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LHCb

® Detector

® Selected results 2019-2020

* Rare decays
* Lepton universality
* Charm and beauty spectroscopy

10 Aug 2020/SINP Yanya Belyaev "LHCH” 2



RICH Detectors: - Muon:
95% &(K*) @5% M e(1)=97%@1-3% 71 MiSID

pp-interaction point

O(50fs) resolution for B :.c" QAT eV e
The most precise t(B) Tracking: |
Ap/p =0.5-0.6% for 5<p=<4i00'GeV/c
The most precise B-masses

10 Aug 2020/SINP Vanya Belyaev "LHCH"




Run I+II

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
1fb‘1 @7Tev . | . 2018 (6.5 TeV): 2.19 /fb
g 9 :_ - 2017 (6.542.51 TeV): 1.71 /fb + 0.10 /fb
— - - 2016 (6.5 TeV): 1.67 /fb
2fb‘1 @8Tev - 8 - | 2015 (6.5 TeV): 0.33 /fb
= —
n — - 2012 (4.0 TeV): 2.08 /fo
8 7Ed ¢ 2011 @5Tevi111/m
8fbl @13TeV [ .. ol
- —
B 5k
o — i i : i H
— = : : : H H
Q =
LHCb Efficiency breakdown pp collisions 2010-2012 E g LS 1
I FULLY O 5305 ) 3
[ HV: 0.54 (%) o ~
[ ] VELO Safety: 0.85 (%) _.ﬂ_)‘ 2 -
I DAQ: 2.85 (%) E -
Il DeadTime: 2.88 (%) (@)] —
Q 1=
c —
— 0E— | | | | | | |
2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Thanks to LHC accelerator team for the excellent performance of machine
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LHCD

% Trigger

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz
readout, high Ev/Pr sighatures readout, high Ev/Pr signatures

150 kH=z

displaced tracks/vertices and dimuons

) . Software High Level Trigger
Defer 20% to disk .

J [ Partial event reconstruction, select

[ Software High Level Trlgger -
29000 Logical CPU cores Buffer events to disk, perform online

detector calibration and alignment

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive [Full offline-like event selection, mixture]

\__selection algorithms l of inclusive and exclusive triggers
5 kHz Rate to storage 12.5 kHz Rate to storage

10 Aug 2020/SINP Yanya Belyaev "LHCH” 5



LHCD

2019-2020

® Rare decays ® B, —e'em, Kg— pp-
B, —ptp- ® 1 f
Angular analysis B K’ ppu- Lepton Umver'sallty
® CKM & CP violation Ry RK"’:_
® CP violation in charm . Dy b1l
+ —
° Specfroscopy B— Kn pp
O(30) new states ® X(3872) mass and
* Properties of X(3982) width
* Pentaquarks * New heavy bar'yon
* tetraquarks ® Iy structures

10 Aug 2020/SINP Yanya Belyaey "ILHCH" 6



LHCD

Rare decays: Bgy— "I

® FCNC, very rare, sensitive to NP contributions

* BrB-IF)<BHB— ') [Vl <|Vy

®* Helicity suppressed 3
u . /1 AN (p — in)
b ‘/tb t Vt: S C —2 L—2p A2
t A(@p—in -G 1
B, W- W+ B,

Vi t Vie b

10 Aug 2020/SINP Yanya Belyaev "LHCH” 7



B—~ptu= 40 years 1HC

5

L 3sf L o E Combination of the
= E LHCb — - B! - ptu E
_ = 30 } BDT » 0.5 B + | ATLAS, CMS and LHCD results
| 2 25k -+~ Combinatorial = 0 +, -
QE, & v 5 ok e on the B(s) — T~ decays
v s E ISl
Q 1 0—4 .................. e aa——aaaan s I5F o i(, DR
S A S 10 - o - ?/“ Y The ATLAS, CVS and LRCh colabortions
7] v g = Ity
© SE
g 5 g :-560-(; ;230 “““ - 54100 I 5600 5800 6000
5 105 = = TR * ....... % ... Moy [MEVIG2]  [+orenesmesessns e
-l
&) P
o\o 1 0—6 ............................................................... s A e A AR T A B SARA RRS
254 &
e A
é 10—7 ........................................................................................ ;*2 ........... @ .......................................
o *
‘é’ + CLEO m BABAR * <
= -8 ARGUS DO * O
. 10 - A O * ..........................................
o v UA1 1 LHCb :
* CDF ® CMS SM: Bg—m*u' = =
1 0—9 - X7 L3 <> ATLAS | I e
A Belle °o e
SM: B —u*u 0
10710 .
1 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 [ 1 1 1 1 l 1 1 1 1 I 1 1 L1 ] 1 1 1 1
1981 1986 1991 1996 2001 2006 2011 2016 2021
Year
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LHCD

B> ela;

LHCb-PAPER-2020-001, PRL 124(2020) 211802
BB — ete™) ~ BB — utu~) x (m /mﬂ)2

adapted from Fleischer et al., JHEP 05 (2017) 156

e S
% 2017 Y LHCb limit
- 2009
10—4 E 2013 S T
: CDF limit s
| Y Y previous limit
| SM SM _
i 2017 LHCDb Universal | . o
10719 + CMS & SM New Physics BS pI'EdlCthI'lS
' Scenario
1013 L precise SM predictions! B (o srall i
i C
1016 — B(B, > v77) B(B, = ptu) B(B, = ete) {

10 Aug 2020/SINP Yanya Belyaev "LHCbH" 9



B.— ete Bremsstrahlung  KiS&
LHCb-PAPER-2020-001, PRL 124(2020) 211802
® Mass resolution is limited by bremsstrahlung

* Number of emitted high-energy photons
°* Bremsstrahlung recovery is important but not

perfect BY > K'Jly(ete)
~ —r 1 r r 1 r . r 1 ' Tt Tt T
U i _
Magnet ECAL = 1.HCb 2011-2012
© 2000 . BremO© ]
>, I Brem 1
¥ e v 22 Brem 2
L g combinatorial
- g s — full model
Upstream -~ Downstream 2 1000
brem 2= brem = I
: p =
e i, ‘ E
gl =
E, o
Air 5000 5200 5400 5600
m(ete~K*) [MeV/c?]

10 Aug  2020/SINP Yanya Belyaev "LHCbH" 10



B.— e’e-
LHCb-PAPER-2020-001, PRL 124(2020) 211802
® Multivariate analysis, powerful particle ID
® Bremsstrahlung recovery is important

LHCD

Candidates / ( 120 MeV/c2)

4500

5000

—— 201 1—2012 data

— full model

[ ] comb1nat0nal i

B B De v, decays
B— Xe'e decays ]

B X,— eV, decays ]

B— h'h'" decays

5500 6000 6500
m(ete”) [MeV/c?]

Candidates / ( 120 MeV/c2)

4500 5000

—+— 2015—2016 data

—_ full model

] combmatonal ]
B 3 D'e'v, decays |
B— Xe'e decays

X,
B— h'h'" decays

5500

||||||2Y

V, decays _

6000 6500

m(ete”) [MeV/c?]

10 Aug  2020/SINP

Yanya Belyaev "ILHCH”
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LHCD

B.— e’e-

LHCb-PAPER-2020-001, PRL 124(2020) 211802
B(B?— ete ) <9.4(11.2) x 107°
B(BY— ete ) < 2.5(3.0) x 107?

O(30) improvement

o —— o ——
5 LHCb : 5 LHCb ]
0.8 —~ Observed | 0.8 i —~ Observed |
= — Expected - = — Expected -
L + 1o — B tlo
0.6 Wi 0.6/ B+
04f 04
02F 02F
0 ............. T _.___--. ............................. _'><10_9 0_ ......... o | = N _'Xlo_g
0 5 10 15 20 0 1 2 3 4 5 6
B’— ete- branching fraction B"— e*e branching fraction

10 Aug  2020/SINP Yanya Belyaey "LHCbH” 12



LHCD

Search for K.— pfu-

LHCb-PAPER-2019-038, arXiv:2001.10354

~ ——
Kg A
Y L
§ ——w—porcnesco——— I S T U u, e, t Iz
0%
w,c,tA \ A w,c,tA N w Z0
d +WWAW+ 7 d —»— w 7 d u,c,t [
— 30
e . . i 20 LHCb
Soft kinematics: e
* dedicated trigger & reco a1
* inplace since 2016 01
°* Limited by hardware trigger —10-
® Only decays of Kg within VELO —20-
* (22%) —30 ‘ . ] -
: : 0 250 500 50
* Remove secondary interactions SV [mm]

10 Aug 2020/SINP Yanya Belyaev "LHCH” 13



LHCD

Search for K.— pfu-

LHCb-PAPER-2019-038, arXiv:2001.10354

102 . K — '

- K s gt

1 LHCbH
2 2016 (1.6 fb™H)

Candidates /(2.0 MeV/c?)

Candidates/(1.0 MeV /c?)

102 ; —— Corrected simulation
] ‘ + Data
10-21 L B N ‘ | 470 480 490 500 510 520
480 500 H20 540 5H60  H&XO M(mrr™) [MeV/c?]
M(ppm) [MeV/e] [0
(wfp™) MeV/c 2T o
=<
|

Upper limit <2.2(2.6)x101° 6] tom

————— Run 2 only

Combined with Run-I 44— Combination
<2.1(2.4)x10710 “

3 4
B(K§ — prp) <1071

10 Aug 2020/SINP Yanya Belyaev "LHCH” 14



*Rare" in SM T~ é

Sensitive to NP :
* Supersymmetry, 2HDM,
4 generation, extra dimensions, leptoquarks, ..

e
> ——— S
£

X T = "G
;1’1< C
4
Chargino loop 4

10 Aug 2020/SINP Yanya Belyaey "LHCbH™ 15

Many sensitive observables
* For some of them the theory
uncertainties claimed to be under the control

Gluino loop



Lepton universality in b—sl'l- %

2
J dg e
Ry — _min sm ] 1.000x=0.001 X=K
T e o dl(B=Xete™) -] 0.991+0.002 X=K*
q2f. i dg’

® "Accidental symmetry" of gauge Lagrangian

® May be violated at some level

10 Aug 2020/SINP Yanya Belyaey "LHCbH™ 16



Rk strategy

LHCD

PRL 113 (2014) 151601, arXiv: 1406.6482

qmaxd 2dr(8—>Kp,+;u_)
J daq 152
i
min
Rk = o2
maxd >dlN(B—->Kete™)
J dq 1o
2
9 min

etot(BT—=J/p(up” )K™)

ctot (BT—>K Tt =)

measure

N(BT™—Ktutp—)

measure €tot ( B+— K+,(L+;1,_ )

N(Bt—Ktete—)
etot(B+—>K+e+e_)
Double ratio
— Reduce systematic
N(BT—K*Tutu™)
N(B*—=Jyp(pp )KT)

X

ctot (BF— Jip(ete— )KT)

etot(B+ﬁK+e+e_)

N(BT—K*teTe)
N(BT—J/y(ete=)KT)

{: T A T T ; ;\é—: a0f
= i = 30F
s | (@) s %
@ 5_ _ = 20E
=T £k
= = 10
= =
o 0' ) o, | @] 0 ]
5000 5200 %09_ I\/IS6VO/02 5000 5200 ?{&09_ NIS6VO/02
0745799 (stat) = 0,036 (syst). EE e e
: 2.60

10 Aug 2020/SINP

Yanya Belyaey "LHCbH” 17




Lepton universality ‘R, ﬂfﬁ%
PRL 122 (2019) 191801, arXiv: 1903.09252

® 5o o i
° 2011, 2012 and 2016 = 0F e
Trigger categories: £ compmtiend
et , K, rest of event g o
° 1.2 x105 B*—Jy(pp)K? SN S
® 3.4 x10° B—Jiy(ete) K+ A

LHCb
—+— Data
—— Total fit
v BY S J/ (et ) KT
B Part. Reco.

B S J/y(iete )t
Combinatorial

® The ratio for J/y modes
* 1.014+0.035 »
* Stable in kinematics!
® Double ratio for v’ L e

° 0.986+0.013 OK K eIV

10°

Candidates / (12 MeV/c?)

—
=}
%]

+

10 Aug 2020/SINP Yanya Belyaev "LHCH” 18



Lepton universality R, ﬂfﬁ%
PRL 122 (2019) 191801, arXiv: 1903.09252

® 1<g2<6GeV? S ol 4 T,

® 1940 £50 B*—K*u*p- £

® 770150 B*—K'e'e-

W
)
o

250
: o Total Ry = 1

I B+ﬁK+,u+,u*
Combinatorial

1505

Candidates / (7 MeV/c?
S
o
|

100 E

S0F

R R I

5200 5300 5400 5500 5600
R. — 0.846 + 0.060 + 0.016 mK* ) [MeV/e?]
K - — 0.054 — 0.014
07457 17y (stat) = 0.036 (syst). ool L_I:I_cDbata
—— Total fit
80 v Total R = 1

Y N
B Part. Reco.
BB —J ylete)KH

Combinatorial

o))
=

40|

Candidates / (24 MeV/c?)

® 2,56 away from SM

20

obk 1 L L R TN 0, 5.4 ! i i 1 T 1 e
5000 5500 6000
m(K ete ) [MeV/c?]

10 Aug 2020/SINP Yanya Belyaev "LHCbH” 19



® Two bins
®0.045<g2<1.1GeV2 v
®11<q?< 6GeV? 7z,

Double ratio
— Reduce systematic

(NK*OMW‘ ) (Nl/w(e+e)K*° )

Niete- Nl/w(uW‘)K*“
0667057 £0.03 0.045<¢? <11
T 06970574005 11<¢?<6.0

® 2.2.5c away from SM

10 Aug 2020/SINP

Lepton universality in B —K'I*1- &R
bl
THEP 08 (2017) 055, a

rXiv: 1705.05802

Pulls Candidates per 34 MeVic?

Pulls Candidates per 34 MeVic?

K

25

[
V]
|IIII|IIII|IIII|IIII|I

I Combinatorial
B—>Xe e

0.045<=g2<1.1 [GeWVZ/c4]

I Combinatorial
B—Xe :e*

mm BC—-K Uy

1.1=g2<6.0 [GeVZ/cH]

5500 6000
(K Tao—ete) [MeV/c2]

Pulls Candidates per 10 MeV/c? |

LHCb

...... B°—>Km°‘u+‘uf
I Combina

0.045<g7<1.1 [GeV?/c*]

LHCb
...... B°—>K"D‘u +,Ll’
I Combinatorial

torial

1.1<¢°<6.0 [GeV?/c?)

Pulls Candidates per 10 MeV/c?

5600 5800
m(K ) [MeVie?]

Yanya Belyaev "LHCH"

5600 5800
m(K mutu) [MeV/e?]

20



Lepton universality. in' A, —pK-1*1- LHCh

JHEP 05 (2020) 040, arXiv: 1912.08139

S

()

— Ag — pK ete”

Combinatorial
LHCb Ag —-pK'r Ogte~ E
B A SpK Ty
BB - KKee

[ ] B 5K et

# — Ay S pK
LHCb Combinatorial ]

B - KK u ]
B K ]

[E—

N

o
|

(|

o

L L B B
w W s N

wnm O

[E O w—

N

-

IIIIIIIIII
|

Candidates per 13 MeV/c?
0 o
S S
BERE
||
Candidates per 50 MeV/c?
S
S & S
i
._}_
| | |

N
-’
II|II
|
[E—
()]
II|II
|

10 s

Do
o
——
|
N
[
|

=)

L - I n I T R I T T T
5.4 5.6 5.8 5 5.5 6
m(pK ) [GeV/c?] m(pK ~ere”) [GeV/c?]
B(AY — pK— ™
o= PREWTIT) g +014 4 g 05

R, —
PR B(A9— pK—ete) B

~

The same direction... -
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LHCD

Lepton Flavor Violation in B Decays?
Sheldon L. Glashow, Diego Guadagnoli, and Kenneth Lane
Phys. Rewv. Lett. 114, 091801 — Published 3 March 2015

. any departure from
lepton universality is necessarily associated with the violation of lepton flavor conservation.
No known symmetry principle can protect the one in the absence of the other. Thus, LHC's
reported value of Ry implies, e.g., that B — K™y%e™ and B — K™y*r™ must oceur at
rates much larger than would occur in the SM due to tiny neutrino masses. We urge that
these and other lepton flavor violations (LEFV) be sought with renewed vigor in LHC Run II

and elsewhere.

-> Lepton flavor violation

10 Aug 2020/SINP Yanya Belyaev "LHCH” 22



LHCD
HCD

ol LR
PRL 123 (2019) 231802, arXiv: 1909.01010

® - [ L DR B R R R R R LR
Use Run-I dﬂ'rﬂ, 3fb! S LHCb E
= Z § Data i
multivariate selection | = | | - Signalmose
P - = :
No signals are found I3 | ;
BB+ KTt ) <7.0x107° s,
m(K uet) [MeV/c?
B(BT—+ KT et)<64x10°
3 LHCDb -
B § Data ]
® Also no signals for 2 o SEmemedel
®* B—oep NI 1]/149 5 DA T |
°*B -1 =LV
®* D—oep aso0 5000 5550 600(
m(K ute) [MeV/c2]
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& s it
JHEP 06 (2020) 129, ar‘le 2003 04352

) o ~ 1000 e e
Recontruction is difficult 3 - ]

* two missing neutrinos g 80

® Idea: use B," to tag B* mesons < 60

with K- g 400

* Use momentum of K- 2 200

* Constraint B," and B* masses Tk

* known vertices — 2

® Can reconstruct mussmg massl SIS
| ' 0 20 40 60 80 100 120 140 160 180 200
LHCb simulation mB*K) - m(B" - m(K) [MeV/e]

—— B.? signal

#0 -
—=— non-B,, signal

bbb bbb b b bl

bc-— e

<

el

=
\Pﬁ
= -+

|
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LHCD

%) B -K*ut*

JHEP 06 (2020) 129 , arXiv: 2003.04352

® MVA, 4 bins 2 e o
® Suppress background S 2oof [52 signa :
® . . § 5o E_ 7] non-B.; signal _E
Normalization: g 1p o Beckeromd g
* use B*—=K*'J/y(pp) S sk £
No signal is found oF :

i‘ﬁ 0.9E —&— Observed CLs E
:|> 0.8 E === Expected CLs median § "g: E ' ! ot T I E
= 0.7 E— - Expected CLs *+ 1o 8 35 ;_ —— Data LHC]:[;) _;
0.6 ;— - Expected CLs + 25 o~ 30 E_ — Fit BDT bin 4 _E
0-5E S F EJsdsignal E
0-4E o g non-B.Y signal E
(()).; 3 2 20F --- Background E
= E = C 3
0.1E —-% 15 3 =
o '1 ; 3 3 S 10F P
BB " —K 'u -t %< 10° sE =
_ _ ok . . R PR S S ML
B(B+—> K™y ’T+) <3.9x 107 at 90% CL, 1 2 3 4 5 6
s m2.  [GeV?]

< 4.5 x 107 at 95% CL.
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D" —hl,l, modes e
LHCb-PAPER-2020-007

® 2016 data, 1.7tb™
® 25 modes:
* 4 c—ul'l- )
. 2 WA 0 18|50 19|DO 19|.-'30 ~+20_1_00; . 2;050
. 8 LFV ;: Dt Combined
E 500 — D+ B D LHCH
° 9 LNV %400_ s Non-peaking BER Di—mrw
® Exclude n, p,0,0— -
® Normalization:
° D(S)+ qn¢(y+'—) 0 18I50 IQIOO 19I50 20I00 QC.)SO

o LHCD

Candidates/(2 MeV)
g 5 2
] e jw)
o o o

| | |

m(mtete™) [MeV]
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LHCD
HCD

D —hll; modes : no signals
LHCb-PAPER-2020-007, to appear soon

LHCh

= 1504

126

Candidates/(4 MeV)
Candidates/ (4 MeV)

+ LHCh | Jr +

Candidates/ (4 MeV)
Candidates/ (4 MeV)

= Nom. w4 e
T T T T _— -
1850 1900 1950 2001100 ) fil— o .
m (W) [MeV] - [ 21 — I
- —

= = 60 | | 0 | T T
= = . LHED 1850 1900 1950 2000 2050 1850 LEKI 1050 2000 2050
=0 = m (e [MeV] m (K pte) [MeV]
¥ w40 - ]
= = —= 300 o 2a0
= 30 = 4 = ) < .
g g J[ = LHCh = LHCh
u = =
' . |l e -
“ T == T T T T T = < 130
L850 1900 1950 20040 2050 850 1900 1950 2000 2050 = 150 -
m (m—ptpt) [MeV] m (Wt [MeV] = =] | -H_
= 5 100
O ]

— [y 100

= LHCH = LHCh

= T = 60— ) 504 T +
= 150 = so4 Sy L T

= oo = a0 UG T T T T E T T T T

E E 1850 1900 1950 00 2050 1850 LW 101 2000 2050
- S m (7 ptet) [MeV] m (K~ ptet) [MeV]

LHCh

Al —

tes/ (4 MeV)

Candidates/ (4 MeV)

= o = LHCH i |

=7 ~ 150 =T

E .

= oy = 100 ol

= = | ~

= = i I M) —

= i ar - AR 2

(i} ) = LA ’ \ -
= a5l 1 + Y / ) A

M " . i T T T T I 1 1 I
T T T T 0 T T T T 1850 14900 1950 2000 AME0 1850 1800 1950 2000 2050
5 00 195 M 5 1850 1940 1950 o

m(retes) MeV] ‘ ) m(K-eten) MeV] m(mretu) [MeV] m (K et [MeV]
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D *—=hlyl, modes: 25 best limits ILII:IWCb
LHCb-PAPER-2020-007

® 25 best upper limits et I
DT — Ktutpu~ — = |
DY = o ptet = |
Branching fraction upper limit {10 Tubrovement factor D+ - ,r+s+ - e |
Decay D* D; b - D+ = e — = |
00% CL 95% CL | 90% CL 95%CL | D* D D" = K*etpm o = I
DT — Ktpute — B I
Dl T 67 74| 180 0] 11 23 D+ e - =N
D= ptt 416 8% 96| 16 14 Lromee e, S=
Do Kot s 6L M0 160|790 150.0 e A
D?;)_} Kﬁﬂ'Jrru‘Jr B - 26 30 - 500.0 o Uppe}.}?i_n[lit at 9007(1:[)(';i1ﬁdence o
Di=rfety | A0 B0 1001200 | 140 110 I
R O A T =
Dhy-ripfe | a0 1m0 M0 100|160 210 D} mtutu =
D= ue 130 10| 60 710|160 130 e = = "
D= Kty o 8 T 880 160 180 PR = "
Do Kot 100 10| 560 640|280 170 D e o = !
T — K e’ — = |
D= Koptet : i (L 2.0 DY = ket — .
Dy-rtee | 1600 1800|500 640 07 23 95{1";:;_2; =
D retet 530 600 1400 1600 | 2.1 30 Dy = mrere 1 ==
(s) DT — K eTe™ 4 LHCH = |
D2 Kere | 80 1000 4900 5500 12 08 Di = Ktete - ==
Dp— Koetet : ST s - 6.7 o o7 10 105
Upper limit at 90% confidence
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Br(b — su*u): oo -small?

LHCD

— 01578107 .
> LHCb
3
;‘r;;
= 0.1 .
[l
z
3
0.05 *—k + EEE
——
G ....................
0 5 10 15
q* [GeV?/c?]
B® — K*Outpu—

JHEP 11 (2016) 047

ENLCSR Lattice --Data
T T T

5 B =K i
9 . LHCb ]
T :
X 3 -
5 :
=2 +t B
5 \
% 0 P " Lo P T T R Y \:
0 5 10 15 20
7 [GeV/c*]

Bt — KTutu~
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+ e
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BY — ¢ut i~
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JHEP 06 (2015) 115
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Angular analysis B%— Kru*u- %

A lot of information in the full 8,, 0k and ¢ distributions

1 d*r 9
MdcosfydcosOx dpdg? 327

1
+ 1(1 — F1,)sin® Ok cos 20, — Fr, cos” O cos 26,
+ S3sin? % sin’ 0, cos2¢
(a) 8% and 6, definitions for the B° decay —+ 54 sin 29K sin 29£ CoS ¢ —+ 55 sin 29;{ sin Bg COS Gb
+ Se sin? Ok cos By + S7sin 20 sin 0y sin ¢

+ 58 sin 29;( sin 2(% sin qb
+ So sin® Ok sin’ By sin 2¢ }

3
1(1 — F1) sin® 0 + Fp, cos® Ok

(b) ¢ definition for the B® decay

e =» Many observables depending on
ﬁ q2 — mgg&

A TL e el s el o St TR Do
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LHCD
HCD

Kn: not only K*

® Account S-wave Kn

1 d*r

r = = P-wave term(Fr,, S3-9)

["d cosfydcos Ok dp dg?

2 _

g i + §FS sin? 0,
B’M 6;— 9
2 s P-wave K* (892)° + 7(511 + S13 cos 20y) cos Ok
Eé 4= S-wave K&’(1430)0 397T
g 3 Interference . - .
g‘ 2t t + e (514 sin 26, + S15sin ;) sin 6 cos ¢
N : 0
Sl - 37(516 sin By + S17sin 26;) sin Ok sin ¢
a -

L L L T R TR
0.6 0.8 1 1.2 1.4
m*(K*7) [GeVcH

® 15 parameters in total
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B— Kn utp- Run-I

JHEP 02 (2016) 104, arXiv: 1512.04442

® Observables, but S,

agree with SM
F”-—-Sg/\/FL(l-—-FL)
® local discrepancy
* two bins

® Ay is consistent

10 Aug 2020/SINP

- 77—
R - ]
B LHCb ]
0.5 -
:l. SM from DHMV
B <l— [JHEP 12 (2014) 125] ]
oF——= .
0.5~ l —+— —
'ﬁ— —+—
T B T T ]
&0 5 10 15
q? [GeV?/c?
o e
- 0.5 _
[ - E——
=
I LHCb
Bl SM from ABSZ ]|
-0.5 [EPJC 75 (2015) 382] —
..................
0 5 10 15
q? [GeV?/
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B— Krnu'p~ Run-I: + 2016 ﬂ,ﬁ%
PRL 125 (2020) 011802 , arXiv: 2003.04831

E ]_IHCb Ruu1+2016 . "E:E 0.5+ LHCbRuul 2016 I
® Almost double dataset =, =S [
[ - 1
o 43_ —+- | _3 i
2187+ 53 B —-Knptp : ;
[ ] -0.5 =
0 L . . L . .
(4] 5 10 15 o 5 10 15
Th I t L] g [Ge\-'l.f'c“] g [Ge\-':.-"c“]
e same se ec lon “ osi- I LIHCbRuull+2016_ “ osp I LIHCbRuulI—ZOlé_
: B2 5M from ASZB : : B 5M from ASZB :
® . | i : ] :
o large local tensions’' . T
. ! —+ ] LT ]
i e T, 2 4 ]
[ ) . —os|- ] —os|- ]
Overa IS)agreement TR
g* [GeV¥ed] g? [GeV/ct]
Vi" B T T T V:h _ T T T
0.5 LHCb Run 1 + 2016 | sr LHCb Run 1 + 2016 |
[ ] 3 I B2 SM from ASZB ] I
0] - ;
ol 2 — 4
J G ] e
t —H @
; ].IS
g° [GeV¥ed] [G 1
o . . o .
S LHCbH Run 7] B LHCb Run
ol 1 S 1 ] I R S, 22
[ + I —+ ! —1] _++—T— —
sk ]
(4]
[G 4] [G 1
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LHCD

P5’ LHCb w
PRL 125 (2020) 011802 , arXiv: 2003.04831

- 1 ' T T T | T ' T ' I ] ' ' | —_
S~ LHCb .
sRun 1 ¥2016 ]
0.5 e Combined —
- SM from DHMV 7
Of -
- ] i
o B - '
I | -
_1 [ ) . . . | " . i , | ] . r I ] I ] 1 ]
0 5 10 15
| g2 [GeV?/c?]

10 Aug 2020/SINP Yanya Belyaev "LHCH” 35



LHCD

P’ summary

1.0 HH Belle'16
HH  CMS’17
HH ATLAS’19
0.5 MM LHCH'20
a7 0.0
—0.5 —
—1.0 —
| |
0 15 18
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LHCD

Spectroscopy

® 0(30) new charm(onium), ° Mass and width of
beauty and exotic hadrons X(3872)

f:emquarks ® New beauty and charm
Tetraquarks, ... . baryons

quantum numbers for some of New puzzle ;

them structures in J/ylhy

5 : mass spectrum
precise masses and

widths/lifetimes * 4c tetraquarks ?

* Almost always the most
precise ...
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LHCD

.:(3872)  aka X(3872)

® Discovered 17 years ago by Belle

® Quantum numbers 1** by LHCb
® Mass close to DD* threshold

® Rather high production rate in
environment
Too large for “large” molecular? e
Interesting pattern of decays
JypP vs NweP, w'yvs Ny, ..
® Nature is still unclear

Molecule? Compact tetraquark?
Za(2P) 2 Hybrid? Mixture? ...

Events /( 0.005 GeV )
N W [

...........
100 200
t= -2 In[ L@ L))
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Two concurrent analyses

LHCD

LHCb-PAPER-2020-008/009, arXiv: 2005.13419/2005.13422

® Inclusive b—X(3872)X
® RunlI,3fb!

® Large statistics

® Large background

10 Aug 2020/SINP

B* — X(3872)K*
RunI&II, 9fb!
Smaller statistic
Smaller background

ut
e
Tt

T

K+
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% b—(X(3872)—Jd ymin) X EER
coneiinaschvislburiza JFpice: PAPER-2020-008, arXiv: 2005.13419
w e Cwafwe o Tue |0® Calibrate detector

— tO1a]

3000~
2000

10001~

L)
(=}
(=]
(=]

Candidates/(0.4 MeV )

2000

1000

FTesprengansyanvnpenapaeepuragen sy rt T e .
3.67 368 3.69 37 3.67 3.68 3.69 3.7
Mpmin-  [GeV] (ZOFTa— (GeV]

10 Aug 2020/SINP

resolution using large
sample of
b— (y'—=Jly ntn) X
* account small

data/MC difference
§=1.03:0.01  (1%!)

® Analysis in p,, bins
® Separately for 2011&

2012
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LHCD

b— (X(3872)—J/ w wtn) X

LHCb PAPER 2020-008, arXiv: 2005.13419

® Using S-wave Breit-
Wigner
Am = 185.598 + 0.067 = 0.068 MeV ,

® Width is 56 from zero!
FBW =1.39+0.24 £0.10 MeV ,

tes

Candida

® Cross-check: if I'=0
® $=120-1.25

* versus the measured
value of $=1.03+0.01
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LHCD

B*—>(X(3872)—>J /vyt K*

LHCb-PAPER-2020-009, arXiv: 2005.13422

0 (5478 20.9)x10°
> [ OB = Wkt ey - Split into :
@100:_ -==comb. bkg. A _: y’ region,
E 80; total \VZ(3823)
: X(3872)
260~ ® Simultaneous 2D fit in
: three regions
! Measure masses relative to y’
ol mass
j 1 Fix v’ width :
cesseeresrrsosasstt X allow to measure ,(3823)
5.) 5,05 5.3 5.35 and X(3872) widths

Myt K [Ge\// 02]
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LHCD

@ B* 5 (X(3872)— Jymn)K*
LHCb-PAPER-2020-009, arXiv: 2005.13422

ﬂzo"lgl---.----.---- ;25"193---.----.----
} [ 368 <my, .. <3.690GV/2 LHCh ] i 55.2u<m_;,.-¢,.n o+ < 5.30 GeVje? LHCh; Parmnotm‘ B+—H|J(ZE)]II\+ B+—Hl)_1[3823)1\+ B—_:’x”(gg?z}K—
= 15 ]l = ¥r ]
3 | 8t B : Npiox K+ (BL14£0.29) x 10° 137426 4230+ 70
2 o 1 2.t . ; dmy.. [MeV/c] 137,98 £0.53 185.49 £ 0.06
E i 1E I VY ] Iy, [MeV] 0.29 (fixed) 00 0.96 0
I ] o 7 ]
. ] LA ] s 1052+ 0.003
52 5.25 53 535 3.67 3.68 3.69 37
o M [Gmf?] o u we  [Gev/el fxe 1048+ 0.004
T 382 <y, |1 < 3.83G \ LHCb ] -5.26<:In_,|_.-q S i[]f Ve LHCh

200 [ BY = XK~ .
[ S BY = (Gt )y K+

%150'— mb. XK+ ] %100_— _- e .
S 2 it ++*+H++Hﬁ+ i MC/data: 1.048+ 0.004
LR + I AN (M e .
AL 7 ¢ DN Precise X(3872) mass
mi.m#.& P Ntk it b ARRERRE T ]
I . O Y 2
;E:_ 1;_:5.su<m]u = ijac \ 2 LHCb_; é l;_s.zumn_;._.-q K+ <5 i[]f e LHCh_E mxc1(3872) — mll)(2S) —_ 185.49 i U|06 i 0'03 l\i[eV/c .
52 ﬂr?;,ﬁi; [Gew(:s;]ss 3.;—“ .:;3 3}.§1ﬁbn+3§§m;§;\;£_]9 FXcl (3872) — 0.96 _L_ gig + 0.21 MeV .
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LHCD

W X(3872) mass and width
LHCb-PAPER-2020-008/009, arXiv: 2005.13419/2005.13422

[\

I ‘ T T I 1 T ‘
LHCh B y (3872)K* ) : i O0E|{ cp, = 66 £ 124 keV .
LHCb by (3872 " m(K)!
Mmpo + mpso |1 o ~
. ; SE|\; = 60+ 122keV .
PDG 2018 [3 ol
CDF pp—+ xat(3872)X [ o N
Belle By (3872)K e
| LHCH BY = %1 (3872)K* [2 H-oH
LHCb pp— xa1(3872)X [o i |
BESIIT efe™— x (3872)y s LHCb b— xe1(3872)X e
BaBar B™— y;(3872)K* |@| : |—|—| Belle [5 - L
T B e | s M I
BaBar B (x.1(3872) = Jipw) K [9] e ‘
DO pp— X (3872) [10] ; - BaBar [§] -
l l l ‘ ] | | ] l l | |
BaBar [11] - H
3868 0 ¥ ¥4 . |
) o 1 2 3 4 5
m Ml b
Xel
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(%) .. but Breit-Wigner cannot be correct shape LI ch

LHCb-PAPER-2020-008, arXiv: 2005.13419
® Make a try using Flatte-type model (C.Hanhart et et..)

dR(J/Ymtm™) o I, (E)

dE

. 2
L
E — B + 5 [9(V2IE + 212 (E = 8)) + T,(E) + T, (E) + I |
\/E = mj/lpn— o (mDU + mD*O); Ef = mo - (mDU + mD*O)

T (xc1(3872)>) /ypmtmT)
I'(xc1(3872)-»DOD*0)
v'Free parameters: my, [, effective couplings g and fo

0.11 + 0.03 constraint enforces a large coupling to D°D*°

® Parameter interpretation is not easy:

e .
9 fo x 107 Iy [MeV] mo [MeV] Flatte scaling

0.108 £ 0.003 1.8 4= 0.56 1.44+04 3864.5 (fixed)

Mode [MeV] Mean [MeV] FWHM [MeVI

Q! + 0.00 + 0.05 ‘ v+ 0.0740.11 + 0.06 4 0.2¢
3871‘69—0.0-1—0.123 3871.66 —0.06 —0.13 0‘22—0‘08 —0‘11
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LHCD

Flatte vs Breit-Wigner

LHCb-PAPER-2020-008, arXiv: 2005.13419
Equally good descmpt:on. resolution is important!

- g — 8000
5 F S
: 2 - Breit ngner 3 E Tncl. resolution and background
S 400 = 2 7000
n - — Flatté 1 = F - Breit-Wigner LECh 1
AEEC: 7 Z 6000F — Flatté :
+ |+ o - C 3
R 2 5000F
55 20 1 2 4000
=% 200k 1 @k
1 50; 3000E
100 2000F E
50 1000 i
0: =g |y e () S P R
3.868 3.87 3.872 3.874 3.84 3.86 3.88 3.9
mj/w Tta— [GGV] mJ/¢ atn— [GGV]

® Results are compatible ”

FWHM [MeV]
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IO Flatte poles

® E, =(60-i130)keV: forms a peaking line shape
® E,=(-3.58-i1.22)MeV

'_|0.2 T T T | T T T T T T I T T T —_— ]_
= T | ~ sheet IV =
= | 1 = F
0 . D — 0 —
= i . = -
g T 1 E t
0.4 — 2
~0.6 B -3
~0.8 — —4
i S I S sheet II | § sheet IIT -
_1 1 1 L | 1 1 L - I 1 L 1 I 1 1 1 _5 B 1 I 1 1 Il I 1 L 1 I ]
0.4 -0.2 0 0.2 0.4 —4 2 0
Re E [MeV] Re E [MeV]
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Binding energy

® Switching of f other
channels except D°D™,

pole Il moves and gives
E,=24keV

® Quasi-bound D°D*°

<=
(W]

Im £ [MeV]

state is preferred .
E, < 100keV 90%CL
® Quasi-virtual is still

allowed at 2sigma

-4 0.2 0 0.2 04
Re £ [MeV]
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o T T T T T T T T T T T T T T L— (‘T Frrtrrrrrrfrrrrprrro[|rrrr3 - -
- o ] 4 30-_ ] 2 L [ —rum
= 400- LHCb | 5 7F LHCh 1 § i s g
— o : ] C = ] ; E
= : Runl 3 5 Bf Vs [ 1} gl {
8 300 1w _F
S i 13 F " ¥
5 200+ nyy ] &) I5F | n ‘ wo-woncgl M'E??K'Lwﬁjb[r.mwg]n “ M‘[_-‘ég’J?JUM'(Ef}[MeW%O
C i d] 3
C i {3 - g —n £ uf =
: l'a 10 C l i % \l-?j: TeV — E,:ﬁﬁlli"fa A K g 400 \;’?j: T — _Eu"c‘gmﬁ iy
100 5 . " I M !IB 299 L .
d SF || \|‘ ||||u| ikl DL et —
0 /R A
3000 3100 3200 33( $oo 900 5 ’ 30 40 5950 / Tl
m(=.K ) [MeV] 7) (MeV/ch) T e - * g e
9 f T T < T o 140_- ™. a o A——
: SOE g o o LHCh Run 1 E SOE Wz o LHCh Run 1 § al > B LHCh
400 . AT 400 N :
e b B4 b o -4 A gt S al Run 1
PR Bz, 6097y - A ~ b dhd | o 0F nw f )
2 - 8 ] | 3o Y »F Sy T
5 550 -~ Background b= S 80+ S e
- o 15 r E
T 3 9 g 3 b ik
g 200 % 60F Eg_—> _l()] e Bm[\Ie\f] 2, 3()—
U 150 R eI
100 5k 3 1 8 W
B N g f
0 nf , )
0 &> ) ) r " L
0 400 600 ( W 0
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LHCD

states in E,°K>
PRL 124 (2020) 082002

Excited Q

® < L p— — —
Full data set with E—(E.*— pKn*)n
> > -
% -LHCDb ~+ Data % LHCDb + Data
= 8000 — Full fit o - — Full fit
> -~ Eg> pK 't 2000 _,b—>:;:r‘
2 --- Background i) -- Background
3 6000 =
© o
L Y c
@ M
O . O
4000
- 1000
2000/ o
T ‘- | 1 1 1 “‘\."‘/“ ........ | . 1 1 -|"-|"| | I-"-;"-‘—I‘-‘-"-‘l---l-.l I
2440 2460 2480 2500 5700 5750 5800 5850 5900
pK n* mass [MeV] E.m mass [MeV]
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Excited Q, states in "5 °K- (&R

PRL 124 (2020) 082002
® Four narrow peaks
® local significances from 3.6 to 7.2

* Global significance : 2 peaks >6c, 2 peaks <3¢

- LHCDb —— Data

— Full fit
— Signals

W
o

Background

| i ’)1 i } Iu Ih!| ' m |Ij[||||| il d _____ |||
-!! 1 H I R TR '-v"'“v

OO 550 600 650 700
M(Z9K ") - M(Z9) [MeV]

o S
[TTTT[TTT]

Number of candidates / 1 MeV
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Excited 0 in A K-

PRL 124 (2020) 082002

® 5.6fb-!, "background-free" A,—pK-n*
® Three peaks with yields 4-12k
* Two are definitely new

LHCD

)

—
(=1
(=1
CD

Candidates / (0.5 MeV

; LHCb
800

600 -
400

200 F

22I5 0 23b0 2350
m(pK 7)) [MeV]

S0 T T T T T T T T T T S 000 )
& ,, 12 5;,(2923) SAK
~ [ ff 1 = I EC(2939) —AK
= 15001 FPITT L 1 = 15001 E,'c(2965) —AK
N ks "L VR - Z(2923—AK 7
S ool bk BT Z(3055 2 (AT K
ERY 4 1% 23055 =2 (—AINK
S ,1 18 f E(3080) 52 (AT K
500 . 500 Z.(3080) ALK
[ ] A -~ Background
R o A XN - N R . Additional component
0 100 200 300 0 100 200 300
m(AK") - m(A7) - m(K) [MeV] m(AK") - m(A7) - m(K) [MeV]
52
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LHCD

Excited A, in A,
PRL 123 (2019) 152001

400
3000 ——————————— - n
L i C >, region
0y Atm— , - b I8 | l
T AN A 1 state? LHCbPC o0 4 No! 2 STGTQS _
B ++++ F C + ]
- bt - C + ]
+ 200 v + e T+
2000— +F — C +++ + o4k, oF S
L X L A ] Ty R S +++ - T H ‘E
i / N 44+ —=signal ] 100 7
i . ﬁf, N P EE background | - :
1000 g4+ * total | - : -
= B B N %, region ==\, (6152)" ----- background
2‘? i ] = 600[— N == A,,(6146)° total ]
= i A— | | % 400 :— +++ ety e :
E f f i f | f 1 T 1 T 1 T T T ;-5; ;:-'_ ++++ H_+++_+__4: o hy T g +++ +++ _+_4—F-Q-++ ++ + + —‘—_t
R (S 0 IS T s .
:i :% 200— —
g 0 m = { : : :
O | & C | ]
— — — ]
L L NR ree 4
| +++7L + + + L} TL++++++++++ 2000 e e
200— == N — - 4
+++ ++ - % _-F '+' : _,__’_"'4-"‘+_._-'-+ M |
i+ il 1000~ LN T —
6.15 6.2 6.15 6.2
TUAQ = [GBV] TN ot = (GeV]
A,(1D) doublet
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—A,(1P) ———— A(D) T/
- At Afre LHCb -
[ "\E 0 —
- == Ab(6146)g i
400 Ap(6152) 4 ]
I R %52 Ab(ZS) ++++ -
% ~ ====comb. background by } +++ +++‘H ++{Fl
= N total background f +++ +++++ +*++i MF _
200 fotal *+1 +++%++++H+ i + +*+ ++++++ s —
2 .
=
z
s
=
S F At 3
150 M i
= +++++ Wi
1002 +++M+«+*+¢ o ++*4++*H :
- P E
S0 ot B #*f*m*i phrt =
EoAQ— — -
1505 Ao _;
100F W +++*+++++++j++++w++“** **—ﬁ
n f ; 3
50F R, wﬁﬁ“ﬁ”ﬁ% ks H :

MO (GeV]

Excited A, in A,

JHEP 06 (2020) 136
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2001 —
AO - J/1|) pK— LHCh

t

150 == }\',3(6146)0

- Ap(6152)° M

==-==combh. background

total hackground + H++ }
otal ﬂﬁ ++ ﬂ m H’# b } H%

+
+
|-

] T
L =

IIIII‘IIII.I—}—I»

Candidates/(4 MeV)
un
S

100F AV7cr et —
501 o ittt
. LTLSTNRITLE oo Rt &
- e - I 4} + *ﬂ} iH’_;AH H t + ]
100 Al -
d e
o t +)+t++++++ Pt R
r " *ﬁ“‘#ﬂ«ﬂﬁﬂ H+ 1
5.95 6 605 61 615 62

MY [GeV]

Ap(2S) : the first "wide" state ==
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LHCD
HCD

A, In At

A,(1P) doublet | 3 JHEP 06 (2020) 136
- 2,665 e 5-9-'-20 5930 o 579'40 Z‘;SO
400———— — — 100 : ————
- AVt A — Afre LHCbH - A0w+vr V— JAppK- LHCb -
L == A, @912) ] L == \}(0912) i
300 == A,(5920)° ] | == A(5920)° i
I~ ---- Dbackground n . ---- Dbackground
S C total N % L total _
%200} 1= °r B
% 100[ - zﬂﬁ: i 1
g ; »J AL LRy ++—+*w*+ ﬂ*&“‘“"‘ ettt +“""'+*+++‘+—+ gz i L #-“*.ﬁm +H+++§+ Mﬁ” ++ +T+++T+ H ++ +H ++ﬁ
C%) 40 Aot | i S 20%_ At =
: i é b et
20— f HH#HﬂH bt 10— et [N HINT. )
st +*++++++++++++++++++++++++”ﬂ+w ARy Ak SRR Mﬂ“w%ﬁﬁ #&WM i :HW ik =
40 AQW T | | + + +: 205_ Ao H *—:
20 i byt P 10 ATTRCRIIN IRl AR ARE
e i Hot W.H o i i b i T P
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LHCD

Structures-in JyJ/y: charm tetraquark ?

® 4¢ tetraquarks are predicted in several models
Wide range of masses
JIylly is possible decay mode

® Was looked in LHCb in 2010 and 2015 data:

T T 7T T 7 3| — 7 T
2 25:_ {J/IECb7TV 3| = %\10; LHCb 13 TeV
L= T 5 = e — L
U 1| 22 8&\\ .
- e " -
L5 U6 Iy | 2= o N\ 1k Jlly -
C . ,_8 _§ - T Y i
+ E HETIN E
05E ‘ )’ ‘ | = of S E
C ] Ly Dooss * Py .
ol v : |_+——-=1_._‘ Oiﬂjrrrrrrr\:-r'r;ﬁﬁf‘- M% —_— o
6 8 10 12 14 6 8 10 12 o 14
MyAp Ay [GeV /7] IR IR (G
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LHCD

Jh Iy with full dataset

LHCb-PAPER-2020-011, arXiv: 2006.16957

:\é‘:j 3000 —— Data
-1 % LHCb —— Total fit
Full dataset 9fb s R
- = — bkg +J/w
(3357:*:023) x]103 »J/\|!J/\|J B 2000 --- J/y +bkg,
=
o 1000
500
0
TT T [T T T T[T T T T[T T TP [T T T T[T T T T[T T T8g S 3200 4
. = L] L]
= =
= 2
s == 3150 =
= E
o
=
hp=—1
- 3100 =
o
B 3050 e
AT T PR AN AN FE TN NN 1 3000
§ § § ug_: § § = 3000 3050 3100 3150 3200
L] . Lot | Lt | — — (2) 2
Candidates / (2 MeV/c?) M, [MeViceT]
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Two contributions: SPS & DPS

0
Q

Q:
Q.

Q)

Q;

0,

0,

® Tetraquark is special case
® Interference is possible

10 Aug 2020/SINP

® Play important role for
large masses

® Shape can be fixed from
data
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m(JhpJd/y)

LHCD

LHCb-PAPER-2020-011, arXiv: 2006.16957
Spectrum is no smooth!

* Broad structure

® Peaks are needed!

* Di AN
P S 2005 THCh —+ D E
* Narrow structure : 0E - — Toli E
A w 160 ’ ] ors <
P E— — :14{); ]H l — NRSPS _
> o:  LHO pevesacee 3|l 810k E
S 180 ——— 3.065<M,, <3.135 GeV/c2 = T 100 5 H =
o 160 + ———— 3.00<M,, <3.05GeV/cor = T E]‘ .
g/ 140 & HH + M 3.15< M, <320 GeV/c?, normalised —3 5 80 —
g 1206 t + E 601
S loor i HE T W E
= H i LUKTET TSRS BN
g 60?’ +++ tHH ++++++++++++++H§ 220
40 _P = L) |
zg :;+s++++ +m oy ** w *+Y+¢+'H'Y+ “f*+*++*4*“+ *#*MH*““’&“» e # ‘*, «_é B 0 |
7000 3000 9000
Mg 5, [MeV/c?] M di-J/y [MEV/ CQ]
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& Fits: without/with interference %
LHCb-PAPER-2020-011, arXiv: 200616957

— 220 : . — _ o 20— —
% 1o LHCP =5 3|2 iwE LHO —
8 % EopuE I = v S ) e
g 120 L oeeers = g 120 H J[ + % NRSPS
= 100 [ 3 = 100
2y R 2 B
Ep E 40 AL
g 20 | E’ 20
0 7000 8000 97000 0 7000 8000 9000
My 5, [MeV/c?] Mg 5, [MeV/c?]
)
m[X (6900)] = 6905 + 11 + 7MeV/c? || mX(6900)] = 6886 + 11 + 11 MeV/c
[[X(6900)] = 80 £ 19 = 33 MeV, | | T'[X(6900)] = 168 =& 33 &= 69 MeV.

Structure : Signiﬁcanqe
p%l_J/T’b-threshold pf}l_‘%b-binned
Any structure beyond NRSPS plus DPS 3.40 6.0o0
Threshold enhancement plus X (6900) 6.40 6.90
Threshold enhancement 6.0o0 6.50
X (6900) 510 5.40
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...instead of summary

® Analysis of Run-I&II data set continues

® Many important measurements to be updated for
the full statistics

Many interesting "a-few-sigma" puzzles and SM
tensions

®* More data is needed..

We are preparing for LHC Run-III and beyond
* LHCb Upgrade progresses well

Stay tuned!
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Thank you!
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Heavy baryons in PDG on-line

A:=udc,2§+=uuc,2:=udc,22=ddc,
Zh = usc, 50 =dsc, P = ssc
See related review:
particle deta group Charmed Baryons
Home Summary Tables | Reviews, Tables, Plots | Particle Listings A 1/2¢ -
pdgLive Home > BOTTOM BARYONS (B= 1) A(2595)" 1/2
A.(2625)" 3/2- e
A.(2765)" o £ (2765) *
2019 Review of Particle Physics. A,(2860) " * 3/2" xk
M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018) and 2019 update. A.(2880)" 5/2 o
A:(2940)" 3/2- 0
LHCb: almost for all cases 2e(2455) 1/2
BOTTOM BARYONS (B = —1) . ) 5. (2520) 3/2+
The most precise mass 5. (2800)
0 - - - = - o . . HE *rw
A= udb, 5= ush, 5, = dsb, 2, = ssb The most precise lifetime 5 1/2
ES 1/2 t *hER
A 1/2+ Chy 12+
=0 *kk
s Y 1/2 ol = = o
0 ’ ek =B
4;(5920) * 3/2' -~ Z.(2790) 1/2 e
% 1/2 Z.(2815) 3/2- wnx
% 3/2* b Z.(2930) o
5 (6097)" wex Z.(2970) .
— n was =.(2980)
2_73(6997) ' Z.(3055)
5 5 1/2 - =.(3080) =
5,(5935) * 1/2+ xex Z.(3123) .
as) I 32! 2 12t
55(5955) * 3/2+ 55 02.(2770) L 3/2
5,(6227 * £2:(3000)°
5(6227) ) 2.(3050)" DOUBLY CHARMED BARYONS (C = +2)
% * 12 2.(3065)"
o107 2. 5L = uee, 5, = dee, 0, = see
4,(6252)° * J'?C(3120)0 *
> A

=
“ce
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Fit model
6 RBW*G, resolution: 0.7-1.7MeV/¢?

Py +3 components for E,K — PR.L 1|18(.201.7) } 52001
= 100/ LHCb -
= 400, | foe
~ - + — Full fit -
= B --- Background B
§ 300? # T 1 ) Feed-downs ]
% — | = sidebands .
= B ; i
5 200 _— M ',.“:1:; \ '!.',-'."j-f_. lnL, h _;:' T ;ﬂﬂl i I.-..-:.!!:,.'flll' :nul .I
R ki i
100} —
: G

O 3000 3100 3200 3300

m(EK ) [MeV]
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S

= **at LHCb LaCh

CC
PRL 119(2017) 112001

180
160
140
= 120
100

80

60

er 5 MeV/c?

Candidates

40 |

20

~ 313 33 events

]'_I,[—[Ch. 1 3. Te"‘u’ | . Significance: ~12¢

Am =1334.94 +0.72 £0.27 MeV/¢?
M = 3621.40 +0.72 +0.27 +0.14MeV/c?

t ?S :: ] (~ 100 MeV/e? above = .* from SELEX)
e S1gNAal
---Background +

+ 'H+ ;i

. . . . Y, . . I .
3500 3600 _E}TGU
}Hcand(‘:’i'ﬂ‘ :I [Mﬂvfﬂz]
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https://cds.cern.ch/record/2273486/files/10.1103_PhysRevLett.119.112001.pdf

B and AP LHC
PRL 121(2018) 052002 ———
r,-"‘:]-‘\ :I | ] 1 ] 1 | ] 1 ] ] | ] 1 I FTSDO_I | 1 ] 1 ] | 1 ] 1 ] | 1 ] I_
Q — - Q - -
S 160E (2 LHCb 13 00 (b) LHCb 3
0 1407+Data FI 1 8 [ 4D :
> > 600F .
N 120:——T0tal fit w [ —Totalfi :
~ 100F Signal ~ 5005_" Signal E
§ 80: - Background § 4()0 = -~ Background
T | T Bt il g
'-é 60 F §300: F
S ik 8 200E v E
G 40 + ¢ 200_ ]
20F : 1 l0f S -
O:J T SR ST TSI O:J I A T ST
3500 3600 3700 5300 5600 5700
mAK 7°17) [MeV/e] mA. ) [MeViel]
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Extend mass region 200-600 MeV/c? %

PRL 122(2019) 012001

Z a0 Ly o " imor 3| ° Two new peaks!

i s00F T o © Apr 3 2,(6097)* & =,(6097)-

= i;gg M =,(6097) — A% : * Significance ~13c for each

§ 2s50f T Backeround | = Quantity Value [MeV]

=] E = —

£ ek E [ m(X,(6097)) 6098.0+ 1.7 = 0.5 ]
100 = m(5,(6097)7) 60958+ 1.7 + 0.4
OE E ['(X(6097)7) 289+ 4.2 £ 0.9

00 200 400 600

F!Eb£6097!+! 31.0+ 55 + 0.7

10
5
<

— . — : m(X, ) 5815.64=+ 0.14+ 0.24
2 SOF mx s Al LHCb || 2 m(Z5) 583473+ 0.17 + 0.25
= 400 .t o @ Ayz™ S ) b
© 5o W oA 1 || E m(ZF) 5810.55+ 0.11+ 0.23
g so0p 'gffgg”: T 53 m(X;T) 5830.28 £ 0.14+ 0.24
2 ook S 3 r(Z) 5.33+ 0.42 4+ 0.37
S 1s0f g = (X)) 10.68+ 0.60+ 0.33
100 - e NG 4.834 0.314+ 0.37
N o & D(XT)  9.344 047+ 0.26
0 200 400 600 . - =
G — O [MeV] (compatible with being Z,(1P))
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=, (6227)

PRL 121(2018) 072002

;g B ——— Full fi N L ull fi . —_— —
P [Goete s odiek| 3| EeTe S ik New peak :5(6227)
© 200 © 300F
g fatdl g it gt * Sianifi
i | Wﬁ%ﬁt%% e Significance ~8c
S * In perfect agreement for
‘f i
5(%0 500 %{JL‘R‘)O 800 900 a" Three mOdQS!
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Intermediate X, /% *?

LHCD

PRL 123(2019) 152001

Select ,/Z,"/NR “regions”
* 2 almost degenerate peaks!
* >7c with respect to 1-peak
* very similar widths

= 6146.17 +£0.33 £ 0.22 + 0.16 MeV ,
6152.51 +0.26 £ 0.22 £ 0.16 MeV |

29 +£1.3 £0.3 MeV,

21 £08 £0.3 MeV,

My, (6146)°
my,

I

(
(6152)"
(
(

FA} 6146)"°
\

3
¥
Ay, (6152)°

® Mass difference:

® 6.34 £0.32 +0.02 MeV/e?

400 C . . .
C ¥y, region LHCH
300~ 4 E
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3 ¥ - t e e
T Ak
100~ E
B Y regi -
- . == “'\13(6152}0 ----- background |
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77?‘1\?;(*’71— [Ge\"]

My, orasp —Mp0 = 52655 =033 £0.10MeV |
532.80 & 0.26 % 0.10 MeV .
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. * b
Intermediate X, /X% ? e
PRL 123(2019) 152001
. 200 — T T T T L L e N B N Sw
Z A (6152)" — Ajrrtae LHCD Ap(6152)° — S 213 + 44 7.80
= 1 Ap(6152)° — o7t 208 -+ 43 7.60
= s+ | Ap(6152)° — St 163 + 45 5.30
% | E’Ef 1 Ab(6152)ﬂ—> Mt 141 4+ 45 4.50
= 100 . NR AL (6146)° — SFo 53+ 30 2.30
= Ap(6146)° — oot 0=+ 20 —
Ap(6146)° — St 285 + 51 840
Ap(6146)° — St 227 + 52 6.30
Puzzle ?

®* High mass state
decays into Z,n and X, *n
® Low mass state

I } | |
] . ﬁ -
i ﬂ‘H /] 1 Hﬁﬁ | {ﬁ_ decays only to I,

EC T I 553 1D dublet with inverse mass
TN o+ [GeV] M0 GeV] h ier' ar ChY?
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® (Di)muon trigger
Excellent mass resolution
Efficient muon ID
Multivariate analysis

31 signal Bs events

Confirmed by CMS and
ATLAS

® Combined LHC result for
Run-I&IT in progress
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B.— ptu- 2020

Next Wednesday, August 5 at ICHEP-2020

Combination of the
ATLAS, CMS and LHCDb results

on the B?S) —> T decays

The ATLAS, CMS and LHCDb collaborations

Abstract

A combination of results on the rare BY — "~ and B — p ™ decays from the ATLAS,
CMS, and LHCb experiments using data collected between 2011 and 2016, is presented.
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