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Observation of x.1(3872) in baryon decays
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Xc1(3872) to date studied only in b-meson decays - extend to baryon decays
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Observation of x.1(3872) in baryon decays

First observation of A) — x.1(3872)pK~ with x1(3872) — J/¢mtn~ decays
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JHEP, arXiv:1907.00954(2019)

B(AY — xc1(3872)pK ™) x B(xc1(3872) — J/ymtn~) = (1.24 £0.257923) x 107°

: 35E W LHCh
;: 30 \\\\ _ E|
58 + 15% of signal decays proceed through * L - ! E
2-body .1(3872)A°(1520) decay compared to a Lo A0 Bectomndsbiecie 4
fraction of 6 + 2% in the control mode 3 + + ]
AY — (2S)pK ™ Tl SWESNES

Nicole Skidmore (Physikalisches Institut, Heidelberg)



Exotic states in BY — n.(1S)K ™

Many interpretations of the observed charmonium-like Z. exotic states predict another
exotic state decaying to ’I]C(ls)Tr_ (PRD87,091501(2013), PRL111, 162003(2013), PRD71, 014028(2005))

7:(1S)
c c
W+ N _ 7z~
0 b S o 0 b 4 ¢
? {,1 ,1}1‘ P zl)
K*° resonances dominate decay Exotic resonance predicted in 1c(1S)7~

Dalitz plot analysis of B® — 7c(1S)K™ 7~ decays performed where n.(1S) — pp
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Exotic states in B — - (1S)K*

Conventional states only

«0 140 K*and NR * #}LHCb E
K™*” resonances and NR component alone cannot

120f component *
onl;
describe the data - allow a Z. component with ; i y W + +ﬂ |
floating mass and width 2 op W "
op f#“ﬂm :

3 35

Candidates / (40 MeV)
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First evidence (> 30) for an exotic state decaying to 2 pseudoscalars

Exotic contribution Exotic contribution
(4100)_ g: g EN b Witl; exotic I LHCb §
M = 4096 + 20735 MeV g wf 8 . g
M=152+58"% "Mev g £ W"";ﬁ"w
JF=o" /1* E g o
m(K,]r) (GeV] . = m(n{(lS)zr) [GeVJ5
First measurement of branching fraction:

B(B® = n.(1S)K"n ) = (5.73+0.24 + 0.13 + 0.66) x 10™*
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Exotic Contributions to B® — J/y Kt~

Exotic Z(4430)_ — ¢(25)W_ observed by LHCb in 2014 (pru 112, 222002)
Belle report another exotic Z(4200)~ in J/im~ system (pro 90, 112009(2014))

2000

m(K*+7~) [MeV]

B® = (')K*m~ decay dominated by many,

overlapping, poorly measured K states L
1000

K;(700)
L
0 1 2 3 4

Spin J of K resonances

Model independent method only requires knowledge of highest spin K7 for given my+ .-

Dataset allows for a 4-D angular
analysis in 35 bins of my+ . —.
Significantly greater sensitivity to exotic
components than previous 2-D analyses
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Exotic Contributions to B°
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Assumption that decay can be described only using K states ruled out at > 5¢

Model independent method can only
indicate presence of exotic contributions -
need model dependent analysis to determine
further properties of these structures
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Beautiful tetraquarks

In search for exotics most progress made in charmonium sector - exotics with minimal
quark content céqq’(q") - what about bottomonium?

100 T T T - T
. 7(58)->Y(nS)xx
.,S go [ decays at Belle 2,(10610) 20‘106502
Two tetraquarks in bottomonium sector f o | ¢
seen in decays of T(55) — T(nS)rtm~ Fwf g 4
decays by Belle - Z,(10610) and Z,(10650) Eof '
d ;

4
104 10.45 105 1055 106 10.65 10.7 10.75
M(Y(28)7) ., (Gev/c?)

PRL 108 122001(2012)

No exotic hadron has been observed composed of more than 2 heavy quarks

Predictions for a X,;,5 tetraquark state with mass [18.4,18.8] GeV close to but below
nbMp threshold

Implies decay to T(nS)ITI~ (I = e, u)
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Beautiful tetraquarks

Search for a possible exotic tetraquark state composed of 2 b and 2 b quarks decaying to
TS u™
Search 17.5 < m(2u*2u~) < 20.0 GeV range for an excess
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LHCbh
V5=7,813TeV

No excess seen at any mass hypothesis
Upper limits set on product of X,z

production cross-section and branching &
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e Exotic baryons at LHCb
@ Observation of a narrow pentaquark state, P.(4312)", and of two-peak structure of
the PC(4450)+ PRL 122, 222001 (2019)
@ A search for weakly decaying b-flavored pentaquarks pro o7, 032010 (2017)
° B(Os) — J/vpp and precision measurements of the B(Os) Masses PRL 122 191804 (2019)
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In 2015 LHCb observed exotic contributions decaying
to J/wpin A) — J/1pK~ decays
Exotic contributions near 4450 MeV supported by
model independent analysis at more than 9o

(PRL117.082002 (2016))
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Run 1 data

g
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PRL117.082002 (2016)

Nine-fold increase in statistics for 2019 analysis! Structure at 4312 MeV evident and

P.(4450)" resolved into 2 narrower structures
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Exotic baryons in A?

— J/1¥pK~ - UPDATE

New structures narrow - use 1D mass fit with BW amplitudes to begin to analyse nature.
Three types of fit performed resulting in different background composition/shape :

3 BW + broad P_ +I.0

3 BW + h.o polynomial

Enhance P signal with m,_ cut or
weight events according to
cosine of the P helicity angle

W(cosd,, ) = 1/(aN/dcos6,, )

A* region —|
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Exotic ba

rtD*°
= H
2209 z -7.30 for new P(4312)
g —dataH LHCb -5.4¢0 for 2-peak structure
L —total fit .
g1000 _Loaikg,ou'nd rather than single peak at
5 a0 : 44-50 MeV _
o -Fits with /without a broad P.
2 600 both describe data well-full

amplitude analysis required
with comprehensive
understanding of dominant
N — pK~ spectrum

P(4312)°

48004250 4300 4350 4400 4450 4500 4580 4600
Jryp [MeV]

PRL 122, 222001 (2019)

State | M[MeV ] | T[Me ] (95% CL)
Pc(4312)F | 4311.9£07758 [ 98+2773L  (<27)
Pc(4440)* | 44403 +1.37%1 | 206 £4.978/, (< 49)
Pc(4457)* | 4457.3+£0.677% | 6.4+£2075)  (<20)
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Exotic bary
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Pc(4440)* | 44403+1.37%1 | 206 £4.9787 (< 49)
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Exotic baryons in A9 — J/¢pK~ - UPDATE

P(4457)" peaks at Af(2595)D°
threshold... possible triangle diagram .
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Skyrme model predicts that the heavier the constituent quarks the more tightly bound
the pentaquark - more stable state proc. R Soc. A260, 127(1961)
Investigate existence of pentaquark states containing a single b or b quark that decays

weakly
Mode  Quark content Decay mode Search window
I bduud P;UP — WK r—p  4668-6220 MeV
" buudd Po - — JWWK 7 p 4668-5760 MeV
m bduud P;gﬁ — JWK-7wtp  4668-5760 MeV
v bsuud P;[)p — Jop 5055-6305 MeV
' }u v ¢
) , i }J/
b —b—mg . b W [ L)
d Qu K S =
+ u ~ + —\S
Py, E_—:Q\\g x Py, u_,_\\S} o
—>\8 u _’\u
d d d
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b-flavored pentaquarks

Perform scan in each modes’ my /yuny distribution in 4 MeV steps
No significant evidence for signal - set 90% CL upper limits on R

a(pp = PgX) - B(Pg — J/¥X)

R =
0 0 —
o(pp — ApX) - B(Ay — J/¥K—p)
z [Run 1 data (a) 2 ek (b |
x LHCh | X LHCb
L L
a o 2
X x
) o 10 E|
= =t
=) =)
L L 1 I 1 1 II
5000 5500 6000 5000 5500

UK 7p) [MeV] mUK 7p)  [MeV]
Z ek © | g£vF (@ 3
X ISR LHCb
2 )
x P
AT 3 & 0
= =)
=] =)

Ll v
5000 5500 55'00 (){)I()U
MUK 7 p) [MeV] mUygp) MeV]

Phys. Rev. D 97, 032010 (2017)
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Exotic contributions to B(Os) — J/Ypp

Decay modes are suppressed

BY — J/+pp - OZl-suppressed BY — J/+pp - Cabibbo suppressed
b Veb Cj/w
c
o W= dp
B Vi @u
1 P

Can be enhanced through
Exotic states in J/1¢p system, glueballs

in pp system Gluonic penguin diagram
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Exotic contributions to

LHCb searches for B(Os) — J/Ypp

2011 data Run 1 4 2015 + 2016
set
| wof + Dua Oy
YOF Lhew

5 B signal
7] B? signal
..... Background

30E 2011 data
= only

150

100

Candidates / (2 MeV)

Candidates / (6.22 MeV/c?)
e}
O

50

L L L L
5250 5300 5350 5400

5200 5300 Mwigé))o[MMz] m(J/4pp) [MeV]
JHEP 09 006 (2013) PRL 122 191804 (2019)
-2.80 observed for BY mode -11.50 for B® mode
0 -
-No B® — J/1pp observed -19.50 for B? mode
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Exotic contributions to B(Os) — J/Ypp

Branching fraction results:
B(B? — J/vpp) = (3.58 £0.194+0.31) x 107°
B(B® — J/vpp) = (4.51 +0.40 + 0.43) x 107

B? mode branching fraction 2 orders of magnitude greater than theory predictions
without resonant contributions epu. c7s, 101(2015)

Will perform full Dalitz plot analysis for exotic searches

Perform B(Os) mass measurements using OFAL
B(Os) — J/¢¥pp due small Q-value Delphi .
Aleph
Worlds best single measurements: D96 i
Belle et
0 CDF’06 e
m(B”) = 5279.74 4+ 0.30 £ 0.10MeV
LHCb
0 Our WA:
m(B;) = 5366.85 + 0.19 + 0.13MeV 5366.52:£0.20 MeV

|
5855 5360 5365 5370 5375
BY mass [MeV]
PRL 122 191804 (2019)
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A look to run 3 and beyond

< 9 fp-1 > < Goal: 50 fb! ——————p  4———Goal: 300 fb-! ——p

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LSS Run 6
2010 2011 2012|2013 2014\2015 2016 2017 2018f 2019 2020 2021 2022 2023|2024 2025 |2026 2027 2028 zon 2030 12031 2032 2033 | 2034|2035 2036 2037

Upgrade I Upgrade Ib Upgrade I1

T3 —0
y _ s

Software only
5x instantaneous lumi. New SciFi tracker trigger
- Side View EcaL HCAL Ma MS
sml- T 3 -
1 SciFi RICH2

3 Tracker

Vertex )
Locator

-5ml- | | 90% of detector
hi & channels replaced T 11
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A look to run 3 and beyond

< 9 ft > < Goal: 50 fb-! »  4—Goal: 300 fb' —»
Run 1 LS1 Run2 LS2 Run 3 Ls3 | Run4 LS4 RunS LSS Run6
2010 2011 2012 2013 2014|2015 2016 2017 2018 2019 2020 {2021 2022 2023|2024 20252026 2027 2028 2029f 2030 2031 2032 2033 2034 2035 2036 2037
Upgrade I Upgrade Ib Upgrade 11

—F—

LHCb Belle II
Decay mode 23 [0 [3000 ] 50ab~"

BT X(3872)(— Jym n )KT 14k 30k 180k 11k

el e | BT X(3872)(— ¥(2S)7) KT 500 1k 7k 4k
a0 | B'sy@2S)K ot 340k 700k aM 140k

‘ ’ BiE=SDiDIDS 10 20 100 =

] My JpK 340k 700k 4M =

e b | Sy o JWAKT 4k 10k 55k —
S| EXT s ATK xRt 7k 15k 90k < 6k

o JwEr 50 100 600 —

Study x(3872) lineshape with simultaneous fit to multiple channels

Study charged exotic mesons such as Z(4430)". Broad - require amplitude analyses
Explicitly exotic charm states eg. doubly charmed tetraquarks (CC(]C?) T — D;DO

P. observation channel - high sensitivity amplitude analysis (JPC)

Search for hidden-charm pentaquark with strangeness decaying to J/1{/A. 1st observation at
LHCb with =~ 300 signal decays (P8 772 265 (2017))
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Conclusions

Exotic state searches are very active both in experiment and theory sectors
Experimental and theoretical developments moving quickly

LHCb working on full run 1 and run 2 dataset where statistics are such that more
amplitude analyses are possible

Excellent long term prospects for exotic searches at LHCb

< 9 fp-! » < Goal: 50 fb! —pp 44— Goal: 300 fb'! —
Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6
2010 2011 2012|2013 2014|2015 2016 2017 2018 2019 2020 2021 2022 20232024 20252026 2027 2028 2029} 2030 §2031 2032 2033 2034‘2035 2036 2037

Upgrade 1 Upgrade Ib Upgrade 11

—F—0
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ntaquarks in A) — J/¢pK~ - UPDATE

3 BW + broad P (4380) +|.0

3 BW + h.o polynomial polynomial
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Exotics search in A) — xc(12)pK™

Predictions that P. states observed by LHCb may be due to rescattering effects through
triangle diagrams

m(xcp) = m(P:(4450))

Could P.(4450) be explained by T

Xcip — J/1p? Note no known S-wave b C}J/ o
binding mechanism for pxcs _— e [/ (xes)
combinations. AY
S
U ——1u ]A* — pK—
d——————»——d

Can be tested by searching for P.(4450) — xc1p resonance in Ap — xca1pK~ - requires
amplitude analysis
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Exotics search in A) — xc(12)pK™

First observation of A% — Xc(1,2)PK ™ and branching fraction measurement in preparation
for amplitude analysis

T T T

LHCb Run 1 data
N Az pk

BB A7 oK
—-Comb.

Reconstruct xcy — J/1y
No suppression of x> relative to xc1 as
observed in B decays

Candidates / (5 MeV/c?)
g
(R L A LA L L L

I\t
; ///w\\\\
5450 5500 5550 5600 5650 5700
my | pK") [MeV/c?]

PRL 119, 062001 (2017)
Significance of xc1 and xc2 decay modes 290 and 170
B(Ag — xapK™)
B(AS = J/bpK-)
B(Ag — Xe2PK™)
BN — J/pK™)

= 0.242 +£0.014 £ 0.013 £ 0.009

= 0.248 £ 0.020 £ 0.014 £ 0.009
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