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> Introduction
> Highlights of CP violation and RD
> Highlights of hadron spectroscopy

> Prospect & summary

Other LHCDb talks

v Rare B decays at LHCb
Jibo He, 14:30-15:00, 29 July

v Hadron spectroscopy and exotic
states at LHCb
Hang Yin, 16:20-16:50, 29 July

v' CPviolation in B decays at LHCb
Wenbin Qian, 9:00-9:30, 30 July

v CP violation in charm decays at
LHCDb
Liang Sun, 9:30-10:00, 31 July

v' LHCDb future upgrade and prospects
Jike Wang, 16:00-16:20, 31 July




The LHCb experiment
» A forward spectrometer at the
| A LHC designed for the study of
LH(;Mf o1 ey - - heavy flavour physics
& : « Indirect searches for NP via precision
measurement of b- and c-hadrons
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LHCb China: from 2000 to 2019

> 7 institutes:
~ 20 faculties + 10 postdocs + 50 students
- 2000, Tsinghua (;§%) , founded by Prof. Y. Gao
2013, CCNU (£=Imse)
2015, UCAS (EfIX)
2016, Wuhan Univ (EX)
2018, IHEP (S8ERR)

SCNU (%2EglpX)
2019, PKU (dtX)



The LHCb detector

Collision
point

Magnet

Beam1;

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 1530022

Pseudorapldlty coverage
2<n<5

Vertex:

Time: o, =45fs for BY - J/y¢ or DIm™
Momentum: Ap/p=0.4~0.6%(5-100GeV/c)

Mass : om =8MeV/c*  for B - J/PX (constrainted my )
Hadron ID: &K - K) ~95% mis-ID e(r - K) ~ 5%

Muon ID: eu-pn) ~97% mis-IDe(m->u) ~1-3%

ECAL: AE/E =1 10%/./E (GeV)

2019/07/29 2HReE, 7
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Efficient trigger
Efficient particle ID
Good vertex and impact
parameter resolution

» Excellent momentum
resolution
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Integrated Recorded Luminosity (1/fb)

Data taking (run1+run2)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

2018 (6.5 TeV): 218 /1b
2017 (6.542.51 TeV): 1.71 /b + 0.10 /b
2016 (6.5 TeV): 1.67 /ib
2015 (6.5 TeV): 0.33 /ib
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /ib
2010 (3.5 TeV): 0.04 /ib
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> A huge amount of bb and
c¢ have been produced

e ~10%2 pb
e ~ 1013 ¢c

» Many impressive results
have been achieved

More than 9 fb~1

accumulated
InNn Runl+Run2



CP violation
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Discovery of CPV in charm sector

PRL122 (2019) 211803
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Observation of CPV in charm

» Long awaited

1964 2001

1956 Strange particles: Beauty particles:
Parity violation \ CP violation in K CP violation in B°
T.D.Les, S ) meson decays meson decays
C.N.Yangand W /P J. W. Cronin, BaBar and Belle
C.S.Wu et al. V.L.Fitchetal. \@&& collaborations

1963 973 2019 .
Cabibbo Mixing The CKM matrix | Charm particles:

CP violation in D°
meson decays
LHCDb collaboration

N. Cabibbo M. Kobayashi and & R
T. Maskawa
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Observation of CPV in D°

e SM expectation of AZ¥ small, but “how small” is uncertain

i |AD® = )" = |A(D® - £)° 4
cP = — < 0(107°)
JA(D? - £)|2 + |A(D0 N 1?)|2

PRL122 (2019) 211803

e Was not observed at LHCb until 2019 using full Runl1+Run2 data

e D' - Dt (m-tagged) and B —» D°u~X (u-tagged)

AAT," =(-18.2+3.240.9) x 107*

AAK ' = (-9+8+5)x 1074

Compatible with previous LHCDb results and WA
LHCb combination (9 fb1)

2019/07/29

AAqp = (—15.4+2.9)x107*

BiRfE, FERFSERYETAR PO

CP violation in charm

observed at 5.3¢ !
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Oscillation of charm mesons in D° - Kdn*n™

PRL122 (2019) 231802



Oscillation of charm mesons in D° - K9t n™

PRL122 (2019) 231802

> DY and DY can oscillate between each
other
- Mass eigenstates |D;,) = p|D°) £ q|D°)
with mq , (I7 ;) mass (width) of D, ,
. : my —m; r—-1r,
« Mixing parameters: x = y =
) T
« x determines the oscillation rate

« CPV can occur in the mixing
« Oscillation rates differ for D and D°

> x I1s small in SM, but NP can enhance x
and CPV

» LHCb Run1 tagged D° -» Kn*m~
* 1.3M (prompt) + 1M (secondary)

2019/07/29 iR, BERESRYERR PO
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Oscillation of charm mesons in D°

» Model independent analysis (bin-flip method)
- To void efficiency modelling PRDS9 (2019) 042007

> Results xp=(2.7+1.6+0.4) x1073
Ax = (—=0.53+0.70+ 0.22) x 1073
yep=(7.44+3.6+1.1) x1073
Ay =(0.6+1.6+0.3) x 1073
« Most precise determination of the mass difference x
from a single experiment

« New world average (assume CP symmetry In
mixing and interference)

xcp = (3.9%13 ) x 1073

First evidence of mass difference between D° mass eigenvalues

2019/07/29 iR, BERESRYERR PO

- Kdntm™

PRL122 (2019) 231802

Lo
= L
N 0.9 I
0.8
0.7
0.6

0.5

03 02 01 0 01 02 03
l9/p| =

13



CPV parameter A; in D’ - K*K~,wtm™

LHCb-CONF-2019-001



CPV parameter Ay in D° - KK~ (n*n™)

LHCb-CONF-2019-001
»The asymmetry of D° - f(= KK~ orn™n~) decay rates is
sensitive to CPV in charm mesons
r(p°- f,t)—r(D° - f, D
[(D° - f,t) +T(D° > f,t)
> Ar probes CPV in mixing and interference
> Can be extracted by a linear fit to A.p in bins of D° decay time
> AM =~ 3 X 107> [arxiv:1812.07638]

Acp(f t) = ASY(f) — Ar(f)—




CPV parameter Ay in D° - KK~ (n*n™)

» D° > K"K~ and D° - n¥r~ samples from D** - D°n”
Iﬂ 201 5 201 6 data (1 9 fb 1) e | | xzfndf 22/19 LHCbprehmmary

3 ; D' K*K- 3
> Results —'*'*'['{ﬂvﬁ-%:%— -
Ar(KTK™)=(1.34+3.5+0.7) x10™* LE :

Ar(ntm™) = (11.3+ 6.9+ 0.8) x 10* ’ : 4 : ;

LHCb-CONF-2019-001

Aprim( t) [%]

| lendf 18/19 LHCb prehmmary

é ++ ++ D'srm é

AAr = Ap(KTK™) — Ap(ttm™)
=(-10.1+7.84+0.5) x 10™*
Ar(K'K-+n™n)=(3.44+3.1+0.6) x10™* 0 3 i ; :

t/ T D{)

A (1) [%]

/

» Combined with the Run1 result

AAr = (—8.6+5.0+0.5) x10™* Consistent with SM
Ar(KTK~ +mtmn)=(0.9+2.1+0.7) x10™* More data needed
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B? — B? mixing phase ¢

CP phase sensitive to new physics

¢s =Py — 2¢p

Tree-dominated decay
» Large signal yield
» Clean SM expectation

P ~ —2B5s = —36.872% mrad
(CKM fitter)

LHCb uses B? - J/WK*K~, J/yrtm™

In b — ccs decays

QD
Direct decay
B° fep
w and —dﬂﬂyv
i _'] f
PM B, —@D
,-*"ﬁ'rﬂ"
i
b __r_,-f"f | \
- - \
ff\\ "T-';, 'ﬂ_ﬁg
B | | W L
5 | | H"'\“:'
\/ | N
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¢, In b - ccs decays

LHCb combination (7/8/13 TeV, 4.9 fb~1)

¢, = —41 + 25 mrad
ATy = 0.0816 + 0.0048 ps

HFLAV average

¢, = —55+ 21 mrad
ATs = 0.0762 + 0.0033 ps

2019/07/29

arXiv:1903.05530
arXiv:1906.08356

ATLAS combination (7/8/13 TeV, 100 fb1)
¢, =-76+ 34+ 19 mrad
AT, = 0.068 + 0.004 + 0.003 ps!

[ATLAS-CONF-2019-019]

HFLAV

68% CL contours

(Alog £ =1.15)

CMS 19.7 fb !

DO 8 fb!

0.10 .
CDF 9.6 fb*

0.08

0.06

vvvvvvvvvvvvvvvvvvvv

BiRfs, BFEXFERYEBHAR T

19



Y measurement LHCb-CONF-2018-002

arXiv:1906.08297
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Yy = —arg(VyaVun/VeaVep)

» The least well-known angle of the CKM Unitarity Triangle

> Can be measured in the interference between b —» ¢ (Cabibbo
favored) and b — u (Cabibbo suppressed) transitions, e.g.

S -
"/TH,.S' l-_ ‘ HP(J
X b - . > ‘(_1 ])n
u
B_
b > - C Ho ‘/(:.«;

- V. S vy

I% 4 ch . i —11\
-

Favoured

Su ppressedj'

Many decay modes combined to achieve the ultimate precision due to
small yields (B ~ 10~7) and small interference effects (~ 10%)



Combination of y

> Tension (20) between B* and B? results
> Tension (20) direct measurements and

iIndirect constraints from UT

d : - B BY decays
‘_|4 i B decays
0.8 B B* decays
_ P Combination
0.6 -
“lesse B
0.2
[ 935% . AN
0 I |
0 50 100
2019/07/29

LHCb -

Preliminary _|

150
Y [°]

BiRfE, FERFSERYEAR PO

LHCb-CONF-2018-002
Runi: 3 fb~1 (2011+2012)

Run2: 2 fb~1 (2015+2015)

B decay D decay Method Ref. Dataset’
BT — DK* D — hth™ GLW [14] Runlé& 2
BY — DK* D —h'h ADS [15] Run 1

B* - DK* D= htr—rtn~ GLW/ADS  [15] Run 1

B+ = DK+ D= hth~r®  GLW/ADS  [16] Run 1

Bt — DK* D — KYhth~ GGSZ [177 Run1

B* — DKt D — KPhth~ GGSZ [18] Run 2

Bt — DK+ D — K)K*trz= GLS [19] Run1

BT — D*K* D — hth GLW 14 Run1 & 2
Bt — DK** D — hth™ GLW/ADS [20) Run1 & 2
BT — DK** D — htn~nta~ GLW/ADS [20] Run1 & 2
Bt - DK*rtm D —hth™ GLW/ADS [21] Runl

B° 5 DK* D Ktn ADS 22] Run 1

B DK*rn~ D — h*th- GLW-Dalitz [23] Run 1

B — DK™ D — Kirtn GGSZ [24] Run1

BY = DFK* Df—= hth =zt TD [25] Run 1
BY— D¥r* Dt— KTn—nt TD [26] Run 1

y(LHCb) = (74.0123)°
y(HFLAV) = (71.1125)°
y(CKM fitter) = (65.8719)° s




arXiv:1906.08297

y in B® - DK*?

> Latest measurement in B - DK*® with D - Kn, KK, nrt, K3, 41
in Run1 (3 fb~1)+Run2 (1.9 fb~1)

Contours contain the 68.3%, 95.5% and 99.7% C L. 1 | I

o350 i L ' '
: @ d B A decays LHCb _
Y 3001 LHCb e v—|4 i B decays Preliminary _|
Qo - 0.8 V=
2 i @ - I B* decays 7
250 —_— _ [ Combination .
i 0.6 — -
200/~ (@ i .
: TTEVEEN Y e f

100p ( 0 2:—
) 1955% A SN -

ot % 50/60 150

7 [°]

BESIIl measurements on strong phase parameters in D decays important

2019/07/29
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Lepton flavour anomalies in b-hadron decays



Latest world average of R, and R

-/)'E.-'\ B L | I L] L} L} L} l L] L} L L} l L | |} L L} I L} L} Ll _
@ [ HFLAV average sz = 1.0 contours ]
%04 -
L LHCbI5 i
I BaBarl2 1
035 35 —
) LHCb18 i
0.3 = : —
b [ ) N -
0.25 - . Bellel5 =
: Bellel7 :
02 F +Average of SM predictions m—
- R(D)=0.299 +0.003 Spring 2019 |-
: R(D*) =0.258 +0.005 P(XE) =27% :

L I 1 1L 1 L I L 1L 1 L I L 1 1 1L L 1 1

0.2 0.3 04 0.5

Rp
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Update of Ry

B(BT— KTutu™)

PRL 122 (2019) 191801

B(Bt— Ktete™)

Ry =
B(Bt— Jip(—» pu u)KT)/ B(BtT— J(—ete”)K™)
e LHCb g BaBar , Belle 20
D T & UF
= LHCb 1 - LHCb
1.5 . . LS .
1: + 10:_ ................................. T ______________________________________
i SM r v——§——| I
E—s S R
03 : osf L e
0:- L E e LHCb Run 1 + 2015 + 2016
0 5 10 15 20 00—
0 5 10 15 20
g* [GeV?/c4] 2 [GeVe]
— +0.090 4 +0.060+0.016
1<q*<6 GeVZ/c4 PRL 113 (2014) 151601 1<q*<6 GeVZ/ c
2019/07/29 Runl: 2. 60 RS, AL B MBS Run1+2015+2016: 2.50
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Hadron spectroscopy



Doubly charmed baryons arXiv:1905.02421

» Three ground states: £/ (ccu), 1. (ccd) and Qf.(ccs)

« Z+F observed, searches for others are ongoing

“-cc
+ Lifetime measured: 7++ = 0.25620:035 + 0.014 ps PRL 121 (2018) 052002

» No signal is observed in 2Xt > DtpKnmt

L pfH BTy
=+ + =t v | tham
R B(._,(_:(_: — D p[’x s ) > 100 -Background
B(Zfit — AYK-—ntnt) % sof
Q R
S 60f
g -
S 40}
R < 1.7(2.1) x 107 at 90% (95%) CL 2
of T

3500 3550 3600 3650 3700 3750 3800
m(D*pK ~t*) [MeV/c?]



Observation of X(3842) in m(DD) JHEPO7(2019)035

> First observation of X(3842), probably y(13D3)
> First observatlon of hadroproduced Y (3770) and )(Cz(3930)

S D
S S
S S

800
600

400

Candidates/ (0.5 MeV/c?)

200

600
500
400
300
200
100

Candidates/(0.5 MeV/c?)

N
)

o S Lo | T e T
- # I:l;J() (1(387)2) o 7 ‘§ - DODO Xc2(3930) total LHCb - 4
S | = = 1500 -
= WWWM VTR RNV B et A :
E J: First observation of : 3100 PN Wt s
- _ hadroproduction of ¥(3770) Likely = = M= 3921.9+0.6+ 0.2 MeV .
— | \ (dominantly ¥(13D,) state) 1/’(1 D3) state — S 2F r= 36.6 + 1.9+ 0.9 MeV ]
= . \,’\N +————t—t—f—t—t—t—f /,(\‘ —f—t—t—t E - , j\L Y, v B PR [ TN SR .:
= DD first observation = L ook \D*D E
= M 3 2 o ’ :
= = = C il ]
: o R R T E
e Y T " Niiag T T M Ty E
23 'u M= 3842.71+0.16 + 0.12 Me z 4005_ ”Mﬂmmwwmw;.wm
= = 2.79+0.51+0.35MeV ER Xc2(2°P2)
- .M=3778.1i0.7i0.6MeVA 200 Jk

el b bt R SASN S LA ATTT Ty L~ P [ e '8 PR e W S N T WO A SR A T T e e S S S S (ST ST T ST S NN TR SR ST T N SO SO

(8]

3.74 376 3.78 38 3.82 3.84 3.86 3.85 39 3.95 4 4.05 4.1 4.15
mpH [GeV/c? Mpp [GeV/¢?]
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Observation of excited B}

LHCb: PRL 122 (2019) 232001

— B(25)*

B.(28)*

ATLAS: Phys.Rev.Lett.113(2014)212004
6842 +4 +5 MeV -

(/\]-\ = T | T T T T T T T T T T T T T T | T T T T - 20: """"""""""""""""""""""""" ; 7T+T[_
O ME —4— Data S 18F ATLAS Q. =288=5MeV -
S 40 = LHCb Run 1+Run 2 Total fit § 16 det:A.Stb J :jet]1=122:zMeV E B
O - QA 2ot g ME . e B = €6 % E /,—_ c
2 35 :_ - B((25)+ I 125— \[/i::)a:\g-ch . B . 7Y
- m BC(ZS) 10? combinati E BC
< 30 ;— 2 20- ----- Combinatorial 2:: E 0+ _ 1
: 75 = 6 3 Same-sign «F : cb
5 2 oF 4
- - \ B 3
S 20 5‘ | 0F***700 * 200" 300 400 500 600 700
S 15k } A : memmE) IO CNS: Phys Rev.Lett. 122(2019)132001
" 1 40— T LB L LR
8 10 ol l'% 13 4[] ; E' 3 a5 ATLAS Q. =288=5MeV F cms i Data
i IT \ : & E (Lat=102m" O =184 MeV 4 E o L=14310" — Fit result
5 [ } '\ } e sog_f\g;afev Ng . =35+ 13 E 60— s =13 TeV Signal
\ S 25 o Daa * - Bi(Jhy K) 27
PRRE R [ T T S T L PR S T T I T S 20:_ iroag-charo E % 50 Comb. backg.
500 550 600 650 700 1 f, aob-
AM [MeV/c? 10 T ¢t
[ ] S
S L%J 20:_
m(B_zn)-m(B,)-2m () [MeV] -
/ 2 10
M = 6841.2 + 0.6 (stat) = 0.1 (syst) = 0.8 (B.") MeV/c 3
ol o dlnnnallnnnnilnnonllons
6.8 6.9 7.0

M = 6872.1 + 1.3 (stat) £ 0.1 (syst) & 0.8 (B) MeV/c?

2019/07/29

71
M(B' *77) - M(B') + m,. (GeV)

6871.0 4 1.2 (stat) + 0.8 (syst) + 0.8 (B ) MeV,
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Excited A) in AQmtm™

> Full Run1+Run2 dataset
> A reconstructed in Afn~ and J/ypK~

> Two new resonances around 6.15 GeV

» Mass and mass-splitting agree with

expectation for A, (1D)° doublet

preliminary
My, (6146)° = 6146.17 £ 0.33 £ 0.22 + 0.16 MeV ,
My, (6152)° = 6152.51 £ 0.26 £ 0.22 = 0.16 MeV ,
F AL (6146)° = 29 1.3 £0.3 MeV,
F Ap(6152)° = 2.1 £0.8 £0.3 MeV,
2019/07/29 HiRtE, BERFSRMEAR PO
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Candidates

LHCb-PAPER-2019-025 in preparation
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Pentaquarks
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Observation of pentaquarks PRL 115 (2015) 072001

> Two P/ states observed in full amplitude analysis  =f; =,
of A} — J/ypK~ decays S 1 ° Hop %

> Planned to update the results with full dataset S i

+ To determine the j° quantum numbers E

- To better determine other properties B T N

Mass (MeV) Width (MeV) | Fraction (%)

P.(4380) 7  4380+8+29  205+18+86 84+0.7+4.2
P.(4450) " 44498+17+25 39+5+19  4.1+05%+ 1.1

B(AY - P.(4380)*K~)B(P} — J/Pp) = (2.66 + 0.22 + 1.33+348) x 1075
B(A) - P.(4450)TK~)B(P{ - J/¥p) = (1.30 £ 0.16 £ 0.357323) x 1075

Chin. Phys. C40 (2016) 011001

2019/07/29 iR, BERFESERYERARPO



Observation of new pentaquarks
> Full Run1+Run2 = 9x A), - J/YpK~ signals

» Fit with Run1 model gives results consistent

with those of Run1, however, fine structures
appears with larger sample

* P.(4450)* splits into two substructures

« A new narrow peak at around 4312 MeV

> One dimensional fit done
« JP and confirmation of P.(4380)* need 6D
amplitude analysis
State M | MeV ] I'[ MeV | (95% CL) R %]
P,(4312)" | 4311.9+0.7758 | 98+27F 3T  (<27) | 0.30£0.0770:33
P.(4440)% | 4440.3 413741 | 206 £4.97 87 (<49) | 1.11 +£0.3370%
P.(4457)" | 4457.34+0.6711 | 6.4+2.07 %7 (<20) | 0.53+0.167013
2019/07/29 ks, BEAFERYERR SO
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LHCb Upgrade (2019-2020) S

New electronics > Increase IuminOSIty to

for muon and

New scintillating fibre .
tracker (SciFi) i 2% 10 33 cm-— 2 S 1
New silicon upstream Side View gcaL HCAL M4 MS .
ok &0 ot o w * 5 times larger than current

maximum instantaneous luminosity

> All sub-detectors read out at
40 MHz for a full software
trigger

 Record with 10 GB/s

B jeln .
S ¥
117y Y
18
v/ /f y /] 4
/ / ] [
J '} I 5 =
I, I /s a :

New RICH1 and

New PIXEL photodetectors New RICH2 g |
wao) | [photodetecion e 2> All SUDDEtector apart from
muon and calorimeter systems
CERN-LHCC-2012-007 will be fully replaced
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LHCb Upgrade 2

» Upgrade 2 proposed to take full profit of HL-LHC

¢« L=1-2x10**"cm™?s~%, 10 times larger than Upgrade 1
« Aiming at 300 fb~! after Run5

Opportunities in flavour physics,

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 .. : and beyond, in the HL-LHC era
LHC - Run 3 1S3 ' Expression of Interest
HL-LHC Run 4 Run 5 l"
rach - Physics Case
Upgrade la Upgrade Ib // [ Upgrade Il i fad

LHCDb Upgrade Il

‘, LHCDb only ge flavour expt in HL-LHC era

» Consolidate in LS3
» Major upgrade in LS4

» EOI submitted in 2017 (CERN-LHCC-2017-003)
» Physics document submitted in 2018 (arXiv:1808.08865)
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Opportunities
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arXiv:1808.08865

o
n

S
L L

LHCb

70% light parton, 22% charm, 8% beauty.
PR T T T N TR TN TN TN S SN T THN T S T S T

data
light parton

Initial (no-tagging) sample:

1
[E—

-0.5 0 0.5

BDT(bcludsg)

L L
| 4-RUNIG ")

{ =4 Upgrade II (300 fb') |
— Breit-Wigner 7
EOM, g =475 MeV |
{ Thumy =172MeV ]

PRI IR ST NSRS S SR S

-04 -02 0 02
Re Ay 430y
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Summary and outlook

» LHCb has been operated well in run1+run2 and produced
nice results in both flavour physics and QCD (including
spectroscopy)

» LHCb Upgrade is under construction
 Expect to accumulate data of 50 fb~! after Run4 (2029)

» LHCb Upgrade2 proposed and R&D started
« Expect to accumulate data of 300 fb~! after Run5 (around 2035)

» Stay tuned for new results from LHCb
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Heavy flavour in pp collisions at LHCb

~200 tracks in acceptance

b

displaced .+ é_{

vertex a -

/s =8 TeV

primary

vertex arm D

P
detached tracks
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proton - (anti)proton cross sections

2 -1

events / sec for £ = 10> cm™s

Large bb (cc) cross-sections [T T

at the LHC 107;- Tevajtron LHC

_——

o(bbX) ~ 0.2% x oines!, i L

~10!! b-hadrons per fb™1 o

o(ccX) ~ 4% X a;,‘;,eSl, ol ><

~10'% c-hadrons per fb™! o .

All species of heavy flavour hadrons: %

B°, B, B*, B, Ay, o oo -
D°,D*, Dy, A7, B, P,
]/'p; Y(nS), ann 10 0.1 1 10
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Two extremes of LHCb trigger

A\
—]
>

Candidates / { 50 MeV/ic®)

2019/07/29

_HCb trigger has to cover two extremes, e.g.

K]_;_':,E‘IIHII

-
<}

Candidates per 19 ke V/c

{}E--d:-. um_l_.| L L L
5000 5200 5400 5600 5800 6000

LHCb P'In:111111.1331'].-r
2011+12 data

D’ - K=*
Signal: 630 million

1850 1900
- ey 3
K 1" mass [MeV/c™]

High efficiency to collect rare decays like BY — pp’

High purity for enormous charm signals like D° — K7°

ikfE, FEKF
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Pros of hadron spectroscopy at LHCb

NU 10]] T TTTT] _])'\p’l I r — I
'S 10]() | LHCb Prc]imina:y o x10 ]
[5) [ 2011-16 data = VIS ]
v 60
D » p 6] a
Single muo mn 5 0 .
5] 8 Charmonium a4
Q = 2 . ]
= 10" Bottomonium § 20 ¥ ';]YGSJ n
g n - Other triggers E -
g 10° Pl & 9 95 10 105 1I
E 107 Dimuon mass [GeV/ic™] A
5
10
10?
1 : i
0.2 1 2 345 10 20 100 200

Dimuon mass [GeV/c?]

“Primary Vertex

LHCDH Preliminary

EVT: 49700980
RUN. 70684

r|¥ B2 0 B

2019/07/29

T T o a0’ . :
= oo — 2012 Data L 1.6 LHCD Preliminary 4
:"‘ 30 > F 2016 Prescaled data .
= ﬁ 14 p°sKn =
70f- = 2016 Data e N 19 C Signal: 157 million ]
= g — L —
- ertcle:)( resolutlo 5 1t Hadron ID E
i g 08F (K/m separf E
LHCb VELO Preliminary _g 0.6F ]
30 2012 Data: 6 = 11.6 + 23.4/p_ ;g 045 E
20 2015 Data: o = 12.3 + 23.9/p, S 0'25 ]
2016 Data: 6 = 12.6 + 24.0/p_ e ]

% G i s 3 25 3 1850 1900

1/p_[c/GeV] K'mt+ mass [MeV/c?]
 Large production cross-section
- Efficient trigger

- Vertex locator with high
precision

« High precision tracking system
« Powerful hadron identification

« Efficient muon system

https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2016
https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots
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https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2016
https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots

Pros of hadron spectroscopy at LHCb

e 10]] T T T T T T T T
2 10](} | LHCb Prc]lmlmary o ! - x10 ! ]
% [ 2011-16 data zel N 1
D C Single muon % 40 E
5 3L armonium = -5) .
& 10 cBElmmonium § 20 e Y38 )
g [~ I Other triggers g ) ) - .
) 6 plov b 9 95 10 105 11 _
Fé 10° F Dimuon mass [Gc\ffclJ
5 7
10* .
. Trigger i
Mass resolution
0.2 12345 10 20 100 200
Dimuon mass [GeV/c?]
‘Primary Vertex

I

otPy Ll

100+ . L e . ——
oo~ = 2012 Data L 1.6 LHCb Prellmlnary -
— ol > E 2016 Prescaled data ]

80 2015 Data = ﬁ l4F sk g
70 -=- 2016 Data = o) 12 [ Signal: 157 million 7
: = — L —

ertex resolutlon E .

& 10 1 2 1 Hadron ID 3
sof T p - 3 F =
Ip 1 & 08F (K/m separg ]

40 LHCb VELO Preliminary § S 06k =
30 2012 Data: 6=116 +23.4/p_ | T ,4F E
20 2015 Data: 6=123+239p. | S E
2016 Data: 6 = 12.6 + 24.0/p_ 0 : :
% 05 1 TS BT S— 1850 1900 5
1/p_[c/GeV] ]

Cherenkov Angle (rads)

LHC5 Preliminary TV \Q \\\ & K K Momentum (G'eo\‘llc)
ERC "= Well identified with p € 2 — 100 GeV/
T o . ell identified wi €2 — eV/c
R ARLARLEEaD i e Closest distance between the beam e ik o p/LHCb/LHCbpl o016
2 4 & 8 D Tt 4 '® . ps://twikl.cern.cn/twiki/bin/view ots
and the VELO is around 0.5 cm https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots
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R-measuring sensor

3 mm outer gtch

Vertex Locator

19
(l\l\\ 182 degrees )
\ \\\
\\\_spread
\\\\\\‘ = ///4//
~ =

-

/

:

37 mm inner pitch

3

1
/ 2
5

total 2048 ;

200 um n-on-n S1 short strips sirps I
double metal layer for readout ®-measuring sensor

with Beetle chip (1/4 pm CMOS) total 172 k channels

occupancy < 1%
They have to be placed in secondary vacuum — complex mechanics
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RICH detector

Use Cherenkov rings to identify

Magnetic
shielding

Photon

hadrons and muons

charged particles, especially

Detectors
250 red
Aerogel B S;_)herical ] _
Mirror Typical event in the RICH1 photon detectors
----------- .. _Beam pipe 0
| M—“LE L
VELO exit window || ||| Track 20
g |
2 |
Plane ~ 40
Mirror [
60 ; I I | | | l |
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Performance of particle ID

3
8

Events / 20 MeV/c?
] a
8 8

8
8

2000

1000 |

Events / 20 MeV/c?

- =y -
(=] [y (24
[=] 144 [=]
(=] =] =]

750 |
500 [

250 |

05 5.05 51 515 5.2 5.25 53 535 54 545 55

2000 |

1750 |

05 5.05 51 515 52 525 53 535 54 545 55

No RICH

| M B, > KK
| B B, — K
[ M B, - 7K
:_-Bd—)TETE
L IA, - pK
i-Ab—)pTE

Invariant mass [ GeV/c? ]

With RICH

| M B, KK
1By — K
- ]Bs—>TcK
;-Bd—ncrc
A, — pK
t A, > pr

Invariant mass | GeV/c? ]
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Origin of LHCb: 1995

CERN/LHCC 95-5
' - LHCC/ 18

25 August 1995

Last update

LETTER OF INTENT 28 March 1996

A Dedicated LHC Collider Beauty Experiment

for Precision Measurements of CP-Violation

Abstract

The LHC-B Collaboration proposes to build a forward collider detector dedicated to the study
of CP violation and other rare phenomena in the decays of Beauty particles. The forward
geometry results in an average 80 GeV momentum of reconstructed B-mesons and, with mul-
tiple, efficient and redundant triggers, yields large event samples. B-hadron decay products
are efficiently identified by Ring-Imaging Cerenkov Counters, rendering a wide range of multi-
particle final states accessible and providing precise measurements of all angles, a,3 and v
of the unitarity triangle. The LHC-B microvertex detector capabilities facilitate muiti-vertex
event reconstruction and proper-time measurements with an expected few-percent uncertainty,
permitting measurements of By-mixing well beyond the largest conceivable values of z,. LHC-
B would be fully operational at the startup of LHC and requires only a modest luminosity to
reveal its full performance potential.

2019/07/29 iR, BERFESERYERARPO

... dedicated to the study of CPV
and other rare phenomena in the
decays of Beauty particles.

.. precise measurements of the
CKM angles...
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Key measurements listed in 2009

Roadmap for selected key

measurements of LHCDb

2019/07/29

Introduction
1.1 Key measurements . . . . . . . . . ...

1.2 The LHCDb trigger . . . . . . . . . . . .
The tree-level determination of ~

Charmless charged two-body B decays

Measurement of mixing-induced CP violation in B? — J/¢¢

Analysis of the decay BY — putpu~

Analysis of the decay B” — K*u*p~

Analysis of B! — ¢v and other radiative B decays

BiRfE, FERFSERYETAR PO

LHCb-PUB-2009-029

16 February 2010

150
229
275

313
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Physics cases: RD and CPV

+10.0 +2.6 +90 LHCb
Current
Belle Il
+3.6 +0.50
+2.2 +0.72 +34 LHCb
2025
=21
+0.70 +0.20 +10
0 *\ 10 B(B—p* ) %] )
Rk [%] R(D ") [%] BB =) L7° HL-LHC

2019/07/29

+33.0x 10* +5.4 +49 +28.0 X 1077 LHCb
Current
Belle Il
+1.5 +35.0 x 10°°
—— ATLAS/CMS
+10.0 x 1074 +1.5 +14 +4.3%x10°° LHCh
I I I — —
2025
+22
+3.0x 1074 +0.35 +4 +1.0x10°°
agf y[°] ¢ [mrad] Ar HL-LHC
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Classification of CPV

QP in decay (Interference of 2 or more complex amplitudes)

—oe_ 1| 7 ic><' 7

CP in mixing  (“indirect g8”)

This observation

Pr\PiPOF

2P in interference between mixing and decay (“Mixing induced 2P”)

P —
O i LO< fe
+

-

CP
+
P P P
O O<' fce O P ()<' fop
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AAcp Strategy

A (f) = N(D%-f)-N(D°-f) Detection asymmetry,
raw(f) = N(DO-f)+N(DO-f) zero for symmetric f = h*h~

Araw(f) = /i(;pm + AsCh) + Ar(f)

1

Physical CP Production and detection
asymmetry asymmetry related to D°
flavour tagging

If D° kinematics are similar for the two modes (after proper weighting),
AAcp = Acp(K'K™) —Acp(mm™) = Arqy (KTK™) — Appyy (T ™)

2019/07/29 iR, BERFESERYERARPO



PRL122 (2019) 211803

} Data ]
| Y oe
. i KT
Comb. hkg.z

Candidates /( 1 MeV/¢2 )

Candidates / ( 0.1

2010 2015 2020 (::::> ,'/ZZ’_—

m(D ) [MeV/e2]

" LUCh

+ Dhata ]
. s
@ Comb. hkg.:

Candidates /{ 1 MeV/¢2 )

Candidates / ( 0.1 MeV/c2)

o ™ Fs) p e i # ;
2010 2015 2020 D]SDD 1850
m(D'"y [MeV/c m(D") [MeV/c?]
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Results

AAT"™ = (-18.2+3.240.9) x 107*

AAY = (—9+8+5)x107%

Compatible with previous LHCDb results and WA

LHCb combination (9 fb1)

AAqp = (—15.4+2.9)x107*

CP violation in charm observed at 5.3 !

At the upper end of the SM expectations

2019/07/29

YRS, 75
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PRL122 (2019) 211803

Consistency checks

+++++~H ey +++*F

- LHCb

p-value

¥/ ndf  7.523/15

0.941

b = =

p -value
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C 42017 3
#2018 | |
5 10 15
Run block
! ! I ! I ! ! I ]
LHCb x>/ ndf 13.825/14
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g

:+
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42016
42017

5

I 10 - 1I5
Run block 57



New 4} — J/ypK~ sample

B 7000 n
<ok LHCOrUN 1 "‘fi‘ﬁﬂ
= — total fi
% 3 fb_l — signal
® 5000 | R background
L
4000
26k A} 1
3000 Signa|S | AE signal range
2000
1000 sideband sideband
5500 ~ R
my., ok [MeV]
5.4% background in +2¢
PRL 115 (2015) 072001
2019/07/29

Signal yield is 9x more than

_—

E’ 18000 ;

%16000 LHCb run 1+ run2 ~ ° 246k A} signals

£ 14000 9fb1 "

% 12000

& 10000
8000
6000
4000

2000 | '
O 1

P L | eleirisiai i L ————
5500 5550 5600 5650 5700 5750

_ M ok IMeV]
6.4% background in +20

PRL122 (2019) 222001

BiRfE, FERFSERYETAR PO

58



Data consistency check
A} = J /YA (> K™ p)

PRL 115, 072001 (2015)

= 2000 * LHCb

o) 4 Runi

=P 4 (old selection)
Q 1600 o

[1v]

—a— data
—e— total fit
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—&— P,(4450)
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%18000 -
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106000 « Runt1+2

~ -
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i §

o H

Z Hy

©
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—a— data
—e— total fit
background
—e— P.(4450)
—=— P,(4380)
--+p-- A(1405)

A) > K~Pt (> J/yp)

PRL 115, 072001 (2015)
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~Candidates/(20 MeV)]

PRL 115 (2015) 072001
PRL122 (2019) 222001

6D amplitude analysis
fit to masses and decay angles

> Fit with the same amplitude
model to the full data
sample

« It gives parameters of P.(4450)*
and P.(4380)" that are consistent
with the run1 results

> However, more could be
different ...



Fits with interferences

> No interferences
considered for nominal fits

> Fits with coherent sum
between various BW
amplitudes, including the
broad P state with the
same Jf are also tried

» No significant evidence for
interferences

* but it provides the source of
the largest systematic
uncertainty on the mass and
width determinations.

2019/07/29 R1E, B KE

PRL122 (2019) 222001

Example of the fit with interference:
P.(4312)" interfering with the broad P/

S

) i

E 1200 —— cos6, -weighted data LHCDb
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S 800_
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Results

PRL122 (2019) 222001

To determine the relative P+ production rates, fit inclusive m(J/yp) obtained

with 1/ event-weights, where ¢ is the efficiency parameterization in 6D A}
decay phase-space (masses and angles)

B(A} — PYK~)B(PF — Jh)p)

= B(AY) — JjbpK-)

State M [ MeV ] I'[ MeV ] (95% CL) R (%]
P.(4312)" | 4311.94+0.755% | 9.8 +2.78 31 (<27) | 0.30£0.0710:59
P,(4440)* | 44403 1341 | 206 £4.97 37 (< 49) | 1.11£0.33702
P.(4457)* | 4457.3 06" | 64+20t 37 (<20) | 0.53+0.16013

Further information needs the amplitude analysis of the A° - J/YpK~ decay

2019/07/29
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