full fit 1 Q.3090)° 30902 4 0.3 + 0.5 8.7+ 1.04038 2000 + 140 + 130 211
T’ - + --- Background 7 Q. (3119)° 3119.1 4 0.3 + 0.9%03 1.1+0.8+0.4 480 + 70 + 30 10.4
Q 300 B » ' | Feed-downs | ) <2.6 MeV, 95% C.L.
< i o i Q,.(3188) 3188 £ 5+ 13 60+ 15+ 11 1670 + 450 + 360
S - Z7 sidebands ] Q. (3066)’, 700 + 40 + 140
"g i | 1 Q,(3090), 220 + 60 =+ 90
8 200 Ry r_l Wt | gl Q.(3119)0, 190 70 = 20
O i :‘ * :':- -uiiﬂ‘”."-r;1 R ST T Lo T S

B ) SRRy ; ‘R s Yo S . .
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Xk —

Observation of [2 [PRL 124 (2020) 082002]

- K
s 5 o Ern, EF > pK~nt is reconstructed 2,
=0
s 20k =} decays selected based on MVA discriminant . am
s PID of K~ is optimized by Punzi FOM PV §,
> = i
2 LHCb -+ Data 2 LHCb ~+-Data
= 80001 — Full fit P ’ — Full fit
~ | - Zi— pK m*| 2000 ' 20 5Ein
2 - --- Background 2 -- Background
3 6000 3
© B ©
B Lpapmatemg? &
o T O
4000/~ Priselected 1000
i Et > pKnt
2000 | ‘
440" ”’{24|60| 00" E700 '-_-"-5756 58|00 ;850 5900
pK 7* mass [MeV] Z7n mass [MeV]
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Observation of 2,

Xk —

[PRL 124 (2020) 082002]

s 4 peaks are seen, the last two have global significance > 50
Mass splitting 10-15 MeV

2,(6316)~  6315.64 + 0.31 + 0.07 + 0.50 <2.8 15*8 3.6 2.1

2,(6330)"  6330.30 + 0.28 + 0.07 + 0.50 <3.1 188 3.7 2.6

0,(6340)~  6339.71 + 0.26 + 0.05 + 0.50 <1.5 A7 7.2 6.7

0,(6350)"  6349.88 + 0.35 + 0.05 + 0.50 1.4t§,-%§'i o, ST 7.0 6.2

% aof - LHCb Fome % sof - LHCD ome
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2., baryons
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=" baryons

m 25 charmed baryons
observed

o Missing many X:?
= 11 bottom baryons
observed

a See 4 narrow 2,

m Bottom are very similar
to charmed baryons
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Belle’s £.(2930) from B » A _A_K

E.(2930) MASSES
Z.(2930)" MASS 2942 + 5 MeV
2:(2930)" MASS 2929.7+28 MeV
Z,(2930)" — £.(2930)° MASS DIFFERENCE
E.(2930) WIDTHS
Z.(2930)" WIDTH 15 + 9 MeV
=.(2930)° WIDTH 26 + 8 MeV
EPIC 78 (2018) 3, 252 0 EPJC 78 (2018) 11, 928
30 o ‘O - —— Data
N - 5:*0 S - — Reflection+PHSP+Sideband ="+
% o5E ;::aslen;::izgso) Bkg § 15 ; E:liz;ngldeband
B i - — Total Fi
S 200 [ O Eomviebonc
N1 2 O
I -3
e F o [[Teedlo Y D st
woosE L L e, - LTI s
02 Foh om0 ST 0l Flaturm Bl gy |
28 28 29 295 3 28 285 29 295 3

2K # B MKAC (GeV/C2) MKgAC (GeV/C2)
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New = z* 0 from LHCDb [arXiv:2003.13649]

s Checked prompt production g
of 230 - ATK~

O Large and clean A} candidates

x Combine with Kaon 2\ 100048
o Using pT and PID to suppress = wof
combinatorial background from St
=Y = ooof
5 400f
5 200}

.2250. — .2300. .. .2350
m(pK n*) [MeV]
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New =%* 0 from LHCDb [arXiv:2003.13649]
C

m Large statistics data shows Belle’s =.(2930) is a composite of two

ko)

narrow =:*’s

= Athird peak is also seen
o position close to kinematic limit of the B decay used by Belle

2.9 2.95 GeV EPIC 78 (2018) 3, 252
% 2000 . : ~ 30 f_ —e— Data . .
= o F — Total Fit k()
E’ 1500 é 25 E_ ----- ;:taaslen;:a_ccf%m Bk.g C
3 20 . Sideband
- [ === Generic MC
S Jo00f = s
S [ - 151
= et
@) S 10F
500 E > - e
L 5 | 1T . L
r T T U0 ommadmn )
Om” ) T T 0 fré.iﬁﬂ....:rf.d.;?x-
0 100 200 300 2.8 2.85 2.9 2.95 3
m(AK") - m(Ag) - m(K”) [MeV] My, (GeV/c?)
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F |t resu |ts [arXiv:2003.13649]

m S-wave relativistic BW fit signal shape

= Low mass bump is modelled by reflections of heavier =-*(default)
o possible new =" at ém = 100 MeV(syst.) to improve fit, more data needed to confirm

£.(2923)° 2923.04 + 0.25 + 0.20 + 0.14 7.1+08+1.8 5400
£.(2939)° 2938.55+0.21+0.17 + 0.14 10.2+ 08+ 1.1 10400
£.(2965)° 2964.88 + 0.26 + 0.14 + 0.14 1414+09+1.3 11700
S 2000 S 2000 _ o
e 2 - 529235 AYK”
N & - _ —— 52939 AK"
= 1500 1500 - EL(2965) > ATK
3 _ 8 _ Bl =.(2923) > AK 7
S 1000k S 00k s TN Z.(3055)"— AsTHK™
=B 2 Bl =.(3055)— ASTOK™
S S . . Z.(3080) > (AL K"
500 500 f NI . Z.(3080Y—2 (AL 1)K~
M \\ 1 -- Background
ol il £ s . i ol o o il ,L;L&_L\‘_4 e Additional component
0 100 200 300 0 100 200 300
m(AK™) - m(AY) - m(K™) [MeV] Mm(AK™) - m(AL) - m(K™) [MeV] 17

% )



Further discussion arXiv:2003.13645]

m IfZ.(2965) is £.(2970) in PDG? More studies? Theoretical inputs?

2.(2970)

Mode Fraction (T; /T)
[ AfKr seen
o 0 I, >.(2455)K seen

HC[(LIZ-I(DC?)]S) 2964.9 + 0.3 141+ 1.6 I, ATK not seen

0 T, E27 seen
Ee (2970) +0.8 +3.4 I En seen
[PDG] 2967.803 28.124% T 5,(2645)% seen

s Equal spacing rule predicted mass of 2 [Gell-Mann, Okubo], still holds for the
excited states, implies same multiplets

m(£2.(2770)°) — m(Z.(2645)") ~ m(=.(2645)") — m(X.(2520)") ~ 125 MeV.

m(£2,(3050)%) — m(=,(2923)%) ~ m(Z,(2923)") — m(X.(2800)°) ~ 125 MeV,
m(£2,(3065)%) — m(=,(2939)?) ~ 125 MeV,
m(£2,(3090)%) — m(=,(2965)?) ~ 125 MeV.

Kzemn 18
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Multiplets between =" and 2"

s The 3 Z;* and the 3 of 5 Q7
might be the same multiplets

m($2.(2770)")

— m(Z.(2645)")

~ m(Z,(2645)°) —

(X.(2800)%) ~ 125 MeV,
(2.(2939)") ~ 125 MeV,
(2.(2965)°) ~ 125 MeV.

m(X.(2520)°) ~ 125 MeV.

m More X" expected?
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Ay /X, baryons

m 25 charmed baryons
observed

o Missing many X:?
o See more E:*

= 11 bottom baryons
observed

a See 4 narrow 2,

m Bottom are very similar
to charmed baryons

TRELHA

Charmed baryon mass (GeV)
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A}/ X} excitations in AR T~ w1z ors rsaoon

+

a A - J/YpK™

s Adding n*n~ to the /12 » T/127'['"7-[_ .
= probe A excitations L Mo e
2000_— N . — +++++++ E
= A} is reconstructed in : P
a A) > Afn~ and b e stgnd.

:

! | T } ]
Ay — JfppK~

m Structure around 6.15GeV

400 — |

Candidates/(3 MeV)

i A T il
= |nvestigate substructure of decays i # —_ﬁﬁﬁt_&ﬁﬁﬁﬁﬁ !

(*) 200 +_+_'i"/+':{_—i_+'}.'_¥_+ --" +
(2, - Apm)m

- -
=+

_,.A...,,,,_

6.15 6.2

mAgﬂ'*Tr* [GGV]
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A} /X excitations in At m

[PRL 123 (2019) 152001]

s Adding m*m~ to the A}
= probe A excitations

= A} is reconstructed in
a A > Afm~ and
a0 AY - J/pK-

m Structure around 6.15GeV

m Investigate substructure of decays

=5 Apm)m

TRELHA

Candidates/(3MeV)
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n L

C . : 0—4—— _
- 3 region A b T T o ]
— + E
C / \ :
5 Y X e
- t by T TR
*++++++++++++K*+H++++ i =S AR R
- X; region 0 -
L = Ay(6152)" ===-- background
- + I:IAI,(6146)0 total ]
L ++ ]
- + S i
- 4 X
M SR ++_+_+ - -f%:++ s ++++ e ++_++-+~1L e ——

+ -
j T A , I I i | t
B NR region
- E
: +++++ N

+

- et s
__ -H-++ ++-H- +H e N
- +:9—/ - _’__‘_4_

[GeV]

22



Two new A} /X) excitations

[PRL 123 (2019) 152001]

200

ApmE

& | IAI)I(61I52I)O—I>/;£7T+7T_ T S LHCb
i Htﬁﬁ |

;: T Ab(6146=)°—I>Ag7r=+7r= T
e b L | H H—ﬁ it W |
AT ANE T 1t++++++ T fiT i

TRELHA

mAgﬂ+

[GeV]

mAgﬂ*

M, (6146)°
My, (6152)°
FAb (6146)°

FAb (6152)°

6146.17 £ 0.33 £ 0.22 & 0.16 MeV |
6152.51 £ 0.26 £ 0.22 £ 0.16 MeV |

29 4+1.3 +0.3 MeV,
2.1 +0.8 +0.3 MeV,

A,(6146)

| : \ A6152)°

—
or
Tc+
—Z;""
0 A,(5920)° 25" =
A,(5912)° Ay(5920) T
T or
S T T or T
- _
0 m T
A
b 5620 MeV udb

< |nterpretation as neutral X} states cannot be excluded
Different coupling to the X, and X

Theorists prefer to 1D A? states
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Another new baryon in A)m* ™

PR arXiv:2002.05112
= A broad structure is just d00 202
- At AY — Afm- LHCb -
below the two peaks e gy ]
S ] Ab(6146) .
400— = éb(6152) ++++
— - b7 ¢
= LTI S ackerom
i | —— totah):ckgliundd ++ ++++++L + ﬂﬁf} F#?
2200/ total e +++ +++++++4++ ++ﬂ.+ e
m = 6072.34+2.94+0.6+02MeV £ | bt — ]
I = 724+11+2MeV, ER =
© 50 Avrt T
= i
100§ b P St *#*%f ;WW R
S50 +++W»#w+ﬁ++g+i u —
. - - - M.ﬁi‘,lﬂ',;',—:_;',—'—':.'—'—‘:,'—.'.—.'.—',—'—:
s Consistent with prediction of N - E
A b (ZS ) 0 100 b i L++++#++++++++j++++++¢++++**ﬂ++€+ *ﬂi
50E o i b b i E
‘:Mkﬂ'i‘l‘— _L"._‘I'_l"._.'_'—'_':':'?'.—.':1:‘_:
0 595 6 6.05 6.1 6.15 62
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Theoretical explanations

n Interpret A,(6146), A,(6152) as 1D

6.6f

6.4}

Mass (in GeV)
o
o

5.8}

5.6}

[PRD 100 (2019), 094032; 2002.11435]

o
=)

3S
3s 2P ===
i 1 ) —
2P ]
2S
6146&6152
1D —
6072 1P
28 —_——
25(6097)
Ap(5920)°
1P =¢=
Ap(5912)° T5(5835)”
1S =—=§—
Z,(5815)"
Ap(5620)°
1S —eo— Ay |

[Bing Chen, Xiang Liu PRD 98 (2018) 074032]

TRELHA

16.6

16 .4

16.0

15.8

5.6

Or superposition of
several states?

6.8f = - 16.8
=b =b
3S
6.6 i 3S 2P =— b 6.6
Which dégcays to
look for?p == 1D )
A} —— BA 16.
% 1D 25 5K
(D :' "‘ ZbK
g 28— i IP= o -
2 02F, =,(6227) 162
§ 1P I AbK
L4 . EZ”
......................... By
6.0 =1(5955)" 16.0
IS== =T
(5935) =
E,(5795)
5.8} 1S—e— P8
[Bing Chen et. al. PRD 98 (2018) 031502(R)]
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Ay /Xy baryon summary

m 26 charmed baryons
observed

o Missing many X:?
o See more E:*
= 16 bottom baryons
observed
a0 See 4 narrow 2,
o See 3 more A;°/5:*0

m Bottom are very similar
to charmed baryons
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Summary

s Baryons have rich spectra
s Exploring meson and baryon excitation spectra
= Studying exotic hadron spectroscopy
o Not showing is the pentaquark baryon states
= Remarkable facts:
o Lots of excited charm and bottom baryons are very narrow

o Equal spacing rule (~125 MeV) works well for charm and
bottom X, = and (2

m Your suggestions may results in more discoveries

TREE R 27
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=, baryon spectroscopy

= Numbers of excited b-baryons have already

: b s
been discovered Py 0
C) 1/2
~ —~~— b h'b
0 .:*(5945)0 - 5ot [Cl\/lS 12]
§ b 0 1/2t | LoD
1 0
o &, not yet observed .
Neutral =, Charged &),
ﬂRL 108, 252002 (2012) JHEP 05 (2016) 161 \ / PRL 114 (2015) 062004 \
- 16, . . N&14():.....1»»_ :
R S Al - 2
§-12; L=ssmw ---- Background E 50;_ E 100:—
é 10} CMS ﬁ 3 = sk
5 of : & sf
5 6f B o 8 f
g = g Yr ‘,
“ Sk ‘ M b ¢
2:_, i AT T ]! E & oLl s lesar, [0 Tiales 0 il ARSI i\.““;\\\\‘d‘&rug\&\\&. %\\\\\\\&
o o 20 30 40 50 0 020 30 a0 0 10 20 30 40
\ MUWYET") - MJIWE) - M() [MeV] M@E: ) — M(E;) — () [MeViel] / \ M(Eym™) — M(E)) — M(r™) [MeV/c?| /
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X, spectroscopy: Observation of £,(6097)*

s A) - Arm~ combined with 7% from PV

m Fit: relativistic BW convoluted with
resolutions of 1.0-2.4 MeV

Quantity Value [MeV]
m(X,(6097)7)  6098.0+ 1.7 + 0.5
m(X,(6097)7)  6095.84+ 1.7 &+ 0.4

['(X(6097)7) 289+ 42 + 0.9
(25(6097)7) 31.0+ 55 + 0.7

X7 and Z;* parameters are measured,
5x more precise than the previous CDF values

TRELHA

Candidates / (6 MeV)

Candidates / (6 MeV’

450

I
8

IIIIIIIIIIIIIIIIIIIIIIIII I I I IIIIIII

’%50
300 E
250
200
150
100

50

450
400 E
350
300 F
250
200
150
100

[PRL 122 (2019) 012001]

I
2, - A V/
.Z - A
.Zb(6097) — A

----Background

...

Z, - Abﬂ'
.E - A
B =, 6097y — A)x+
----Background

LHCb

Pl
-




Observation of a new £,7(6227)~ state

s Reconstruct 5, - A}K~ and 5.n*
o Hadronic (HD) and Semileptonic (SL) decays for A}
a SL decays for Zp - Ztu~Xv,

= With hadronic mode

M(E*7) — M(A)) = 607.3 £ 2.0 (stat) £ 0.3 (syst) MeV/c?,
I' = 18.1 & 5.4 (stat) £ 1.8 (syst) MeV/c?,
M(E7*) = 6226.9 £ 2.0 (stat) £ 0.3 (syst) & 0.2(A9) MeV/c?,

Mass peak position is consistent between the three decay channels

The most massive baryons observed so far!
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