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A “blased” selection of recent results

* Lepton Universality tests
- R(D*) measurement with - 31X [PRL 120 (2018) 171802, PRD 97 (2018) 072013]
- R(K) measurement [PRL 122 (2019) 191801]

* (Very) Rare B decays

- Search for LFV B, — T+ [arXiv:1905.06614]

- Search for LFV B+ - K+pte+ [LHCB-PAPER-2019-022]
* CPV in B decays

- Results of y measurements from B—- DK® [LHCb-CONF-2018-002, arXiv:1906.08297]
- B, mixing phase ¢, from B, - J/{y KK and B, - J/{ 1trt [arXiv:1903.05530, arXiv:1906.08356]

- CPV measurement in B, - ¢¢ [LHCb-PAPER-2019-019]
* CPV in charm

- AA, of Do —» KK, Do - it [PRL 122 (2019) 211803]

~A;in Do — KK, Do - 7Tt [LHCbh-CONF-2019-001]

- Oscillation of charm mesons in Do - K it [PRL 122 (2019) 231802]

- Search for CPV in D+ - K¢K+, D+ —» K1+, and D+ - ¢1+ [PRL 122 (2019) 191803]
* Not included: Radiative decays, spectroscopy, multi-quark states, etc.
* For a complete list, see here


http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html
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[Int. J. Mod. Phys. A30 (2015)1530022]

Vertex Locator
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LHCD

Muon System RICH Detectors Movable device

35 mm from beam out of physics /

Particle detection in the forward region (down to the beam-pipe)

7 mm from beam in physics

Excellent resolution for localization of decay vertices (Vertex Locator)
— Excellent time resolution, enough to resolve B_ — B_ oscillation

Excellent momentum resolution (a(m;)~25 MeV for 2-body decays)

Excellent particle identification to distinguish p, K*, 1%, u* AP

Excellent leptonic and hadronic triggers %ﬁ’
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LHCDb dataset

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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Most of the present analyses use:

*Runl: 1.0fbt @ 7 TeV (2011) + 2.0 fb* @ 8 TeV (2012)
* Run II: 0.3 fb! (2015) + 1.7 fb (2016)
+ 1.7 fb1 (2017) + 2.2 fb? (2018) @ 13 TeV




[PRL 120 (2018) 121801]

Lepton universality test: R(D?)

e 7/u ratio well predicted in the SM

- Sensitive to charged Higgs bosons and leptoquarks

* LHCb measurement with Runl 3fb-1 data by

reconstructing t th
- Normalized to Bo—D

- Major backgrounds Bo— D*+D 4+ with D" — TtItTtX, can

rough t- 1trtm(mo)v
TITITT

be better understood with BESIII data
* Ongoing work with full Run2 6 fb-1 data
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[PRL 122 (2019) 191801]

Lepton universality test: R(K)

« SM predicts R(K) to be very close to one:
_BR(B—)K(*)‘UAU)

* FCNC b - sll processes highly suppressed at loop level - BR ~ 10-6 6 [+
¥, C°

R(K")= =1+ 0(107°) *0(107?)
BR(B>K"ee) . -
neglect lepton mass QED
[EPJ C76 (2016) 8, 440] b W s
) R LHCb TIF LHCb
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[PRL 122 (2019) 191801]

Lepton universality test: R(K)

* FCNC b - sll processes highly suppressed at loop level -~ BR ~ 106 ¢, [+
* SM predicts R(K) to be very close to one: 6 YL
R(K(*))—BR(B_)K(*)‘“'U)

=1+ 0(107°) +0(107°)

" BR(B2K"ee) - —
neglect lepton mass QED
[EPJ C76 (2016) 8, 440] b W .
* Previous LHCb R(K) result based on o 20r
Runl 3fb1 was different from one with - LHCD
2.60 significance L5
* New measurement adds 2 fb-1 Run2 data B T
- Double ratio to cancel systematic uncertainties 1.0 B I -------------------------------------
R B(BT — Kty p) B(BT — KteTe) B
T BB Kt Ju(pr )/ BBY = KtJ/y(ete)) Ny BaBar
0.5 B s Belle
2 L
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¢ [GeV?/c4]
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— Still consistent, lower, than the SM at 2.50



[arXiv:1905.06614]

Search for LFV BO(S) - T

* BR in SM highly suppressed: ~10-54 jarxiv:1709.00294] * No presence of signal, limits are set at
. 0)
- Beyond the reach of current experiments 95% CL
) .. ) 0 +, F -5
« Recent hints of deviation from LU in B decays (R(K®), B(B— muT) < 14X mr
R(D®), ...) strongly motivate searches for LFV decays B(BY— t*uF) <4.2x107°
- Some NP models foresee BR enhancement to levels Y e IS P B
. =] Expected limit
accessible at LHC R LHCb e
« LHCb measurement with Runl 3fb-1 data 205 ot S
- Reconstruction of 1: three prong 0.6 -
- Normalization channel with similar topology: 0.4F ]
B D (K'r m )rt oot |
- Same-sign data employed to model background T 1 .
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[LHCB-PAPER-2019-022]

Search for LFV B* - K*e**

* LHCb measurement with Runl 3fb-1 data
- Normalization channel with similar topology: B — J /4 (p" =) K™
- Sideband data employed to model background

* No presence of signal: limits on BRs are set:

8/10‘9 90% C. L. 95% C. L. LHCDb preliminary
BT— K*u et 7.0 9.5
BT K ute” 7.1 9.1

— Limits improved by more than one order of magnitude

[70] ! I ! w ! I !
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= Expected - “‘l = Expected —
0.6 0.6 ] =
0.4 0.4 .
0.2 0.2 R
0 Gilx107° 0 . i x107°
0 60 0 30 50 60
Br(B*— K*wet) Br(B*— K*u‘e )
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Measuring CKM angle vy

e Can be measured using exclusively tree-level decays such as B

- Dh (h =K, K*, 1, TtT)

- Interference between b — ¢ (favored) and b — u (suppressed) transitions
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where r is the ratio of magnitudes
and & the strong phase difference

* Can be obtained via time-dependent or time-integrated methods

(GLW, ADS, ...)

— Best precision achieved by combing measurements from many decay

modes



[LHCb-CONF-2018-002]

LHCb vy combination

 Combing many tree-level determinations of
Y

- New and updated results using Run 2 2 fb-r——»

data
- Analyses with full Run 2 6 fb-1 data yet to come

* The y world average is currently dominated

by the 2018 LHCb combinatio BY -
- LHCb combination is dominated by B+ decays 1 .

—CL

* New inputs from the ADS/GLW analysis of
Bo - DK* (D - KK, Krt, Tt1t, KTITIT, TUTTT)
[arXiv:1906.08297] to be added to the
combination

- Reduction in the yellow region!

1

Direct BESTIT measurements on strong
phase parameters in D decays are
important for LHCb y measurements
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B. mixing phase ¢_

A=arg [(q/p) (A/A)] Bs = arg[=(VisVig) /(Ves V)]

« Mixing-induced CPV phase in b - ccs processes g0 Pdec -
S

¢s e aFg (A«) — ¢miX —2 ¢decm — 2/38 ¢m\ =5 — Pec

— Well predicted in SM, NP could bring in sizable contribution
» Accessed through LHCb measurement of time-dependent CP asymmetries in B,

decays to CP eigenstates e.g. B~ J/Q¢d with

- Good decay time resolution (fast B, oscillation)

— Efficient flavor tagging power ~5%

Status of ¢, before Moriond EW 2019

- Angular analysis to disentangle CP-even and _
CP-odd final states ) E 0.14 DO 8 fb-!
. z 68% CL contours
K- (Alog £ =1.15)
0.12
y{' -—— S\ CMS 19.7 fb !
~ 0.10
* World average, then dominated by LHCb o8
. . .I: )
Run 1 results, compatible with SM R
0.06 ATLAS 19.2 fb!
04 02 00 02 04

¢’sc.65 [rad] 13



[arXiv:1906.08356, arXiv:1903.05530]

Measurements of ¢_with B_- J/{hh

« Update with 2 fb-1 Run2 data using B, — J/YKK [arXiv:1906.08356]
and B, — J/ymtmt decays [arXiv:1903.05530]
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[LHCb-PAPER-2019-016]

Measurement of CPV in B - ¢¢

* Enhanced sensitivity to NP since this
charmless decay is dominated by b — sss
penguin loop

» Mixing with B, osculations could give rise
to time-dependent CPV

- CPV phase ¢gsss predicted < 0.02 rad
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* Time-dependent angular analysis to
disentangle CP eigenstates SS, SV, VV
with Runl + Run2 (2 fb-1) data
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¢ = —0.073 £0.115 (stat) £ 0.027 (syst) rad, 10
Al = 0.99 + 0.05 (stat) £0.01 (syst).

LHCDb preliminary
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CP violation in charm

* Charm decays allow CP violation to be
probed in the up-sector

- Complementary to studies in neutral K and B,
systems

* Expected to be very small in SM (~10-3 — 10-4)

— Although theory predictions are not very precise
due to large long-distance effects

(D% = f)—T(D% — f)

(DY = f) 4+ (D% — F)

* CP asymmetries Acp

are sensitive to oy 2
DO D
- Direct CP violation acpdirw [# =
- Indirect CP violation acpmdm 50 po 2 Do 5o o 2
(CP violation in mixing or in the [1# M

Interference between mixing and decay)

16



[PRL 122 (2019) 211803]

AA_., measurement

Prompt D°
« LHCb uses full Run2 5.9 fb-t data U ool
. _ >
* Tagging of initial flavor of Do < 5000}
- Prompt: coming from PV, i.e., D* - Dort+ = 4000

- Semileptonic: coming from B decays, i.e., B - Dou-X
* Raw asymmetry for tagged Do decays to a final

Candidates / (
o
=

state f (K+K-, TT+11°): 1000
N(D"= f) - N(D"= J)
fira“rpfj — 5= 0 N/ 10 . ~ 2200
NI =} J ¥ DP =) % 2000

>
* With many systematics canceled at first order, it < 1(888
Is relatively easy to measure time-integrated = 1400
. . 1200
difference in CP asymmetry = 1000
L 800
AAcp = A, (KK) —A,,, () = Acp (KK) — App (TT)| 3 600
2 400
S 200

Ny
e A T VR A i A o

0 - e i e
2005 2010 2015 2020
m(D°7*) [MeV/c?]



 LHCDb uses full Run2 5.9 fb-t data

» Tagging of initial flavor of Do
- Prompt: coming from PV, i.e., D* - Dort+
- Semileptonic: coming from B decays, i.e., B - Dou-X
* Raw asymmetry for tagged Do decays to a final
state f (K+K-, T0+71):
N(D"= F] =N 1)
N(D°— f) + 4\(D0—> f)
* With many systematics canceled at first order, it

IS relatively easy to measure time-integrated
difference in CP asymmetry

4‘41‘aw (f )

A146‘P = Araw(KK) - Araw(ﬂ:ﬂ:) — ACP (KK) - ACP(ﬂ'-ﬂ'-)

Candidates / ( 1 MeV/c¢?)

Candidates / ( | MeV/c?)

[PRL 122 (2019) 211803]

AA measurement
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[PRL 122 (2019) 211803]

Observation of charm CPV

* From full Run2 5.9 fb-1 data:
AAT, ™8 = (—18.24+3.240.9) x 107%,

AALZ™E = (—9+8+5) x107*

« Combination with Runl results:

AAcp = (—15.44+2.9) x 10~*
— Observation of CP violation with 5.3¢ significance!

1964 2001 .
1956 Strange particles: Beauty particles: NZW WlndOW Opened 1-0

Parity violation CP violation in K CP violation in B°

T.D. Lee, ,;:’ 2 meson decays B meson decays e °
¥/ J. W. Cronin, ‘.ﬁ) BaBar and Belle anZSTIQGTG mC('H'er'-

C.N.Yangand &%
C.S.Wu et al. V. L. Fitch et al. ¥/ collaborations

March
2019 =

2019

Cabibbo Mixing Charm particles:
NS RN et CP violation in D°

N. Cabibbo M. Kobayashi and js)
T. Maskawa : LHCb collaboration

meson decays

antimatter symmetry!
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[PRL 122 (2019) 231802

Osclillations of charm mesons In
DY - KSOT[T[

* Do mass eigenstates and their weak eigenstates:
- ID12) = p D) +q[D?)

-my, (,,) as mass (width) of D, ,
. m; — mp h—-r
* MIXIng parameters: x = Y= Tor
* X determines the oscillation rate
- x Is very small for Do, but x and CPV can be

enhanced by NP
— CPV can occur in the mixing — oscillation

rates differ for Do and Do
 LHCb Runl, tagged Do - Kottt decay yields 15_
l..
- Prompt: ~1.3M, Semileptonic: ~1M : -
_ 05F . v
» Do— K¢omtmt has rich resonance structures SR [éfvzfcfi

J
(o
Lh
=]

w5
8

m? [GeV?/c4]
Candidates per (4.5 MeV?%/c%)’

e —
8 3

|
Ln
=]
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[PRL 122 (2019) 231802]

Osclillations of charm mesons In

0 0
D" - K_"TTTT
S — YT rrr [ rrr 1 rr Tt

° . . : ?IE)' ] __ \_/ Current world average __
Model-independent approach (bin-flip Y N P LHCb -
method) osl 1
- To avoid efficiency modeling 0.7H .
* Results with Runl data: Ger 1
yep = [0.74 + 0.36 (stat) + 0.11 (syst)]% zj: ]
Ay = [—0.06 + 0.16 (stat) + 0.03 (SySt)]O/(} _{}2 0 02 04 06 03 1
11071
xcp = [0.27 + 0.16 (stat) + 0.04 (syst)]% CPVparameters * 70
Ax = [—0.053 + 0.070 (stat) + 0.022 (syst)]% | o Cumenvordmeme LHCb |

— Best precision on x from a single experiment!

* Combination with current global
knowledge gives x > 0 at more than 30

- First evidence that masses of Do eigenstates
differ

0.5

+ this measurement




[LHCb-CONF-2019-001]

A In D° - K*K-, TU'TT

« A probes CPV in mixing and inte?ference = E Xindf = 2219 ;?Ct,}'f}f-”‘“iw:%
d ay ::F;' OE + * {' L1 1 1 l_) _E

Ace (1) ~ AGs™ () ~[Ar]— 2 3

- Alinear fit to A in bins of Do decay time E : : . ; =
extracts A; as slope parameter _ | | | o

. S 3 x¥/ndf = 18/19 LHCb preliminary 3

* With Run2 2fb-1 data we have = b patt I E
Ar(D® — KtK—) = (1.3 4 3.5 4 0.7) x 104 < %f —
Ar(D? = ntw—) = (11.3+6.9£0.8) x 10~* & : : : =
117 0

» A- does not depend on D decay channel, the

two values can be combined

Ar(D® —+ hth—) = (3.4 +£3.14+0.6) x 10—*
(h=K,n)

* Combining with Runl results

Ar(D? — hth—) = (0.0 + 2.1 + 0.7) x 104 /' 'S consistent
(h=K,m) with SMI
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[PRL 122 (2019) 191803]

Search for CPV In D " decays

« CPV can arise from interference between c - ddu and ¢ - ssu
Acp(Df — KirT) =~ A(D] — Kin') — A(DF — ¢n™)
Acp(DT — KOKT) = A(DT — KZKT) — A(D* — K2=™)
— A(D} — KeKT) + A(DF — o7 )
Acp(DT — ¢77) = A(DT — ") — A(DT — Kixh)
* Results with Run2 3.8 fb1 data:

* Simultaneous fits to
extract raw asymmetries

Acp(DF — Kint) = (1.34+£1.9£0.5) x 1073
Acp(Dt — K2K*+) = (—0.09 £ 0.65 £ 0.48) x 103
Acp(Dt — ¢7t) = (0.05 £ 0.42 £ 0.29) x 103

* Results with Runl & Run2 combined:

Acp(Df — Kint) = (1.6 £1.7 +0.5) x 103
Acp(Dt — K2K*) = (—0.04 - 0.61 + 0.45) x 103
Acp(Dt — ¢pmt) = (0.03 £ 0.40 £ 0.29) x 103

Best A_, measurements on these channels!
23
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[LHCb-PUB-2018-009]

Prospects of LHCD

* Major upgrade phases

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

% Upgrade la Upgrade Ib [ Upgrade Il =

- Upgrade (2020-2023) will provide 3x larger dataset

- Upgrade (2025-) will be for HL-LHC to collect > 300/fb
(30x of current level)

TN T T T T T T T

m CERNAMCC 2015027
PUB2015.010

s
VR -“\' 27 August 2018

Physics Case
for an
LHCDb Upgrade Il

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

1

.YI

1 er

Amd & Arns LHCb 300/fb

| T T T T T T T T T T

upgrade Il, 300 fb*
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LHCb upgrade and

[LHCb-PUB-2018-009]

beyond

Observable Current LHCb LHCb 2025 Belle 11 Upgrade II ATLAS & CMS
EW Penguins

Rk (1< ¢ <6GeV3c?h) 0.1 [274] 0.025 0.036 0.007 -
Ri+ (1 < ¢® < 6GeV3ch) 0.1 [275] 0.031 0.032 0.008 -
Ry, Rpk, Rx - 0.08, 0.06, 0.18 - 0.02, 0.02, 0.05 -
CKM tests

~, with B — D} K~ (t35)° [136] 4° — 1° -
7, all modes (F29y° [167] 1.5° 1.5° 0.35° -
sin 23, with B? — J/yK{ 0.04 [606] 0.011 0.005 0.003 -
b5, with BY — J /¢ 49 mrad [44] 14 mrad - 4 mrad 22 mrad [607]
¢s, with B — D} D7 170 mrad [49] 35 mrad — 9 mrad —
¢, with BY — ¢¢ 154 mrad [94] 39 mrad = 11 mrad Under study [608]
ag 38 oo 107 1] 10 104 - 3x 1074 -
Vsl /| Ve 6% [201] 3% 1% 1% =
BY,B®»ptp

BB = utu™)/B(BY = utp) 90% [264] 34% - 10% 21% [609]
TBL’—H'"LI‘_ 22%- [264] 8% - 2%; -
S - - - 0.2 -
b — e~y LUV studies

R(D*) 0.026 [215,217] 0.0072 0.005 0.002 -
R(J/v) 0.24 [220] 0.071 - 0.02 -
Charm

AAcp(KK — ) 8.5 x 1071 [610] 1.7 x 1074 5.4 x 1071 3.0 x 107° -
Ar (= zsin o) 2.8 x 1071 [240] 4.3 x 1075 3.5 x 1074 1.0 x 1075 -
rsing from DY — K*n~ 13 x 1074 [228] 32x 1074 4.6 x 1074 8.0 x 10~° -

xsin ¢ from multibody decays

(K3m) 4.0 x 107°

(K97m) 1.2 x 1074

(K3m) 8.0 x 107
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Summary

* LHCDb has been quite successful in the
fields of heavy flavor and CPV

* Many Interesting results based on Runl-
2 data are still in the pipeline

* LHCDb upgrade opens the door to many
Improvements In precision, so interesting
times are still ahead on NP searches
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Cherenkov Angle (rads)

0.02

0.015

Detector performance

e = — —

Candidates per 19 keV/c?

10* 10°
Momentum (MeVi/c)

[LHCb-CONF-2016-005]

LHCb Preliminary
Runl+2015+2016 data
D’ - Kn*

Signal: 789 million

1900
K 7t mass [MeV/c?]

1850

candidates / (0.1 ps)

400

pp — bb cross section

s LHCB scceptance
GPD acosptance

ATLAS/

[New J. Phys. 15 (2013) 053021]

e Tagged mixed

o Tagged unmixed
¢ —— Fit mixed

----------- Fit unmixed

LHCb

o) A~ 42 — 45fs o RN

1 i i " A L " A i A L

1 2 3 -

decay time [ps]
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Flavor tagging pos(rcr2018)230]

® Tagging in Run 2 improved = 30% higher tagging power than Run 1
Erag(Be — JJWK'K™) = 4.73 4+ 0.34% (vs =~ 3.73% in Run 1)
ctag(Be = J/pm 7)) = 5.06 4+ 0.38% (vs ~ 3.89% in Run 1)

PV
SV
SS pion
yy SS kaOl'l (for BSO) g
u —
d
s .—::

same side

opposite side
co s __....-?. 0S kaon

b c /

b - X1~ \. 0S muon

OS electron

SV

OS vertex charge
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LHCDb ¢_ combination

|D- D 3fb!

| JWKtK~ 4.

J/yn T 4.

9

0.4

"=0.2

-0.0

0.2

LHCb
Spring 2019

0.4
¢s[rad]
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Experimentally we can tag D° flavour at
production by means of the charge of the muon
and the soft pion K-

2\
K +
*+

D IP~0

PV li o P

Large IP

\
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HFLAV updates

HFLAV
0.0075

BaBar
Belle

T o o
BaBar

CDF KK+77w CDF
LHCb SL KK+#m LHCb
LHCb prompt KK Belle

LHCb prompt ==

<1_0.0025
—0.0050 F
—0.0075 | S g £ @ &
I g O ©
] e 5 o
—0.0100 r 2 8
= o urs contain 68%, 99.7¢

HFLAV combination
al™d = (0.028 + 0.026)%

Aadll = (—=0.164 +0.028)%

Consistency with NO CPV
hypothesis: 5x1078

AAcp =

-0.010-0.008-0.006—0.004-0.002 0.000 0.002 0.004 0.006

ind

acp

[

agp(K~K™) — agp(m )]

dir
Adqp

World average dominated by LHCb results

provided by the courtesy of M. Gersabeck

A(E) s
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Model-independent Bin-flip method

» Used ¢p, s, from CLEO-c Phys. Rev. Lett. 122, 231802
T T —250??
E 2.5 ~ —200%
T, M. 2 » Bin Dalitz into £b about
] w /. SRS
1.5 : A =
St 1100 o -
i ; 5 » D decay time into bins |
1 . kS|
E _ _50 c . . .
; % 5 > I\/Ieasure.ratl.o o_f signal in —b
OSA iy, e and +b in bin j
05 1 15 & 95 3
m2 [GeV?/c*]
1 .0 2 2 159 2
pt _ b (14 3t7Re(zZp — AZ%)| + 38| zep = Az |2 + \/IptiRe [Xp (zcp + AZ)]
bj — )
' |1+ 3tPRe(2% — AZ?)| + ro3t?| zer £ Az |2+ \/TtyRe [Xii (zcp £ AZ)]
where zcp + Az = —(%)i(y + ix) and rp is ratio without mixing Xp = ¢ — isp

R* changes with time = Mixing
Rt # R~ = Indirect CPV
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