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Decays of mesons at LHCb

Selected measurements:
* Amplitude analysis of BT — J /Y ¢pK ™ decays [PRD 95, 012002; PRL 118, 02200]
« Observation of 1,(2S) — pp and search for X (3872) — pp [PLB 769,305]
* Study of charmonium production in b-hadron decays and first evidence
for the decay B - ¢p¢ [EPJC 77, 609]

See other talks:

Observation of the doubly charmed baryon by Daniel Vieira (06/11)

Results on charmed baryons from LHCb by Daniel Vieira (06/11)

Spectroscopy results from LHCb by Lucio Anderlini (06/11)

LHCb Quarkonium results in p-Pb and Pb-Pb by Jiayin Sun (08/11)

Study of B, decays at LHCb by Jiesheng Yu (08/11)

Decays of baryons with heavy quark at LHCb by Mengzhen Wang (08/11)

Study of J/y productioninjets (LHCb) by Jia-Jia Qin (09/11)

Measurement of the J/i pair production cross-section at/s = 13 TeV by Liupan An (09/11)
CEP of J /1 and ¥(2S) mesons in pp collisions at+/s = 13 TeV by Liupan An (09/11)
Measurement of Upsilon polarizations in pp collisions at+/s=7 and 8 TeV by Lucio Anderlini (09/11)

Complete set of the LHCb results in https:/ /cds.cern.ch/collection / LHCb%ZOPapers?hn:en2
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* Precise vertex reconstruction with VELO
* Powerful charge particle ID by RICH detectors
* Robust trigger



LHCDb detector

IJMPA30 (2015),1530022
JINST 3 (2008) S08005

* Precise vertex reconstruction with VELO
* Powerful charge particle ID by RICH detectors
* Robust trigger

* Coverage complementary to ATLAS and CMS in py and n



Amplitude analysis of BT — K* decays PRD 95, 012002
P y ]/lqu Y PRL 118,022003

X(4140) — J /Y@ historical overview:
First evidence by CDF with later observation by CMS
« Narrow resonance (world average for width: I(X(4140)) = 15.7 + 6.3 MeV
- charmonium resonances expected to be much broader at this mass region
- exotic candidate containing no u- or d-quarks
— possible interpretations:
- molecular state
- tetraquark
- hybrid state
- rescattering effect

X(4274):
* Seen by CDF, CMS and Belle
* No strong observation
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Amplitude analysis of B¥ — J /¢ K™ decays

Purity in signal
region:77%
LHCb

Y rest frame

- mass My

m [MeV] -

PRD 95,012002
PRL 118, 022003

B rest frame

K rest frame

First 6D full amplitute analysis:

helicity angles 01/,, Ok, 9¢

- angles between decay planes Ay, kv Ady= 4

Contributions from all possible B* — J/YpK**
Not many K** —» ¢ K* well established

Using Godfrey-Isgur model to define quantum
numbers of not established K*™* states

Masses and widths of all K** states are free fit
parameters
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Amplitude analysis of B¥ — J /¢ K™ decays

K*’s-only hypothesis fit:
* Myg and M, can be described by model
* M, is not described by fit
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p-value below 10’

— non-K* resonances needed:

© ZT > J/YKT
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- does not lead to significant improvements

PRD 95,012002
PRL 118, 022003



Amplitude analysis of B¥ — J /¢ K™ decays

After including contributions from four X-states:
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PRD 95,012002
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K'(1%)
— K(Z’)+K'(2’)
—— K (1)
——K'(2)
—— K(0)
== 1" X (4140)
O], == 1" X (4274)
H A0 0% X (4500)
O A4 Oi X (4700)
== IR LS
2200 2400
My [MeV]

X(4140) X(4274) X(4500) X(4700) Most significant K+ resonance- K*(1680)7
8.40 6.00 6.10 5.60 — first observation of K*(1680)" - ¢ K™ (8.50)
M(MeV) r'(MeV) jre
X(4140) | 4146.5+4.5%%8 83 +21*% 1** (5.70) = rule out D;* D~ molecular
(first measurement from amplitude analysis) model. Cusp model?
= widerthan world average (15.7+6.3)
X(4274) 4273.3 56 +11%%, 1** (5.80) = not molecule or cusp, not a
+8.3%37%2 hybrid charmonium. Tetraquark?
X(4500) 4506+ 11+ 32 92 +21*23 0** (4.00) = D" Dy state? EPJC64,373
X(4700) 4704 + 10* 33 120 + 31%%3 0** (4.50)

Tetraquark models:

» Lebed-Polosa: 1** X(4140), but 0~* X(4274) (Phys. Rev. D93 (2016) 094024)
* Anisovich et al: only one 1** state (Int. J. Mod. Phys. A30 (2015) 1550186)

« Stancumodel: 1** X(4140) and 1** state a bit higher than X(4274) (J. Phys.G37 075017)



Observation of n.(28) = pp and search for X(3872) - pp

Only few decay modes of 1, (2S5) were observed PLB 769, 305

BR(n.(2S) — pp) — important knowledge for further prompt production studies
J.-P. Lansberg, H.-S. Shao, H.-F. Zhang arXiv:1711.00265
— only upper limiton BR(¥(2S) = n.(2S)y)xBR(1.(2S) — pp) by BESIII
Spectroscopy studies for 1.(1S)
— tensions in mass and width measurements performed using differentn,.(1S) production processes
= complications in line shape when using n.(1S)y radiative decays
Spectroscopy studies for 1.(2S) : lack of measurements
Search for X(3872) — pp and ¥(3770) — pp

« Bt > ppK*: clean environment to study (cc) — pp g oo
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Observation of n.(28) = pp and search for X(3872) = pp

First observation of .(2S) — pp (6. 00 significance) PLB 769,305

B(B" = 1c(25)K™) x B(n.(2S) — pp)

- —2

using BR(BY = J/YK*)XBR(J /Y = pp) from PDG:
B(B* — n.(2S)K™") x B(n.(2S) — pp) = (3.47 £ 0.72 £ 0.20 £ 0.16) x 10~®
BR uncertainty

Spectroscopy of 1,.(1S) and 7. (25):

My, — M, = 110.2 £ 0.5 = 0.9 MeV
e 7e(19) — tensions with world averages

Mw(ZS) — Mnc(25) =525+ 1.7+ 0.6 MeV

[p.as) =340+ 1.9+ 1.3MeV = in agreement with world average

Search for X (3872) and ¥(3770):

B(B* — X (3872)K*) x B(X(3872) — pp)

~2
B(B* — JWK™*) x B(J/ — pp) < 0.20(0.25) x 10~*

B(B*+ — %(3770)K*) x B(w(3770) — pp)

B(B* — J/YK*) x B(JJY — pp) <9(10) x 1072
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xc and n,(28) production in inclusive b-decays using ¢¢ at /s = 7,8 TeV

EPJC 77 (2017), 609

» Powertful test of NRQCD factorization, universality of LDME and heavy quark spin symmetry

assumptions

« Aiming at constraining LDMEs simultaneously by prompt and b-decays measurements

« 2Dfitof M(KTK~)XM(K*K™,) in bins of M(KKKK)

—~

Emm '- -'LllCi)
to select true ¢p¢p combinations éi.( '
1
. 05 500,
» ' » ;'t/I»(K tK7) ?MeV}
. - | LR A — T T T =
> - -
£ 2000 — 7e(15) LHCb ]
) - -
= B Limits for
g 1s00 - T - X(3872), -
RS R forbidden to h,- forbidden  X(3915), -
g _ decayto ¢¢ todecayto ¢p¢p  X2(2P)
< - -
© 1000 o \\ 3
E Xel X2 \ \ E
500 | ; 1c(25) ]
~ b-decays, inclusive \¥ ll:
- pure ¢¢ combinations -
0 [ A A A A : ;
2800 3000 3200 3400 3600 3800
M(¢¢) [MeV]

*  x.and n.(2S) production rates measured using measurement of BR(b - 1.(15)X) EPJC 75, 311
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xc and n,(28) production in inclusive b-decays using ¢¢ at /s = 7,8 TeV

First measurement of y ., production in inclusive b-decays

BR(b - x.0X) = (3.02+0.47+0.23+0.94) X103

EPJC 77 (2017), 609

The most precise measurements of BR(b — x.X) and BR(b - x ., X)
BR(b — x.X) and BR(b - x.,X) are in agreement with measurements at B-factories

wee CLEO 2
== Belle -> updated (PRD93 052016): (3.33+0.05+0.24)x10°3
we  BaBar B X

*  PDG2016 “*Xel

--------------------------------------------------------------------------

L3
DELPHI
LHCDb: (2.76+0.59+0.23+0.89) X103
PDG2016

Our average
——

BR(b - x1X)

A A A " L
0 001

I
0.02

- CLEO 2
= Belle ->updated (PRD93 052016): (0.70+0.06+0.10)x10-3
== BaBar

PDG2016

.

..........................................................................

w  LHCb:(1.15+0.20+0.07+0.36) x10-3| BR(b = X 2X)

0.02

0 ' 001
B(B,b — x.X)

First measurement of 7.(2S) production in inclusive b-decays; first evidence of 1.(2S) — ¢ ¢

BR(b - 1.(25)X) BR(n.(2S) - ¢¢)
BR(b - 1.(15)X) BR(11.(15) - ¢¢)

0.040 +0.011 +0.004 | (3. 70 significance)

1 (2S) production as a function of assumed I'[7.(25)]

007 Lheb

0.06 |

xB(ne(15)—¢¢)

0.05F

B(b—n.(28)X) x B(n.(25) —¢¢p)

B(b—m.(15)X)

0.04 |

0.03H

0.02F

0 IOPDG

0 T30
I'(n.(2S)) [MeV] 12

=? first step to measure 1.(2S) hadroproduction



xc and n,(28) production in inclusive b-decays using ¢¢ at /s = 7,8 TeV
Barsuk, Kou, Usachov LAL-17-051

(2.74 4+ 047 + 0.23 + 0.945) x 1073
(2.49 4+ 0.59 4+ 0.23 + 0.895) x 1072
(0.89 + 0.20 + 0.07 £+ 0.365) x 1073

 From EPJC 77 (2017),609 andPDG:  B(h — \ 7" X)
B(b N \Cld‘irect‘\')
B(b N \CQdirect‘\')

O1 = (OY°(PFy))/m?.
c)g = <o\f0( 1),
e Short-distance coefficients calculated within (C )\CJ Py)) / (2J +1)0O;.

NRQCD NLO e
) S ) e
Beneke, Maltoni, Rothstein, PRD 59, 054003 (O~ ( )> (27 +1)0s

* Relation between LDME from HQSS:

1. Fit two LDMEs to three measurements: 2. Discrepancy when fitting two LDMEs
to two relative production measurements:

0 . <\‘2) 0.01
8 0.02; B(b - XcodirectX) Og B(b - Xcldirectx) 10° <X2>
i B(b — XcldirectX) 20 B(b g XcodiTECtX) &
ire ~ ”
0.01 B(b — Xc2d CtX) 15 B(b - XcgleECtX) 10°
i B(b —) XcodiTBCtX) 1
s 10
Un - SN 10
s S 5
LSRN (d) (c)
_0'01 N N N NN RN N 2 1 2 PRI SRS S 0 S
-0.2 -0.1 0 0.1 0.2_ ~0.05 0 0.05 0.1 1
(_)1 01

* to constrain theory using simultaneously results on charmonia hadroproduction
and on charmonia from b-inclusive decays



First evidence of By — c[)d)qb EP]JC 77 (2017), 609

i [ LHCH

« 3Dfitof M(KTK~)XM(K*K™,)XM(K*K™3)inbinsof % a0
M(KKKKKK) to select true ¢p¢p¢p combinations §

L L L 1 L
01010 1015 1020 1025 1030 1010 1015 1020 1025 1030 1010 1015 1020 1025 1030
M(K+TK~) [MeV]

Firstevidence of B — ¢¢¢ No indication of significant Longitudinal polarization of
(4.90 significance): resonant contributions ¢ does not describe the data:
%15_ 'I"""'IIIII"IIIII_ ~ FrTTTIT T T T T T T g g_"'l""l""l""
N daa] 5 yf e
% i % MC ] < [ no poj%rization'
£ o[ N g1 1 Zasp -. o
= £ 10 B ]
: 5 1 0 ? ]
sp ; sk b St ol + O] 1
i i ) sE L _E ]
5250 5300 5350 5400 5450 5500 2000 2500 3000 3500 4000 -1 0.5 0 0.5 1
M(¢96) [MeV] M(6¢) [MeV] cos(9)
* B2 - ¢¢ used as a reference:
BR(B? -
(Bs > ¢09) _ 4147 + 0.030 + 0.015
BR(B; — ¢¢)
using BR(BY— ¢¢) from JHEP 10, 053 :
BR(B? > ¢ppp)=(2.154+0.54 +0.28 + 0.215,)x10°°
14

In agreement with measured BR(B‘S’ -1, ¢) JHEP 1707 (2017) 021



Ratio of the branching fractions for the i, decays to ¢¢ and to pp
EP]JC 77 (2017), 609

BR(n. - ¢¢) : PDG ftit and PDG average values differs
Tension between measurements at B-factories and measurements performed

using radiative decaysto,

BR(Mc—>¢P)

— extracted using BY — ¢ ¢ as a reference:
BR(n.—pDP)

Branching fractions ratio

from data from MC
1 1 JHEP 10, 053 (LHCb) JHEP 04 001 (LHCDb)

BR(n. - ¢¢) _'N(nc - ¢p) €(BY) o — -
BR(m. » pp) N(BS = ¢p¢d)e(m.) X BR(B? - ¢¢) x BR(b - BY)X

BR(b—n:X)'BR (1. ~pD)
X ; ) X [BR(b X)- BR
[BR(b—V/IPX) BR(]/IPHPP)] (b-J/Y ) Jd/ - PP)]
||
EPJC75,311 (LHCD) PDG

PDG

BR(1. —~ ¢9)
BR(7. - pp)
value extracted using PDG fit: 1.17 + 0.18
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Summary

First full 6D amplitude analysis of BY - J/p¢pK*

— other than K* resonances needed to describe data

— observation of four J /¢ structures X(4140), X(4274), X(4500) and X(4700)
— quantum numbers determined with significance better than 4 std. deviations
— width of X(4140) measured to be larger than world average

— first observation of K*(1680)" —» ¢pK™*

The decay n,.(2S) - pp was observed for the first time using B* - ppK™
— important knowledge for further prompt production studies
— search for X(3872) —» pp and ¥ (3770) — pp

Xco12 ANd 1.(2S) production in inclusive b-decays measured using decays to ¢¢.
— relative y. production differs from theoretical prediction

— approach fo constrain theory using simultaneously results on charmonia
hadroproduction and on charmonia from b-inclusive decays

— first or most precise measurements

First evidence of BY - ¢p¢p¢p decay

BR(Nc~¢¢)

~ extracted using B2 — as a reference
BR(1c—~PD) 9Bs = 99

16
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Search for X(3872), X(3915) and x.,(2P) decays to ¢¢
EPJC 77 (2017), 609

Limits with respect to states with similar quantum numbers:

BR(b - X (3872)X)XBR(X(3872) — ¢¢)
BR(b = X1 X)XBR(Xc = ¢¢)

BR(b = X(3915)X)XBR(X(3915) — ¢¢)
BR(b - XCOX)XBR(XCO - ¢¢)

< 0.39 (0.34)

< 0.14 (0.12)

BR(b — X2 (2P)X)XBR ()2 (2P) = ¢¢)
BR(b - XCZX)XBR(XCZ - ¢¢)

< 0.20 (0.16)

BR(b - X(3872)X)xBR(X (3872) - ¢¢) < 4.5 (3.9)x10~7
BR(b - X(3915)X)XxBR(X (3915) - ¢¢) < 3.1 (2.7)x10~7
BR(b - x,,(2P)X)XBR(x,(2P) » ¢¢) < 2.8 (2.3)x1077

18



Spectroscopy with 71, decays to hadrons

; | 1 I 1 I I I 1 1 1 I I I 1 I 1 1 I I ] 1 |
S 40 —
5 - LHCb Ax? =4 ]
63\ | ~~~~ —
< o r Ax?=1 -
= 35 — —
30 —
25 — I —— PDG ]
: DR EPJC 75,311
20 |- —+ B > (1~ PP)KT | pLB 769,305
L I ] [ [ I [ L L I [ [ [ ] I L ] [ I [ L
2980 2982 2984 2986 2988

Mnc(ls) [MGV]

* General agreement with world average
 Similar to PDG precision expected for 7, mass with Run II data

Andrii Usachov 19



Amplitude analysis of BT — K* decays PRD 95,012002
P y ]/lp¢ Y PRL 118,022003

~ 600

2 non-B* background - subtracted
= 500 non-¢ background: 2.1%

g

S 400 LHCb

=l

g

O

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
M., [MeV]

Andrii Usachov 20



BR(b = (c¢)X) from theory including HQSS relations

B(B — Jhy X) = 7.54-1074(0 (38,)) + 0.195(0¥ (3S,)) +
0342(0* (50) + 7 (O CR)].

B(B — 1.(15)X) =8.33-1074(0{* (®8,)) + 0. 114(05{/” (3S1))+

0.195 [( 0¥ (1S,) 0. 720 e (3P0))].

B(B — x0X) = —0.0148 O, + 0.195 O,
B(B — xaX) = —0.0234 O, + 0.585 O,
B(B — x2X) = —0.0600 O, + 0.975 Os.

Andrii Usachov 21



ne production measurement via 1, = pp at /s = 7,8 TeV

Entries / (10 MeV/c?)

400
1000

* Most of the selection performed at trigger level EPJC 75 (2015) 311
« Use pseudo-proper decaytime t, = (zsv—zpy)Mee o separate prompt and b-decays samples:
4000f— £z K10
- b-decays sample: cb s prompt sample: et
3000}~ ¢ tz>80 fS 2.7 fb? 600_— ° tZ <80 fS 2.0 fbl
e Proton IP_CHI2>9 -
2000 S0

IIIIIIIIIIIIII

V5=8 TeV
300

000

0
200

0 2 3 X + , - L ]

,léYY yxyir+ yYrTs s Ty h 4 +* L B A I ] M 2 ] *
200 e e L
2850 2900 2950 3000 3050 3100 3150 3200 3250
M(pp) [MeV/c?] M(pp) [MeV/c?]

* Challenging background conditions

* Use masses, I'(n.) and resolution from b-

p- |
-l
-
>
o
o

"
.
2l
o
>
"

b

>
ro-
o
>
-
3

o A A

* Measurementof M(n,), I'(n.) decays sample
* First measurement of BR(b - n_.X) * First measurement of 77, hadroproduction
\/s =7TeV \/s =8TeV
o
(prompt, PT>6.5 GeV)
BR(b - n.X)
0.421+0.055+0.022 +£0.045
BR(b - J/¥X)

Andrii Usachov 22



J/Y and n. production in inclusive b-decays
Barsuk, Kou, Usachov LAL-17-051

«  From EPJC 75 (2015) 311 and PDG: B(b — n.(15)direct X

) ) 0,601 % 0.000 £ 0.024 £ 0.103
B(b— J" X))

* Relation between LDME from HQSS: el L,
(01°(%50)) = 5(01 (>S1)).
* Branching fractions calculated in el I
Beneke, Maltoni, Rothstein, (O5°("50)) = §<() . 1)>'
 Fit two LDMEs to measurements (OQC(IP 1)) = 3(0;/1';' ( 3P0)>-
« Consecutively fix two remaining B(l 1 G \direct \-
h — n.(1S X :
LDME from b= nel ‘ d)i,,,m - ) B(b — .]/c'd”“t‘\')l
Chao et al., PRL 108 (2012) 242004 B(b — Jjw™X) :
- , ~ 0.02 ,
(Ogj/ Y(351)) = 0.003 GeV3 ;,E; - LDME from hadroproduction l ()
© é]/w (351)) = 1.16 Gev T ool | PRL 108 (2012) 242004

~0.01F- 3

0028

0 0.05 0.1 I R T 0.1
0;"('sy) 0,"('sy)
+ Constrain theory using simultaneously results on charmonia hadroproductlon

and on charmonia from b-inclusive decays 23



