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Introduction to LHCDb



—

 Energy frontier: ATLAS, CMS
 Higgs
 Direct search for TeV scale new particles

++++++

_ Precision frontier: LHCb

1 * Indirect search for new physics up to 100 TeV (rare decays)
 Understanding matter/antimatter asymmetry (CP violation)
& Understanding strong interaction (hadron spectroscopy)
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LHCb experiment

Designed to study heavy flavor physics.
Nowadays a general purpose detector for physics in forward region.

HCAL

> Large bb cross section
ECAL M4 M5

_Eca N o(bb)~600 ub @ 13 TeV,
RICH2 1 12 poll f'zscmmq-.___:"-_.____: BO’ Bg, Bi, B(-,l'-: /1?,,

Single arm forward geometry

~4% solid angle,
~30% b production

Ap/p=0.4-0.6%
g(u—p)~95%, g(m—p)~1%
g(K—K)~95%, g(r—K)~5%
ot ~ 45 fs .

» Excellent tracking, vertexing,
particle identification




LHCDb Collaboration

\

1263 members, 77 institutes, 17 countries

RE: FBEXE, Ehlikx, ERX, RXKEFE, SR, £/@inX




LHCb Trigger

Trigger is essential for reducing event rate to manageable level

> Hardware trigger (LO)

LO Hardware Trigger : 1 MHz

readout, high Et/Pr signhatures v FPGA
450 kHz 400 kHz 150 kHz v High p;of decay products
v 1MHz readout

. Software High Level Trigger

[ Partial event reconstruction, select ] Software trlg ger (H LT)
displaced tracks/vertices and dimuons
v CPU farm

Buffer events to disk, perform online . v Dlsp | ac ed trac kslvertl ces

detector calibration and alignment

; : v Real time calibration and
[ Full offline-like event selection, mixture] aI | g nm ent

of inclusive and exclusive triggers

I3 1 L v 12.5 kHz to storage

12.5 kHz (0.6 GB/s) to storage




Integrated Recorded Luminosity (1/fb)

LHCDb running (pp collisions)

LHCDb Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 1.23 /b
2017 (6.542.51 TeV): 1.71 /b + 0.10 ffb
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /b
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b

2012

LHCb Efficiency breakdown in 2018

Month of year

[ FULLY ON: 89.04 (%)
[ Hv: 053 (%)

[ ] vELO Safety: 0.75 (%)

B oAQ: 1.97 (%)

Il DcadTime: 6.53 (%)

Recording efficiency ~90%

8 fb-1 have been accumulated, 5 fb! used in analysis
v’ 2017 and 2018 data not ready for analysis yet

LHCDb will finish phase | running in December
v First detector upgrade planned for 2019



Rare B decays and lepton flavur
universality violation



Motivation

baryon lepton helicity EW penguins | semi-
number flavour suppressed leptonic
violation violation Bioy — M b—sltl B—D® v
I ; 1 1 i 4
0 ~10-50 10-9 10-7 10-2 branching ratio
\ 1

|

lepton flavour universality tests

» b — sl*l-transitions probe mass scale far beyond direct search
v" With suppressed SM, NP effect could be pronounced

||:;| E

» Null test of SM with Lepton flavour universality
v In the SM, ratio like I'(B* - K*u*tu™)/T(B* - K*te*e™) differs
from unity only because of phase space difference 10



Theoretical description of FCNC

e Described by an effective Hamiltonian

v O, (Operators): long-distance, non-perturbative physics : L °
v' C; (Wilson coefficients): short distance, high energy physics i=7 .
e BSM processes may modify these coefficients 7 3
AG R
* / /
Hepp = =5 VoV D IGO0 +C's(w0's(u)]
| \—p— e e/
right handed
eft handed (suppressed in the SM)
b t s
] W—T\ ‘\ W+ +
Operators Wilson i=10 g
P coefficients e
A I
( by \
0.2GeV ..l4aGev ... 80GeVv .. 10-100TeV
|
Noco I Np New Nasm
(non-perturbative) I b mass W mass BSM scale
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Helicity suppressed Bg,q — pp~

» Very precise predictions available

2
— Only Cy, contribute in the SM:  BR(B, » u*p~) < |C1ol*mj —:%
Bq
BR(Bs — pp )sm = (3.52 £0.15) x 107, BR(B° — ptpu )sm = (1.12 £ 0.12) x 1010
— BSM scalar and pseudo-scalar operators may contribute
CMS and LHCb (LHC run [)
> LHCb+CMS run | result t E T T |
> 60 —$— Data
; — Sggnal +al1d background
— Observation of B; » u*tpu~ (6.20) 3 4+ T

=+ m Combinatorial background

— evidence for By —» u*u~ (3.00) %4"5 ek kg
Nature 522 (2015) 68 -3
o9
BBY — ptyp) = (2.8197) x 107° Sk

B(B® — ppu) = (3.0174) x 1071 .
> ATLAS run | result EPJC 76 (2016) 513
B(BY — putu) = (0.9f$:§) x 1077 (significance: 1.4 o)

BB - utu) <42 x 10710 (95% CL) a




Helicity suppressed Bg,q — pp~

> LHCb update with run I+ll data, 3+1.4 fb-!

— first single experiment observation
of B, » utu~ (7.90)

B(B; - utu )= (3.0+£0.6%33 ) x107°

B(B® > pu*pu~) < 3.4x10710

> Effective lifetime of By » u*u~

T(By > utu™) =2.04+0.44 + 0.05 ps

Weighted B! — p"u” candidates / (1 ps)

LHCb —

= Effective hifetime fit ]

10
Decay time [ps]

Candidates / ( 50 MeV/c?)

BF(B® — p*u")
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Differential BF: b » su*u~

» Hint of smaller branching fractions than SM predictions around
2 < g% <7 GeV?

> This region is related to €3’

EmLCSR

Lattice -e=Data

4+ Tty

- JHEP 06 (2014) 133
T

3

7% k
B* ->K*u'p
LHCb

Lt

|II||I|II|I|II|III-I||
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(=]

dB/dq? (10 " x GeV *

Differential BF:

CMS 205 (8 TeV) —
- —¢— Data %
- [](SM,LCSR ) 0]
- []{ SM, Lattice ) ke
C _ o
: o e Nl:}“
e ; )—$—1 : s
B RN $ SR =
o i ©
i S : Bas |+
C I 11 1 | 11 | I 11 1 | 11 | I 11 1 | 11 | I 1 11 I 11 | | 1
2 4 6 8 10 12 14 16 18
q° (GeV?)

b—sutu

12—
- #CMS (7, 8 TeV)
1oF LHCb
__ BaBar
B Belle
8- CDF
o — +
e — ——
2
O_I | | | I|I | | IIIII|III|I
0o 2 4 6 8 10 12 14 16 18
7’ (GeV?)

» Different experiments get compatible results

» Too early to draw a clear conclusion
v Results dominated by statistical uncertainties

v Difficult to assess hadronic uncertainties in SM predictions

v Charm resonance contributions to be accounted for
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Candidates /0.1

60F

Angular analysis: B® - K*%utu~

LLHCb
11< ¢ < 6.0 GeVYct

b

v P
LHCD ]
11 < g? < 6.0 GeViet

Candidates / 0.1

R L ] L S T SN R T R S [ LS
= -0.5 0 0.5 1

1 d*r 9 [3 . 1 |
= “ (1 —(Fy) sin® 44:;):.-29 —(1— sin? Ay cos 26
T /dq? dcos by deosfy do dg® 327 L( @“m Ui cos™ b + 4 @“m T Con e

cos? O cos 20, ——@3‘1112 05 sin? By cos 20 *@5111 20k sin 260, cos ¢

sin 20 sin by cos ¢ +1112 Ok cos by i11 20 sinfly sin o
5i11 20k sin 26, sin ¢ —@51112 A sin? B sin 26 ]

Eeight independent observables

v' F_: fraction of longitudinal polarization
v Sg = 4/3 Aqg: forward-backward asymmetry of the u*u~ system
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FL and AFB

LHCb CMS
[JHEP02(2016)104] [PLB 753 (2016) 424]
L . . ,CMS _ _205f (8 TeV)
<9 - ] e
{),8-— LHCb 3fb! 8c B 3
- L msMiomABSZ | o7Ef i f
0.6F ++ ] B2
! —+- 1 osE >—$—<
0.4 ] 0.4
F —— 0_3;_+D t
b = ata
0.2 1 %%5(sm LesRr)
- 0.1 ( sM, Lattice )
oL N I B B ) L PO R I I B
S 5 10 3 2 4 6 8 10 12 14 16 18
¢* [GeV¥ Y| g e
~ . 1CMS 205" (8 TeV)
«:&Z (]5'— - qu085_+ Data
BE[1(sM, LCSR )
—+ —_ O-GE—D(SM, Lattice )
, ?!“
[ LHCb 3fbt ]
I SM from ABSZ
0.5} -

Agree well with SM predictions

ATLAS
[arXiv:1805.04000]

- 1.8 T T T T T T T T T T T T T T T T
L 165 ATLAS | ‘vE:aTév, 2031
e -4 Data E
1.4 CFFMPSV fit —

C theory DHMV

1.2 theory JC e
1= E
0.8 i
0.6F- + E
i s
0.2;— -
9 [GeV?]

SM predictions

ABSZ: EPJC 75 (2015) 382
LSCR: JHEP 08 (2016) 98
Lattice: arXiv:1501.00367

17



P: puzlle

» “optimized observables”, with form factor cancellations
[Descotes-Genon et al, JHEP 05 (2013) 137]

P _ Sj=45,78
i=4,5.6,8
VFL(1—Fp)
> They are functions of g% = mfﬁu_ and Wilson coefficients C;
. AHEPO2(2076)104 . PRL 118, 111801 (2017)
B 2 o R T TR s SM from DHMVILOCD |
L LHCb ] i b All Modes ]
- . T v Electron Modes
1 M from DHMV - : WH Muen Modes
B ] il + p
+ —+ : Es : T E
0 + - A 00 = l
E ++ ] ~ I ‘t . i J.t i F = ]
- ) = —4= —— — | ] ]
1 E : - -05 R ) . ;
E E S == — gy
]| 2]
: PR 1 1 o L A T TN (TN N GRS L1 - 15 R T ¢
0 3 10 15 o 5 10 15 20
q* [GeVct] ¢* [GeV?/c?|

~ 30 discrepancy seen around 4-8 GeV? by both LHCb and Belle s



Entries / (0.25)

Angular analysis: A},

Results compatible with SM predictions
[Boér et al, JHEP 01 (2015) 155]
[Detmold et al. PRD 93 (2016) 074501]

150

100

50|

LHCb

YV V VYV V

- Autu”

Rl o
5 - e L KA
5 angles
q*-dependent observables K;
Method of moment
Signals only observed in
15 < g% < 20 GeV2

arXiv: 18080264 Run 1+I1, 5 fb—1

—— — LHCb

-
+

[~
Ip—
IIIIIIII
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Candidates / ({ 40 MeV/ic? )

LFU testin B » KMt

Ry = B(BY/+ _}‘ KD/"'(*)E"'E:-)

E(Bﬂ/'+ i KU/+(*)#+.U-_)

> Ry close to unity within O(107) in the SM
hardly affected by hadronic uncertainty

» Experimentally challenging
bremsstrahlung effect for the electron mode

- b W
L e

=

5000

5200

LHCb | & = 300}
izg N
B'> K'ee | & < 200}
1 = = |
| B £ 100f
. % “ %00 5400 5600
5400 5600 3 m(K*ur) [MeVie?]

m(K ete”) [MeV/c?]
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LHCDb run |

Bt - KTlTl™

—--LHCb -®-BaBar ——Belle
2_ L T L ¥ I L T L T I ¥ T L T I

LSE 2 60 u -

Gﬂ 5 10 15 20

g2 [GeV3/c?]
Ry = 0.745+5:99% (stat) & 0.036(syst)

PRL 113 (2014) 151601

results

B? - K01t
T I T
l::: FAE & =
D8l __
| .
0.6 j - ® LHCh
| 2.10 2.20 + v
[].4; ¥ CDHWMY ]
B ECoS
02k _ #® flav.ic
LECH * .]lf'a )
0.0 b bt
0 1 2 3 ! ; 9

JHEP 01 (2017) 055
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Global fitto b — sltl™ results

» Include all angular variables and LFU results in b
— sl*l™ transitions

» Allow for €Y # €Y7
v Preference for Cg; # 0
v' Data disagree with SM by more than 3.50

22



LFU in semi-leoptonic B decays

B(BY~ = DY/=Mzty)
fp = B(BY/~ - DO/-M[+y))

> Rp by Babar and Belle

Pt I T T T I T T T T I T I T T T T I
*, - BaBar, PRL109.101802(2012) , -
a) 0.5 - Belle, PRD92,072014(2015) Ay = 1.0 contours .
~ — LHCb, PRL115,111803(2015) Average of SM predictions ]
- Belle, PRD94,072007(2016) = i
> RD* by Babal’, Beue, LHCb 0.45 - Belle, PRL118,211801(2017) R(D) = 0.299 +0.003 .
_ LHCb, PRL120,171802(2018) R(D*) = 0258 +0.005 ]
04 :— [ Average _:
» Tension with SM predictions  ossf w0
v 2.30in Ry 03E l l w3
v 3.00 In Rp- 0.25 - .
|
. u N
v 3.80 combined 02f | | DR

0.2 0.3 0.4 0.5 0.6

R(D)

p  _ BBV
I = BBE - J/dbutv,)

> Recent LHCDb result of R,y

Rjy=0.71£0.17 £ 0.18 PRL 120 (2018) 121801

v 20 from SM prediction: 0.12 — 0.28
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CKM test

24



CKM matrix

» CKM matrix describes change of quark flavor
» Each element related to a transition probability, |Vi]-|2

/ \ 2
Vud Vus Vub 1 }; A AX p in
— 2
VCKM - Vcd Vcs Vcb Vs = A iA°4n 1 }; AX
\th Vie Vu ) AR p ih AN idXny 1
1 n # 0: single source of CPV in SM
(p,m)
;,a’f,: rh'“‘%x ! ;E'- td . . ]
/ ~ V3V > Unitarity triangle
/| VitV = VudVip + VeaVip + ViaVip, = 1
/ | ViVea M
ff Y
S ] R"""uﬁ :
0 1L £
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CKM global fit

| fitter

LHCb 2018

0.7

0.6
0.5
0.4

I=
0.3

excluded area has CL >68.3 95 % |7

IIII|IIII|IIII|IV|I

0.2

0.1

= IIII|IIII|IIII|IIII|IIII|IIII|IIII

0.0 1 1 1 1 1 1 1 1 1 1 1 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

<l

» Inputs: measurements of all sides and angles
(ﬂ; Y Q, |Vub|/|Vcb|: |th|/|Vcb|) in different ways

» Qutputs: A,4,p,1

» Good consistency is seen between inputs and CKM is
successful with current precision

> Y is least well measured
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sin2ff measurement

» LHCDb provide the most precise measurement combining
several b - ccs channels: sin2f8 =0.760 + 0.034

» World average: sin2f8 =0.70 + 0.02

0.020
> Indirect determination: sin2f = 0.7407 5455

sin(2f) =sin(2¢) F=rn

PRELIMIMNARY
BaBar ' .E 0.69 +0.03 £ 0.01
PRD 79 (2009) 1072009
BaBar : \  0.69+0.52+0.04 +0.07
PRD aox@fﬁm&m 12000 1
BaBar J/y (hadronic) K : 1,56 £0.42+0.21
PRD 69 (2004):052001 :
Belle : A 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 :
ALEPH : L 0.84 153+ 0.16
PLB 492, 259 (2000) el
OPAL : T i 3.20 320 +0.50,
EPJ C5, 379 (1998) : i
CDF : : 0.79 541
PRD 61, 072005 (2000} —p— o
LHCb : . : 0.76 + 0.03
JHEP 11 (2017;} 170
Belle5S : R 0.57 + 0.58 + 0.06
PRL 108 (2012) 171801 *
Average 0.70+0.02
HFLA
2 N 2 3

-

{}.—1 T T | T | T
=3 ﬁ'“ y s [“:].fn.q B
LEEm B°— Jh {Pr] s i

L Em BY— S (uty }I‘L_ij
po EEE Combination
- LHChb
0 —
12
[ CL for the inner (outer) eontour s 39% (57%) T
I : 1 .
0.5 (.6 0.7 0.8 0.9 1
S

JHEP 11 (2017) 170
Runl, 3 fb1
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Amg and Amg measurments

» Completely dominated by LHCDb

candidates / (0.1 ps)

B; - Dsm? B, > Dyu*v
New J.Phys. 15 (2015) 053201 Run], 1 fb! EPJC 76 (2016) 412 Runl,3fb!
o Tagged mixed E '
: o Tagged unmixed < 05 I LHCb
40 1! 4 — Fit mixed i
j A Fit unmixed : :
i 0 —
200} i )
ﬂ_ ..... . . — . 0.5 (ﬂ) mistag: 0 <n <025 |
0 | 2 3 4 S A S S A A S A S
decay time [ps] 5 10 t [ps]
Amg =17.768 + 0.023 + 0.006 pS’1 Amy = 0.5050 + 0.0021 + 0.0010 ps-1
WA: Am,= 17.757 + 0.021 ps! WA: Am = 0.5065 + 0.0019 ps-?
SM: Amg = 16.3 + 1.1 ps? SM: Amy = 0.56613032 ps-1
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ldea to measure y

» Exploit interference of b —» cus and b — ucs amplitudes

Large CPV if r;is small
e.g. with suppressed DO—K*r

»> 7Y can be estimated from CPV

Events / ( 10 MeV/c?)

N(B)-N(B")

N(B )+ N(B")

1

B qu-

Qﬂ[ﬁ‘u ‘.‘f]' /

b - ucs —D'K——

= Acp, = 27, (2F, ~Dsin(8,)sin(y)

CP+

100 —J(

N
=

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

5100 5200

5300 5400 5500

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

LHCb

B*—[n'K | K*

|

-

5100

N 1 + 1
5400 5500
m(DK*) [MeV/c?

5200 5300

PLB 760 (2016) 117
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Y measurements @ LHCD

B decay D decay Method Ref. Dataset' Status since last
combination [3]

B — DK™ D — h™h™ GLW [14] Run 1 & 2 Minor update
BT —- DK™* D — hth™ ADS [15] Run 1 As before

B* — DK™ D— hn nta- GLW/ADS [15] Runl As before

BT — DK™ D — h™h~—7" GLW/ADS  [16] Runl As before

BY - DK™ D — K2hth~ GGSZ [17] Run 1 As before

B* — DK+ D — K%%*h~  GGSZ 18] Run 2 New

Bt — DK™ D — K!K*n~  GLS 19] Run1 As before

BT — D*K™ D — h™h™ GLW [14] Run 1 & 2 Minor update
Bt — DK** D — h"h™ GLW/ADS  [20] Run 1 & 2 Updated results
BT — DK** D — htr—ntnm- GLW/ADS [20] Run1l & 2 New

BY - DK*ntn~ D — h™h™ GLW/ADS  [21] Run1 As before

B — DK*° D — Ktg~ ADS (22] Run1 As before

B — DK*tr~ D — hth™ GLW-Dalitz  [23] Run 1 As before

B — DK*° D — Kdntm™ GGSZ [24] Run 1 As before

BY - DFTK* DY — h*h~nt  TD (25] Run'1 Updated results
BY— DFr* D*— Ktr—zt TD [26] Run 1 New

f Run 1 corresponds to an integrated luminosity of 3fb™! taken at centre-of-mass energies of 7 and
8 TeV. Run 2 corresponds to an integrated luminosity of 2fb~! taken at a centre-of-mass energy of
13 TeV.
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y: first DK* ADS/GLW result

> Combine D° decays to Km, KK, nm, K3m, 4m

» Determine y from CPV of total decay rates

I'(B~— DK~)xr} + rp + 2rprp cos(dp +0dp —7)

11{B+ & DI&+} oc f'?} + ;-i, 4 9 'p rp COS {ﬂ:ﬂ - ﬁf_] +n'}

JHEP 11 (2017) 156

E 2 B

T T"| T T T T '|"|‘

]
1
e

k! g x
£ b "“-._ i
[li:i-||||||||‘|\1|||||||rT"l'l'l'Tll-l||r'i.|||||||||| o
00z 004 006008 01 012014016018 0.2
]

Run I+I1, 4.8 b1

1]

Pl R I I O T I I g
100 120 140 160 130

857

> Will become valuable in constraining y in the future
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y: GGSZ with B - DK*

> Use self-conjugate D° - K¢ mr™

» Determine y from local CPV in the Dalitz plot

W
I

mA(Korr) [GeV/c?]
o

1 2

AB+ 04 Zf ~+ TBei(SB+Y)Af

3
m2(Kor*) [GeVZ/c*]

arXiv:1806.01202

— 180 T

i LHCb |
120 - —
60— —
| [ JRunl |
B 2015 & 2016 data

I 1 Combined result

s | ) | \
0O 60 120 180
o

(7]
J = 807 (1),
rp = 0.080 T0011 (F003) -
5y — 110° F10° (+19°)
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y: GGSZ with B - DK*

> Use self-conjugate D° - K¢ mr™

» Determine y from local CPV in the Dalitz plot

W
I

mA(Krr*) [GeV/c*]
o

[E—
|

1 2

AB— 04 Af + TBei(aB_Y)Zf

3
m2(Kor~) [GeVZ/c*]

arXiv:1806.01202

— 180 T

i LHCb |
120 - —
60— —
| [ JRunl |
B 2015 & 2016 data

I 1 Combined result

s | ) | \
0O 60 120 180
o

(7]
v =801 (Ti%),
re = 0.080 £0011 (10033) -
op = 110° T30 (130 -
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o, #(t) e~Tt[1 + Cr cos(Amt) — Sy sin(Amt)] S; =
[go_7(t) < e7T*[1 4 C7cos(Amt) — S7 sin(Amt)]

Candidates/(4.0 MeV/c?)

y: time-dependent B® - Dt rr®

» Flavour tagged TD analysis

arXiv:1805.03448 Runl, 3 fb!

45F- “ E
40F LHCD 3
352_ —+— Data E
302_ Total E
o2 R B* > DFK* E
20 ] e B Dt =
155_ --------------- B—Dp =
TP\ WY R AR— Combinatorial =
5-%% ! L ............... B D rt =
5 I | | [ N I B

§100 5200 5300 5400 5500 5600 5700 5800 5900 6000
DFrr* mass [MeV/c?]

1-CL

2rp,sin[d — (2B + )]
1+71%

__ 2rpgsin[é+ (2B + V)]

r- 1+71%

y € [5,86] U [185,266]

100 200 300
7 [°]
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1I-CL

y combination result

» Most precise measurement from a single experiment

0.8F

0.6

0.4

0.2

> WA: y = (73.5%42)

y = (74 oté;g)o

LHCb-CONF-2018-002

> Indirect: ypindirect = (65, 3%3-2

[ PS%
|

50

60

70

L 2 T
- LHCb |

| Preliminary |
- +50 | b
B E

80

90
v [°]

I-CL

0.8

0.4

0.2}

0.6

o e e e e

0 50 100
B ALL B° B,

LHCb |

Preliminary _|
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¢, measurements

» LHCb is dominating

v Previously B; - J/¥¢ and B — J/Yr™m~ pr| 114 (2015) 041801
v Adding Bg - J/YK'K™ above ¢(1020)  ;jHep 08 (2017) 037
¢, = 0.001 + 0.037 rad

RunlI, 3 fb1

» Analysis of LHCb run Il data ongoing

0.10

0.08

0.06

68% CL contours
(Alog £ =1.15)

CMS 19.7 fb !

T, .
ﬂﬁ.ﬁ flp

LHCb 3 fb~! |
ATLAS 19.2 fb~!

» World average

¢, =-0.021+0.031rad

» SM prediction:
SM _ _ VesVip
oM = —2arg(=h)
= —0.038 + 0.001 rad
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Charm mixing and CP violation
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D° — D° mixing

d.s.b
= Mixing due to box diagram A ; i)
D12 >=p|D® > +q|D° > DY W W A
x=my;—-—my)/T,y= rzz—rr1 i 2 . " ; g
. 5y
x|2 + |y|? # 0 => mixing
m Ratio of WS to RS decay rates mix 5, DCS
changes with proper decay time t
D’ RS K nt
t x?+y? \/
R(t) = - 7 (2
() ~ Rp +Rpy' — +— (T) _
x' = xcosd + ysind
y' = ycosd — xsind mix _{
0 +. -
A(D > K™ ) _ —\/R_e_ia o WS o o
A(DO - K‘n’"‘) D

DCS
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D° — D% mixing

d.s.b
= Mixing due to box diagram pm— * E
Dy, >=p|D° > +q|D° > D’ W W D'
r;-I; ) J )
x=(my—my)/T,y=-"r1 i = .
d.5.b
2 2 _ . -
|x|* + |y|“ #+ 0 =>mixing - -
§ 25 LHCb Data .
. S - (a) — Fit
m Ratio of WS to RS decay rates = prekeromnd
changes with proper decay time t g "
-% 10[-
S
R(t) ~ RD + V RDy’ ; + T (;) 05005 2010 2015 2020
M(D"m*) [MeV/c?]
x' = xcosd + ysind 2 i;g*w;@ ——
y' = ycosé — xsiné % wof @  Backaround |
< 160F .
A(D® > K*r™) . 2 10,
- _ /R e—l5 % 120f
A(D® > K—1+) b 2
S ot
20
0205 2010 2015 2020 39

M(D’m+) [MeV/c2]



R*[107]

R [107]

R*— R [107]

WS/RS fit results

6:_ @ F S — -
sk LHCb 3
4F E
6F (b) i
C * .
SE -
- — CPV allowed 1
4 e No direct CPV A
T — No CPV
: s s /
0 2 4 6 20
t/T
g ]5 C r ' °rr r T 1 v & 171 ]
E | LHo ]
< I ]
0'5:_ CPV allowed _;
oF .
osf ;
_ EMes.3% cL E
o 95.5% CL ]
1S ol.s — ; 1|5

PRD 97 (2018) 031101
RunlI, 3 fb1
RunII, 2 fb—1

Assuming CP invariance
x?=(3.9+27)x107°
y' =(5.284+0.52) x 1073

Rp = (3.454+0.031) x 1073

Direct CP asymmetry ~ 0

_ Rb-R}
D = R} +R;;

=(-0.14+9.1) x1073

Limits on indirect CPV
0.82 < |§| < 1.45 @95% CL

40



Ar: Indirect CP violation

= Indirect CPV: ‘%‘ + 1 0r sing # 0

m Width asymmetry Ay = —xsing

_ I(D%->h*h™)-T(DO>h*h™)

Ar = r(D%->h*h~)+I(DO>h*th™)’

=1/

m LHCb results are most precise,
compatible with CP conservation

Ar =(—0.013+0.028 + 0.010)%

" Ar(K*K™) = (—0.134 + 0.077+3:9%¢

Ar = (—0.125 + 0.073)%

T T T T
Crild s
- |

Belle 20112

LITCH 2005 w Lag }—A—{

LHCH 2016 D tag =

World ayerupe ——
EETETE TR PR PR I
A2 ] - Gl 02 03
A5

=G0 L

3% =

=Ib.121p

123

=03 =

-0z =

O [0 e |

= 73 &

(200 L [LIKD 5

255 = 0058 %

(A28 = LD 53

0026 %

" Ar(K*K™) = (—0.030 + 0.032 + 0.010)%
D*tag | Ap(m*m) = (+0.046 + 0.058 + 0.012)%

Runl, 3 fb—1

%

PRL 118 (2017) 261803

JHEP 04 (2015) 043
RunlI, 1fb1
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Direct CP violation

m Time-integrated CPV in D° - KK

Acp(KsKs) = 0.020 £ 0.029 £ 0.010 PRD 97 (2018) 031101

RunII, 2 fb1

m Time-integrated CPVin D® - h*h~

Acp(K*K™) =(0.04+0.12 £ 0.10)% PLB 767 (2017) 167

Acp(mtm™) =(0.07+0.14 + 0.11)% Run I, 3 b1
m CPV measured in other decays
v Acp(AY > pK*K™) — Acp(Af » pmtnr™) JHEP 03 (2018) 182
v CPVin phase space of D » n*n mntn™ PLB 769 (2017) 345
v Acp(h*h~u*tu™) arXiv:1806.10793

All results consistent with zero CP violation,
though with poor precision
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Hadron spectroscopy
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New E[T results

EdF(uce) first discovered in
Bl > ATK tmt PRL 119(2017)112001
Revisit same sample to measure lifetimez f
T(EN) = 256133 + 14 fs
v' Theory predictions: [200-1050] fs
v' Conforming nature of weak decays

Candidates / (0.095 p
(98]
=

2l - Efmt observation (5.90)

m(E) =3620.6 + 1.5+ 0.4 + 0.3 MeV

lII

T[T

T i R
LHCb E
- Data
— Fit

RunlIl, 1.5 fb-1 :

I 15 2

arXiv:1807.01919

Decay time [ps]

&

-+ Data
— Total
. Signa] __

---- Background A

C100F iy
B(E¥-Efn*)xB(Ef>pK—n™) e 80%
B(E{Fr oAt K ntnt)xB(Af->pK—nt) o ¥
=0.035+ 0.009 + 0.003 Lo
v In agreement with prediction in 5 4
20Run II, 1.5
F.-S. Yu, CPC 42 (2018) 051001 :
073500 3550

RSN P T T T WO B T T S T |
3600 3650 3700

m(EF ") [MeV/c?]
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Q? lifetime

PRL 121 (2018) 072002

B Most studies predict the hierarchy Run 1, 3 fb™
T(E) > t(AY) > ©(E?) > 7(Q?) § LHCDb Q- vX
o
s 102 + Data
B |HCb measured = = Fit
7(0Q) _ E R ALt
~p5; = 0.258£0.023 4 0.010 =
2
7(Q) =268 +24 + 10+ 2 fs %
T(E}) > T(QO) > T(AD) > t(_.o) 10—
B Four time larger than PDG value: ° 02 o decay timd [ps]
7(Q2) =69+ 12fs
“ PDG Average :.::::: —e— LHCb, 2,—2% 7X

P pK K ot

B Consistent with calculation
H-Y Cheng, arXiv: 1807.00916

FOCUS [2003] -e
WAB9 [1995] —ea—

E687 [1995] —_—

0o 20 a0
2 lifetime [fs]
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New Z, state
arXiv:1805.09418

Runl, 3 b1
B Hadronic channel Run II, 1.5 fb1

" - 0 p - % [LHco Ful fi % aol E—T ‘
:'b (62 2 7) — (Ab — AC /[ K > [ 1s=7.8Tev — =,(6227) > Afoaim K %, 4mi '\_:jg TeV —— 2:;{;2‘27) = AY=ALTIK |
E L Combinatorial E r Combinatorial
Mz, 6227) = 6226.9 2.0+ 0.3 +0.2 MeV  § o
FEb(6227) - 18 1 i 54 i 1 8 |\/|eV
500 500 700 800 900 500 500 ?600 86% 900
M(ASK ") = M(AD) [MeV/c?] M(AK') = M(A) [MeV/c?]
1 1 0y E ull fi {; I ull fi
B Semileptonic channel 3 o o T — S onioon |3 | antdTov — sl i
= B ombinatorial : 2000 ombinatoria
£5(6227)" - (A} > A X)K~ Nis |
— — -0 — — — % “é [
£5(6227)" > (E) o Efu X)m 3 § 1ot

L PR 1 J
500 600 500 600 700 800 900

700 800 90C
B Consistent with strong decay of _ e —— i
% [tHco P ] GafHce  — R
radially excited E,(2S) or i B
orbitally excited E,(1P) N
— 8 100: é 1005
+ A_A

; . \ .
P 600 5 800 400 o 600 o 800
M*(Z%77) — M*(Z%) [MeV/c?] M*(=277) — M*(Z0) [MeV/c?]
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Search for X515

arXiv:1806.09707

B CMS reported a peak at 18 GeV g AR AR aen
. . . > 204 .
in Y(1S)utu~ final state in 2 1ol =Ts3Tev
. . : : : -1
APS April meeting 2018 S 145 I’ :  Runl 3
. — = o TR | T R , 3.3 fb1
O Tetraquark with bbbb quark 5 gi:l "'§||| [ 33t
concent? :g ﬁ ." ' ! i| ‘ |' l
: | i \
© I . lJﬂlﬂi'ml lnlp v
B LHCb searched for 16000 13000 20000 22000 24000 26000
_ _ u2u) [MeV/c?)
X - (Y(1S) » ptp)pt e
i Y mescites
. . | &;Hf ]-J 2 13 TeV ----=-= Exp. 95% CL limit, medizn
B No signal is observed B e e
— . 107 Exp. (95 6%) -
v' Set upper limit on production : ’ :
cross-section in forward B

region (2<n<5) as a function

of X mass

o(X) x B(X) x B(Y(1S)) [tb]

17500 18000 18500 19000 19500 20000
i [MeVi/e)
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Five narrow Q? states

> Q2 ccs quark content = T
= 0 LHCb -
> Only Q2 and .(2770)° observed, =
assumed to be 1/2*and 3/2* 8 o
=]
. s
» LHCDb studied mass spectrum of e
ot e dNa— T et T
(B¢ » pK ™)K
Resonance Mass (MeV) I (MeV)
Q,(3000)° 3000.4 + 0.2 £0.177 45+£06+0.3
Q,(3050)° 3050.2 + 0.1 £0.177 08+02+0.1 3000 3100 3309 3300
" <1.2 MeV, 95% C.L, m(EZ:K ) [MeV]
Q,(3066)° 3065.6 £ 0.1 £0.31]32 3.5+0440.2
Q.(3090)° 3090.2 +£ 0.3 £0.55% 8.7+1.0+0.38 = 3.5 :
Q.(3119)° 3119.1 £ 0.3 £ 0972 . (I .;Aizv{).é;;(}ﬁl % 3,4;_ F$N§ _
=0 » 7270 L.L. 3.3:_ af20) L(zp)1’1,,(2?}‘—'&1(2‘:') = 7 = 7 1 _:
Q. (3188)" 3188+ 5+ 13 60+ 15+ 11 S A ) 3
o 32F \\ﬁ m{lmr?,.(m:qzuu)ﬂ,;cmqr‘(m) ann%”
= 3-15—5;5;;;;;;;;;;;;;;;;;5;;;;;;;;;;;;?@'?E—-:of;;ggg;:
PRL 118 (2017) 182001 32_'@;3"*32?’%:::::::::::::::::::gg};{;g;g;::
Run1, 3 fb-! + Run II, 0.3 b~ F | d E
2.7 :— 3
» Spin-parity info needed for 2 S v P F P F D5 D5 DD DD
. . jqq- 1 1 0 1 12 2 1 12 2 3 3
Interpretation AEETE N N N AT B N



Future upgrades of LHCDb
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LHCb timeline

We are here _
= |
b L A B 9 D Y N D N A A OSSNy D
NS A A S 2 I A A A L Y A A P P <o - Mt M
R A i

Install Upgrade | Consolidation and Upgradelll
maintainance

) 2 CEEEEEEEEEEEEEEEEEEm) $ ——)

L =4x103 cm2st

L=2x103cm%st L=2x10%%cm2s!
1.1 visible interactions 5.5 visible interactions 55 visible interactions
/ crossing / crossing / crossing

8 fb~1 collected 50 fb-1 collected 300 fb~! collected
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Luminosity vs year

LHCb Current —— Upgrade | ——» Upgrade I—»

22— 3
E =l = = = = =
g;&’ 20— 300
o il
= 18— 5
o . =
£ 16 —250
g 3 :
Rt —200
-~ 12—: — N -
= = 0 0 =
= 103 = =l —150
8 -
e = 100
v —50
2 -
O_;M 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 l 1 o
2010 2015 2020 2025 2030 2035

Integrated Luminosity [fb™]
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Luminosity vs year

Factor ~13 increase in data

compared to pre-HL-LHC era.

» Corresponding to a factor of
13%Y4~1.9 in discovery reach

» Similar to that of direct searches
In raising energy from 14 TeV
(HL-LHC) to 27 TeV (HE-LHC) !

E“‘ = v I
= 10—
8-
6
4
s
0—:| M I | 1 1 1
2010 2015 2020

2035

2030

2025

| ——» Upgrade I—

w
(=
(=]

Integrated Luminosity [fb™]
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Upgrade | detector

> Fully software trigger at 40 MHz readout

» Redesign detector to cope with higher luminosity
v Finer granularity and more radiation hardness

Particle ID |
Replace | - : -
HEDs + Calorimeters Moon
electronics Reduce PMT gain | new electronics
New = + new electronics
Vertex

HCAL M5
Detector spr'i%{\
RICHZ ) M =

{_/ calis ﬁl\ \'-\ \
Y l‘- = ] ! L ! |
ll." L I
Pl L

+ trigger-less
readout system

New Tracking stations




Upgrade |: towards installation

Detector construction in full swing, installation starts in 6 months ! CAlnehnat s el rasies

VELO module 5ciFl module

VELO sensor tiles testing device

SciFl readout

e

RICH MaPMT under test

UT staves construction
UT sensor w[ Test of MUON electronics

- ™ -

PCled0
boards




Upgrade Il detector assumptions

Detector enhancements will bring additional physics reach on top of
what will come from the increase in integrated luminosity.

| LHCb dipole magnet fri ol = =
1 W

+ Improved tracking ey
Increased acceptance
Added Magnet stations R L
Approach closer to beam pipe
Removal of VELO RF foil 77 Qo

e Improved ECAL

 Improved low-momentum
PID Mimored edge —— g

Much R&D required to achieve higher granularity, higher
radiation resistance, fast timing
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Upgrade |l physics motivation

Opportunities in flavour physics,
and beyond, in the HL-LHC era

Expression of Interest

» Greatly improve knowledge of golden
and theoretically clean observables

v Eg )’;ﬁ; ¢S’B(BS - I’l’”)/B(Bd - ”ﬂ)’
charm CP violation

> Widen the set of observables beyond
those accessible at Upgrade |

v E.g. additional measurements involving
b-s/d l*l",b - c/ul decays

» Fully exploit the HL-LHC for topics

beyond flavour physics
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Upgrade |l sensitivities

Table 10.1: Summary of prospects for future measurements of selected flavour observables. The projected LHCD sensitivities take no account of potent
detector improvements, apart from in the trigger. Unless indicated otherwise the Belle-IT sensitivies are taken from Ref. [568].

Observable Current LHCDH LHCDh 2025 Belle 11 Upgrade 11 GPDs Phase 11
EW Penguins

Rk (1< ¢ < 6GeV3c?) 0.1 [255] 0.022 0.036 0.006

Rk (1 < ¢® < 6GeV3c?) 0.1 [254] 0.029 0.032 0.008 ~
Ry, Rpk, Br — 0.07, 0.04, 0.11 - 0.02, 0.01, 0.03 —
CKM tests

v, with BY — DY K~ CEirye [129] 4° — 12 —
7, all modes (e ) [152] 1.5° 1.5° 0.35°

sin24, with B® — J/yK? 0.04 [569] 0.011 0.005 0.003

¢s, with BY — J/vy¢ 49 mrad [32] 14 mrad 4 mrad 22 mrad [570]
¢s, with BS — Dj' D 170 mrad [37] 35 mrad 9 mrad

$%%, with B — ¢¢ 150 mrad [571] 60 mrad 17 mrad  Under study [572]
a, 33 x 1074 [193] 10 x 10~ - dx 10
[Vl /| Ves| 6% [186] 3% 1% 1% =
BY,B'—putpu~

B(B" — ptp)/B(BY = utu) 90% [244] 34% 10% 21% [573]
TBO st~ 22% [244] 8% 2%,

S 0.2

b — ¢~y LUV studies

R(D*) 9% [199,202] 3% 2% 1% -
R(J/Y) 25% (202 8% - 2% -
Charm

AAcp(KK — 7rr) 8.5 x 10~ [574] T4 w10 5 w10 3.0 x 107°

Ar (~ xsin ¢) 2.8 » 107% [222] deB 2 107° 8B 107 1020

rsing from D — K+7~ 135 104 [210] 3.2 5 107+ 461G 8.0 x 107°

xsin ¢ from multibody decays

(K3m) 4.0 x 107

(K%7m) 1.2 x 1074

(K3n) 8.0 x 107°




Evolution of the UT. current precision

I=

0.7

0.6

0.5

0.4

0.3

[TTTTTTITT]TTTI Iyll

0.2

0.1

0.0
-0.4

has CL >68.3, 95 % | 7|

excluded area

0.0

o |

| fitter

LHCb 2018

b IIII|IIII|IIII|IIII|IIII|IIII|IIII
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Evolution of the UT: 23 fb1

( End of Upgrade la)

0.7

d & Am, LHCb 23/fb

0.6

0.5

0.4

FTTTTTTT III/J'

excluded areahas CL >68.3, 95 % |

0.3

0.2

0.1

0.0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

go |

- IIII|IIII|IIII|IIII|IIII|IIII|IIII



I=

Evolution of the UT: 300 fb!

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

excluded area has CL >68.3, 95 % | ]

—

| fitter

LHCb 300/fb

-0.4

0.0

-l

0.4

2 IIII|IIII|IIII|IIII|IIII|IIII|IIII
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Indirect charm CP violation

| g | | | . |
> Predicted to be ~10~%in the ¢ —
HFLAV World A 2017 |
Standard Model 0.2 [:l RS .
I LHCD 300/fb P |
> @4, ~ 1075 with 300 fb- 0.1+ | 4
4., — F(00n*h7)-F(D0~h*h") -
I = F(DOShth~)+F(DO—>h*h™) 0 -
=0.1=" but lets hope we
> D% — D% mixing parameter: ol don’t end up hefe
O'(I)NO. 10 ) 0-|2| - O' 001 e : | /’l L ]l(\m—““l]\ e ;.]:\I{II:. ‘}15“': (.[| 1
p 0.85 0.9 0.95 1 1.05 1.1
|a/p|
Sample (£) Tag Yield KTK—  o(Ar) | Yield 777~  o(Ar)
Run 1-2 (9 fb~1) Prompt GOM 0.013% 18M 0.024%
Run 1-3 (23 fb=1)  Prompt 310M 0.0056% 92M 0.0104 %
Run 14 (50 fb~')  Prompt TO3M 0.0035% 2360 0.0065 %
Run 1-5 (300 tb=)  Prompt 536 0.0014% 1.6G 0.0025 %
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Lepton universality violation

Improved ECAL will allow LUV observables (R, R+, Rg) tO

be measured with high precision, which can provide
discrimination of NP models (scenarios with different
Wilson coefficients for illustration) _..

= L e B ]
o — SM 3
ng 2__ —— scenario Il -
=] [ —— scenario | 3]
1.5 3
— - T ]
R, [l.6 C 3
LHCb Upgrade TI - e [1.6] : 3
Scenario-T — R, -[1.6] 0.5 =
Scenario E ]
—— R, [1.6] o / j / ]
LHCb Upgrade 11 - k L 4
Scenario-II - -0.5 == =
v 1 -1 -
LHCb Upgrade II E
Scenario-II1 = T | I B L L
———— -3 -2 -1 0 1
[LHCb Upgrade I1I - ARe( 9
Scenario-IV - =2
— | T T T T I T T T T I T T T T
— o F —sm E
LHCb Run 1 & 2F — scenarioll E
. . R | . ; ; I , . . 1 . . . < 1 55 — scenario | E
04 0.6 0.8 1 1.2 “E E
e Q ‘
0.5F =
F o )
G: .
-0.5F 3
_ u e -F =
ARCCg(lo) = ReC9 RCCg Y T ]
-3 -2 -1 0 i
AReC,
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Spectroscopy

High yields in a wide range of decay modes make
precision amplitude studies possible

LHCb  Belle 11
Decay mode 300fb~t  50ab~!
BT — X (3872)(— JapnTn )KT 200k 11k
Bt — X(3872)(— ¥(28)y) KT 7k 4k
B ¢(28)K— =t 4.8M 140k
Bf — DfDD° 100 —
A)— JhppK~ 5M —
5y — JWAK™ 62k —
EXt s AYK—ntnt 90k <6k
Er— JWEF 600 —

I 1 ‘ I ! I ! 1 1 | I 1 1 | ! I

{ 4-RUNIT(3 b
i — Breit-Wigner

cay- = 172 MeV

| - Upgrade I1 (300 fb™

M, pisor = 4475 MeV |

1

0.2

Re AZ(4430)’
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™

A(ID) [%]

Forward and high p+ physics

Top physics in the forward

Precision measurement of sin?8y,

10—4 10-2 10-1 100

T qr [(}i\ ]

101

N —
8E pp—tT—IbX. 14 TeV ‘ p LEP/SLD averags
7 ﬂMC(@NLO ' Pythiﬂ L .I‘;Z{l::j'::rzlf??ncenmmv LEP - ADF: —P-  iDaaaata 002
GF NNPDF3.1,m =172.5 GeV = ' SLD - A, O Gininbiic LHCD runil
3 CDF —O—  0.23221:0.00046 on |y
+ Do —0— 0.23095+0.00040 Precision
g = ATLAS —— 0.23080:0.00120 improved to
E e —O05 0.23101+0.00053 P ) .
1 E P 5X10° with
0 : ———O0——  0.23142:0.00106 300 fb-
—12 """"" T 4 S 0227 0238 0229 023 0231 0232 0233
n() sinBy
Dark photon search And much more
v W mass measurement
LHCb fupe
v' WI/Z production
v" Higgs to cc
[ 300 fo! DO v
'. l 300 fb~! ja
LHCDb is and will
continue to be a GPD!
Ui
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Summary

A consistent pattern of anomalies are seenin b » st 1~
v Differential branching fractions, angular observable, LFUV
New physics explanation emerges

v Cg, # 0preferred

v Plausible scenarios: leptoquark, Z’', composite Higgs

Test of CKM mechanism approaches higher and higher
precision

v Particularly benefitting from improvement in g and y

LHCDb is not not just about B. There have been fruitful
studies of charm, spectroscopy and more

With the anticipated upgrades, LHCb will run for two
more decades, accumulating 300 fb-!

v New physics has no place to hide!
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Backup slides
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Candidates / (30 MeV/c®

Angular analysis: B? - K*%e*e"

b e/t 5

> A;Z) and A7™ in g% < 1 GeV region sensitive to Cg') -

70 /7y

AD(q" —0) = |ZCR|2 (fréﬁ@ AR = _0.23 +0.23 + 0.05 ‘
T
2imie CL) Al™ — 10,14 + 0.22 + 0.05
AR (q* = 0) = ST Compatible with SM (~ 0
T (9 ) C12 + C)2 ompatible wi (~0)

JHEP 04 (2015) 064

= 0.3 e E

T C Jh(18) (no photon pole in
-1 =T ] Cal
Run 1, 3fb C S AQ  Alm . photon B Ki+i-)
———— — g 02— T > T ] pole
Y - -g” y ;,ui’g; LHCb 1 ~ ° 1 0 »(25)
B e 3 7
Combinatorial 3 0.1 . _dF 7
] - 1 2
AT\
fin i S]NI . i dq Long distance
] 0- H T ) o contributions
= C b cl) C‘_;’ from cc above
g g 01— ] interferencej open charm
- 4150 events "1 02— =
4800 5000 5200 5400 - * Ay 2 r2; 4
o 030 [ R R [ I B B R R B B B '_h’nf 1GeV j."’(;
nk'Ree) MeVic] -0.3 -0.2 -0.1 0 0.1 0.2 0.3
Re[C'"]

Compatible with the SM predictions
[Adapted from Jager and Camalich, arXiv:1412.3183] 67



B; - ¢y
» A, sensitive to right-handed BSM contribution
M50y (£) 0 €1 [cosh (AT,t/2) — A" sinh (Arst/2)]

8 2Re(e7 G C;)
G+

T, " 7 7 7731 » LHCbrunlresult

Muheim, Xie, Zwicky, PLB 664 (2008) 174

500 LHCb

4 Data -
g . — Model ] PRL 118 (2017) 021801
400 |- B: — ¢ 1\ - Signal ]
4000 candidates B Peaking A 4+0.46+0.23
"\ [ Missing kaon™ A" = —-0.982y52 2020

Combinatorial ]

P
S
1

Compatible with SM within 2o

Candidates / (25 MeV/c?)
2
|

ASy = 0-047_|—_%'.%%95

1111111

6000

000 5500
m(y) [MeV/c?]

68



Search for new rare b decays

Evidence for B; » K*%u*tu~
JHEP 07 (2018) 020

30} T T T T T T T T
E LHCb

-ﬁ 25 = llata =
= — Fil ]
- ] Hf e T T

= R R T
15 | R I i
Bl Comb. hlcg,

w -
£ 1w *

[==4

5

-

=

]

5200 S300 S40H) S5O0 S600
m(K ' ' w) |[MeVice?

Observation of AY —» pr—u*pu~
JHEP 04 (2017) 029

30| LHChb 4

=—— Data

il

— Signal and bkg

------ Ay~ prTLLp

Candidates per 63 MeV/c

Combinatorial
- Part reco .
]

5500 6000 6500 7000
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