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Selected LHCb results on

J LHCb as LHCb and LHCc, key detector elements and data sample
J CP-parity violation, involving or not CPV measurements

J Rare decays
very personal selection of results

Other new important LHCb results in the talk by Liming Zhang :
' New results on exotic baryon resonances at LHCb




CKM matrix, CP-parity violation and unitarity friangle

The Cablbbo-Kobayashl -Maskawa in Wolfenstein

B TE— T

u 1= )22 - M8 \ AX (o - in) |
Vem=ze| A+ AN(12-p-ip)  1- ,\"/9 MI+H458 AR | +00)
t\ AX(1-p-in)+ A (p+in)2 AN +AX(L/2-p-in) 1-A2N)2
d s b

n - CPV phase

Q Beauty: B mixi
Y P BB mixing

Vub —

C=(0.0) B=(1.0)
O Charm CPV : 2x2 Cabibbo matrix and V, via loops

SM: single CP-violating phase = strong predictive power for CP asymmetries !




Search for New Physics

O Standard Model extremely successful for 40 years
d  "New Physics" indications suppressed by scale and/or coupling
O Search for NP via two complementary approaches
Energy path - direct production - brutal force
or
Quantum path - indirect search via loops - intelligent

d In clo.se collabor'a’r.lon with ! With my complements ;.
theorists who modify even to the Microsoft/Linux battle ... EEEEEE Mcroson
a simple penguin to describe
the measurements

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB



Search for New Physics at LHCb _

Q Look at LoopS: Search for contributions from effects not described by SM
via loop-mediated transitions contributing to

Small asymmetries - CPV
Rare decays
and beauty sectors

O Production - mainly QCD tests
Q Precision measurement of CKM parameters (e.g. via tree diagrams)

‘Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 sB 4



0.5

-0.5

CPV from

O The UT can be constructed from non-CPV measurements
A The UT can be constructed from CPV measurements only
Q Both construct the same UT

Vub/Vcb|

and B-mixing

all included

CPV from angles

0 All measurements are so far consistent with the same UT
[ Single same CPV parameter for charm and beauty sector

-physics at LHCb

From ¢ to _i, 24.09.15




How to quantify NP contribution
Flavour transitions probe high mass scales in quantum loops (e.g. FCNC)

b - - d
W =
r‘ ‘t B’
d S b
Vg Vi

BD
SM

Standard Model scale and couplings
(CKM matrix elements) :

BB mixing : A M &

0 2 2
M AL
New Physics scale and b . d b & =
coupling : " : o &
a b d d__1b 3
NP " 8

Flavour physics at LHCb




How to quantify NP contribution _

QO For NP in AB=2 fransitions : AmS® = Cp,AmM

- sin25° = sin(26% + 205,)
o gnon, _ (B HSB)

a™P = ":YSM _¢’Ed:l
Am®P = Cg Am™M

— ¢8,),

o ~ (BY|HEM|BY)

B, sector B, sector
— 20 —  20f
Ol—l . ?—l C
O : Y : .
=T 15 UTfit " 15 UTit
E Summeri4 B Summer14
10F 10F
NP fit C NP fit
5 =y 5.: P N

-10F S— -10F

-15F -15F
_20:111lllllllllllllllllLlLllllllllllllllll _20_Ill|llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 02 04 06 08 1 12 1.4 16 1.8 2 0 02 04 06 08 1 1.2 1.4 16 1.8 2
By B,

0 No sign of NP at the 10%-30% level ..

-.lr' physics at LHCb From ¢ to v, -fei, 24.09.15




LHCb: key detector systems for precision flavo

‘ .
y | RICH counters Calorimeters M4 M5
K/n Identification v\ M3 50 mrad
M2 mra
s | \ SPD/PS poar
Magnet ECAL
it T3 RICH2 -
10 tﬁr‘dd |

VErtex
LOcator ; e T W
I § [ 7 LY Muon
—5m |— e 1| e —— N\ /System
X Y p e o AN
L T Ve — R SE, :
NN AN Y A NS NN [N NN S NN SN (N MU S S N S— - 5
Sm 10m 15m 20m z
Vertex Kinematics: PID: Trigger:
reconstruction: Magnet RICHs Muon Chambers
VELO Tracker Calorimeters Calorimeters
Calorimeters Muon Chambers Tracker



VELO: Vertex LOcator -

JINST 8 (2013) PO8002, arXiv:1405.7808

[ 88 semi-circular microstrip Si sensors

[ Double-sided, R and ¢ layout, in each
module

Q 300y thick n-on-n sensors
| O Strip pitches from 40 to 120y

R sensor Phi sensor

cross section at y=0

DAL
P VRPN TR RN

PileUp view of interaction region
stations maost upstream a=53cm
WVELD station

stri{)is i
routing lines

O First active strip at 8.2mm from the beam axis

O Moves away every fill and centers around the beam
with self measured vertices

.:vour' physics at LHCb From ¢ to v, U-—lefei, 24.09.15



VELO: precise reconstruction of tracks and vertices

Impact parameter resolution
Vs =8 TeV Ty T
——2012 Data

—=— Simulation

O Excellent spatial resolution, down to 4y for
single tracks

[ Precise impact parameter measurement,
op=11.6 + 23.4/pT [u]

[ Precise primary vertex reconstruction,
o, = g, =13y, 0, = 69u for a vertex of 25 tracks

=
=
=]

o{IP,) [um]
¥ ea22388

LHCb VELO

2012 Data:o = 11.6 + 23.-1JpT

i Simulation: 5= 11.6 + 22.13.pr
0.5 1 1.5 2

-
=

O Detector understood, simulation describes data
O VELO provides excellent proper time resolution

e

2.5 3
1ip, [c/GeV]

New J. Phys. 15 (2013) 053021
e Tagged mixed 0 Vertex resolution allows to resolve

o Tagged unmixed fast (X~27) BsBs oscillations
-8 @ — Fit mixed
R Fit unmixed

400

BE — D" Dy - ¢(K'K™)7™
D7 — KKz ™)K~
D — K*K™7 ™ nonresonant
D - K #nn~

D - 77 n"n™

candidates / (0.1 ps)

200

Ollllllll2llll3llll4
decay time [ps] |Amg = 17.768 £ 0.023 (stat) == 0.006 (syst) ps”

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB 10




Charged hadron identification: RICH detectors

2 Ring Imaging Cherenkov Detectors (RICH): 3 Radiators, photons from Cerenkov cone
focused onto rings recorded by Hybrid Photon Detector (HPD) arrays, out of acceptance

RICH 1
Acceptance 25-300 mrad

Side view

Photo
Detectors

e

"~ Spherical
Mirror

|-, Beam pipe

L

[ Track

VELO exit window ||

Plane
Mirror

0 100

Flavour physics at LHCb

Silica Aerogel:

RICH 2

n=1.03 Acceptance 15-120 mrad
1-10 GeV/c
CsF10: Top VieW ‘ A
n=1.0014 /,
Up to ~70 GeV/c '
CFs: 300 mrad
n=1.0005 |
Up to ~100 GeV/c
pomrad L
04r N L T (i >
035 By — Dom . /A B RN
03 Spherical 3\
0.25 -{  mirrors ‘
g 0.2 71 Flat mirrors / o
015 - || T4 998
0.1 : ‘
0.05 - A\ -
| \_ A
%0 25 50 75 100 125 150 175 200

p [Gev/c]/v \ B ¢
Note scale difference SB 11




2 GeV/c?)
W w
o o
o O
QO

Charged hadron ID with RICH : charmless two-body b-hadron decays
d Split b>hh sample into specific modes using RICH

detectors

THEP 10 (2012) 037

~2400

;3 2200

LHCb

[§TTT[TTITTTITIT[TITT[TT T TTITTTTT

QITTTT

51 52 53 54 55 56 57 5.1
K*t~ Invarlant mass (GeV/c¢?)

Candidates / ( 0.02 GeV/c?)

[Ldt ~ 0.37 bt
BE—»Kw.:— [;

Bl A—pr

o ——

e
r———
1

[ I——

1 B —3-body

~1 Comb. bkg >

P R B
5.6 5.7 5.
1ss (GeV/c?)

800

600

400

200

- LB LR R A N LI R LT )

LHCb | BY — K™K~

K*K-Invarlant mass (GeV/c?)

250 LHCb
200
150

100

Candidates / ( 0.03 GeV/c?)

50

'g,llllllllllllllllllllllll[ll

5

+ AY — pK~

- 568 5.7 58 59
pK~ Invarlant mass (GeV/c?)

240

200

160

120

Candidates/ ( 0.03 GeV/c?)

+ 1;: — prT

&6 B7 B8 &

: . i 9
p” Invarlant mass (GeV/e?)

o
o
TITTIT[IT T [TI T TTTITT

Candidates / ( 0.02 GeV/c?)
n w > o [«
o
o

5 51 52 53 54 55 56 57 58

"1 Invarlant mass (GeV/c¢?)



Trigger

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high E'ra Pt signatures

O Performant LHCb Trigger: [ Software High Level Trigger )
hardware LO, software HLT, 29000 Logical CPU cores
and software deferred trigger Offline reconstruction tuned to trigger
implemented in 2012 to use time constraints
. . . Mixture of exclusive and inclusive
the farm during the inter-fill __selection algorithms )

periods T O
5 kHz Rate to storage

2 kHz
Inclusive/
Exclusive

Charm

1 kHz
Muon and
DiMuon

2 kHz

Inclusive
Topological

9
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Selected LHCb results
[ Angle y, new decay modes
Q |V/Vl from A, = puv/ Ay > Aluv
O Weak phase ¢ via B, > J/PpK*K

Af‘g ( u:xub/

d Search for CPV in charm sector

Q0 Search for asymmetries in D° > hh

O Search for CPV in D° &> m*mn® with Energy Test
O Rare decays B > py, b 2> s py, charm rare decays

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB 14



Angle y from B->DK

O Angle y can be measured from tree diagrams alone
(probably the only such CPV parameter) - a reference point for SM

Q A final state common to D and D is required

0 In B->Dh decays (and in DOD° mixing) effects from NP are considered
to be small - benchmark test of CKM consistency

m X Vub Vcs*
Vus K- b o u
4 S Vub\ \W' ~ DO
pal \< C
v -
_ b C B V S

CS

*
X Vcb Vus

K.
u

<
<
<

Relative magnitude rg
relative phase 6;-y

Flavour physics at LHCb From ¢ to ¢, USTC-Hefei, 24.09.15 SB 15



Angle y from B* —» DK*, techniques to arrive a

1) Use a CP mode for the D° GLW (Gronau, London, Wyler)
Parameters: rg, v, 8g , (rp = 1, 3p=0) CP+and CP- modes
(K™K, n"m") J |—> (K.m®, Ko, nKs, pKs, 0Ks)
2) Use CAD (K ") for the V, decay ADS (DY L Kt

and DCSD (K- m*) for the V, decay
Parameters: rg, v, 8g, rp~0.06, dp

(Atwood, Dunietz, Soni) <4 D° - K n*n?

(Very) small Branching Ratios

Strong phase between the DO
decays

3) Use Dalitz plot analysis of 3-body GGSZ (Giri, Grossman, Soffer, Zupan)
D° decay, e.g. D° — Ksmm

Dalitz plot description

- physics at LHCb From ¢ to w-i, 24.09.15




Angle y from B->DK

PRELIMINARY

ACP . Averages E

O Most [ h | is DK ' ;ER§%2 (2010) 072004 +* 0:25+0.06 +:0.02
OST precise cnahnel 1S Dep ! Belle 0.29_0.06_0.02
(ClWC(lTIng LHCb Upda'l'e WlTh fUII X EI(EPD2|§J11 prefiminary !; 039 +0 17+;O 04

& i PRD 81 (2010) 031105(R) !;1—*—" B
Run I data sample) a2 §%E807b12(2012) s i 0.14 = 0.03 +10.01
O LHCb only combination, without : Rg9e 019+0.03
. Rt S 5T I ——— ___._._._._._._._._._._0_1._1._;_0_09___0_0_1._.
latest results (but including « | PRD 78, 092002 (2008)

*0 a : Belle o -0.14+0.10 = _,0.01
measurements on DK*° and , O § CKM2012 prefiminary PR :
time-dependent D*sK*) o iAo k| 0124007

ime-dependent D*sK*) : o gHPAG TP ok I
- (79+ 9)0 X §ER§ 80 (2009) 092001 7 009015 006
- D% ; Average L 0.09 + 014
best smgle-exper'lmen’r result [ E"‘;‘LHC[)KK """""""""" Sy """""'n'ozr'o'o's“‘o'o'r
+ arXiv:1505.07044 Ma
(CKM2014 update) V; LHCbax -0.05 = 0.10 0.01
o ; arXiv: . '
O New LHCb measurements with Q' fivsrece 0.0520.05
. y T ENE LHCb g, 0.05:x0.09= 0_0_1'_'
competitive sensitity 3 avisososus o 01 o 0
E  PRLSO (2007) 251801 e '1515 '
Dl : Average 0.03 = 'O 08
________ ~ (HPAG T TR
%% | B 50405442 030 % 02040102
< i Average 0.30 £0.20
| | HFAG T
[ =

1.2 -1 -08 -06 -04 -0.2 0 02 04 06 08 1
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arXiv:1505.07044 3.0 fb!

O Highly significant
signals in CP modes
B- > DK,
D> K*m, K*K-, m*m-

O New independent
LHCb measurement:

v = (T47%)"

O First observation of
the suppressed ADS
mode
B- > (K ) K,
very sensitive to y

.ur physics at LHCb

Angle y, new decay modes

- SV - - + SV +_-
B —S[K'K] Krtn B —-[K'K] K'tn*
(T T T | T T T T ‘ T T T [)\ | T T T T T T C? T T ‘ T T T T ‘ T T T [\) ‘ T T T T | T T
O Q
S —— data 4 L L —— data
% LHCb — Total PDF 1=t LHCb Total PDF
> 60— - B—D*Kn'n _ > 60— - e - B—)D*K+ﬂ-ﬂi _
=) B B8 -D°D;, D’K™K refl.| = B 5'-D°D:, D°K™K" refl. |
= e [ B—-Dnmrefl. ---q---2=--q---------- [ B*—D*rnn refl.
7 [ Comb bkg 1) [ Comb bkg
Q - 4 Qo :
— — — Signal = — — Signal
I a0l - 8 a0l 4
- I ot
c C
© 1 & L
(@) ®)
20 — 20
5300 5400 5300 5400
Mass [MeV/c?] Mass [MeV/c?]
- +_- - - + +_- +_-
B o[rn n]DK T B —>[rn TE]DK nrt
+ T + =
B-—>[K+1rci]DK‘1t+ nt
C’\l—‘ T T | T T T T T T T T ‘ T T
A —— data
%; 0 LHCb —— Total PDF B
s I B—D*Knr
o I B.—DKnnn
1: [ Comb bkg
@ — — Signal
'% 20
S
o]
C
@©
(@]
10

5300 5

400 5500
Mass [MeV/c?]




Angle y, new decay modes

0 B- > DK- with D° modes including «° : PRD 91 (2015) 112014
D> ', D> K*K'n® and D> K'm*n® (ADS) 3.0 fb-t

Events/ ( 10 MeV/c?)

400F T T T i T T T T T T T T T T T —]
L - LHCb

300

200 B*e[n*nfn”]Dn*

100

..........
..........
,,,,,,,

00 5400 5600 5800

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

5200 5400 5600 . 5800
m(Dh™) [MeV/c?]

O Recent analysis of coherently produced DD at y(3770) : D> m*mn° very close
to a CP-even eigenstate (CP-even fraction F,= 0.968+0.017)
- v analysis (so-called quasi-GLW) PLB 740 (2015) 1

[ No evidence of CPV yet at LHCb, good consistency with other measurements

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB 19



IV/Ve| from A, > puv / A, 2 Afuv

O Long standing discrepancy between exclusive Jba | Excusive | Tewne
and inclusive measurements, now at 3.80 level: 2004
inclusive 2006
V.| = (42.4 £ 0.9)x103, |V, | = (4.41 £ 0.15)x10-3 2008
exclusive 2010 ——

V.| = (39.5 + 0.8)x103, |V, | = (3.23 £ 0.31)x10-3  2012| —=—

2014 e

L PR S SR SR NN SR S ST SR N "
0.003 0.004 0.005

0 NP RH coupling to explain the discrepancy |Vub|
4G R

V2
Q LHC provides rich sample of A, :
Bd :Bs: A, ~4:1:2inLHCb acceptance

Vi (@1 PLb + ey, Prb) (79" PLl) + h.c.
F. Bernlochner et al. PRD 90 (2014) 094003

Lepr =—

Q Directly compare A, = puv with A, > A (pKm*) pv

Flavour physics at LHCb From ¢ to ¢, USTC-Hefei, 24.09.15 SB 20



IV,./V| from A, > puv / A, > Alpv

Nature Phys. 11 (2015) 743

O Lattice QCD form factors, needed in the calculation 20 fbt

of |V,,|, are most precise at high q2(uv), PRD 92 (2015) 3, 034503
use q%(uv) > 15 GeV?

Q g2 determined using A, flight direction and mass, up to a two-fold ambiguity

O Vertex isolation is used, A;* > pK-m* cross-feed ., s
is the main background [ PEipy
Q Use corrected mass: M. = f M+ po + - /p ¥
) corr hy P.*PL Ap NN :
PV SV s, 'pl
s~~ vV .
)

6000
1000

. ]. 8{]00 T T T T T T T T T T T T T p— 400‘{} T T T T
B Combinatorial LHCH 1 ILHChH
15000 Mis-identified ] .
) W D°pu v ] 3000 W
ATV ot ] > AUV
+ - -, —
12000 AV o H A ’ B Combinatorial
NUvV et -t ]
9000 - » 2000

Candidates / (50 MeV/e?
Candidates / (40 MeV/¢?

3000

3[){]()0 4000 | B 5000 4000 4500 5000 5500
Corrected pu~ mass [MeV/c?] Corrected pK 771~ mass [MeV/c?]
21



B(A) = pitTp) g2 15 Gevye?

B (/12 — Afpv,)2sr CeV/c2

O First observation of A, 2> puv

Vs |
Vsl

= 0.083 £ 0.004 £ 0.004

vV, x10°

O LHCb results do not support RH currents, agree with exclusive

40 42 44

IVl x 10’

= (1.00+0.04 £0.08) x 10

Inclusive

Exclusive
(B—mlv)

LHCb
(Ag—=>puv)

Nature Phys. 11 (2015)
2.0

PDG 2014

arXiv:1501.05373
. (RBC/UKQCD)

arXiv:1503.07839
(FNAL/MILC)

— e

—.—

arXiv:1503.01421
(RBC/UKQCD)

—.——

P I S T N SN AN S SRR T TR T SO S TR SR N SO U ST
0.003 0.0035 0.004 0.0045 0.005

Vs |

I
B inclusive 7
[ B-mlv 7
I A,—puv (LHCD) -
[T combined —

743
bl




Candidates / 0.05

Weak phase ¢, via B, > J/PK*K-

— T T T T
< 15000 - —
= - LHCb A
IR i
= -
-
v L i
(:_i, 10000 N 7
P i
7}
= F i
= 5000 ;
"9 o i
rF’.a ]
U 4
0 ?., | R
5300 5400

m(J/w K'K) [MeV/c’]
O Orbital angular momentum of the final state is mixture of CP- -even and CP-odd

components: L =0,1, 2

O Disentangle CP even and CP odd K-\
amplitudes via time-dependent - S e

angular analysis

3500 ————
3000
2500
2000
1500
1000

500F

L -~
0 1 L n 1

3500
3000f
2500 F
2000
1500
1000 7

PRL 114 (2015) 041801
3.0 fb

Candidates / (0.2 ps)

Decay time [ps]

3500
3000 F
2500
2000 F
1500 F
1000 &

Candidates / (0.057 rad)

500 E
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FIRST EVIDENCE OF NEW PHYSICS IN b <~ s TRANSITIONS

M. Bona,!

P. Roudeau.”

(UTfit Collaboration) arXiv:0803.0659vl

M. Ciuchini,? E. Franco,® V. Lubicz,2* G. Martinelli,>:5 F. Parodi,® M. Pierini,!

—— SM prediction ‘
—68%CL.
~95% C.L. /

0.2

o
—

.
o

¥
o
—

T rrr [ rrrprrt

2[3s (rad)

DO

.......
0
04 'o

05
A
.
.
LT

- SM

DD, 2.8 b
B S Ulyo
AM, = 17.77 ps”

B AT =ATg, X |cos(o,)l

pov v by

C. Schiavi.® L. Silvestrini,® V. Sordini.”

| ]
o
-]

NAIIIIIIIII|IIII|IIII!IIII|IIII

0.5

1 18
0, (radian)

8

A. Stocchi,” and V. Vagnoni
S

We combine all the available experimental information on By mixing, including the very recent
tagged analyses of Bs — J/U¢ by the CDF and DO collaborations. We find that the phase of
the B; mixing amplitude deviates more than 3o from the Standard Model prediction. While no
single measurement has a 3o significance yet, all the constraints show a remarkable agreement with
the combined result. This is a first evidence of physics beyond the Standard Model. This result

disfavours New Physics models with Minimal Flavour Violation with the same significance.

ASM —2i0s _I_ANP 2i(¢NF —B,)

NP parameterization Cp, e**5: AN g2, =
B <B | fulllB>
>30 NP effect in ¢, (B.|H:}'|B.)’
C. 10§
e:r:l 0E
10F
'202_ Observable  68% Prob.  95% Prob.
j::_ 65.°]  -199 £ 5.6 [-30.45-9.29]
&k -68.2 + 4.9 [-78.45,-58.2]
it Ch. 1.07 £0.29  [0.62,1.93]
-705—
-80 0T
N B ¥ S TR
cB

S

LHCD : ogtqt(ps) ~0.02 (~1°) in one LHCb year (2 fb-1)
A slide from intfroduction to Moriond QCD 2008




Weak phase ¢ via B, > J/YK*K- (¢)

$hown onIEPS-HEP
DO 8 fb!

0.14¢

68% CL contours
(Alog £ =1.15)

& 0-105 CDF 9.6 o™
—~ ]
<1 o008} o
; Combination of B, > J/¢YK*K-,
0.06! i B, > J/yY mm and B, > DD,
—04 —02 0.0 0.2 0.4
@ 5°8 rad]
+0.0014
O SM ¢S =-0.0363 -0.0012 r'ad

O Experiment: ¢ps = - 0.034 £ 0.033 rad

O Results consistent with SM
O Measurements statistically limited
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Q CPV in charm, 1% effects would mean NP

Ba]?;ar é0'6;
£04F
CDF <

: Bell.e prelim:. ‘? O: ------------------

L0.2f

LHCD prelim. (pion tagged)

1.0t -0.4F

LHCD (muon tagged) C

300 '0‘6_

World average -0.8

'_._| -
R IR TR T TN TR H TR SR S SR R SR _1_ PR TR ST AN TN T N TN A T SO T TR N '

-1 0 1 -1 -0.5 0 05 1

A4 p [%0] Aop(mnT) [%]

O A, (KK)=(-0.016 £ 0.012)%
O A, (mm)=(-0.05+0.15)%
O AA, =(-0.253 £0.104)% [HFAG 2/2015]
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CP asymme.'.r.y in DO 9 KOSKOS g) SO?LHCb o L g SO?LHC‘b LL —
:: 40;‘ R Tf)tal fit g 40;_ i
arXiv:1508.06087 3.0 fbl D« | T | G ]
. o o o ‘é 202— | . ‘E 202— -
0 DO > KO%KO proceeds via two annihilation = PR ]
diagrams, in SM phases cancel s iciib S N PEE VS
g 140 145 150 155 140 145 150 155
Am [MeV) Am [MeV]
c . .
> = (E;L'H‘a; | Tl 2 (Z;L‘H'm; | T
= oUF 3 = oF E
u = aof 10T wf E
z if 30F : é s0F 3
= 20F 3 4 20k =
Q Can only trigger on cases where both KOs 'f...if biiwsbiswscts st
140 145 150 155 140 145 150 155

decay in VELO (“LLTriQ") _ Am [MeV] 7 Am [MeV]

Q Three other categories with 0 (DD), 0, v
1 (LD) or 2 (LL, but not triggered) KO
in VELO

-~ 600 decays, tagged by D* charge

40
oo3sE T bam
E —— Total fit
E - Signal
255_ + Iy ----- Background

Entries / (0.33 MeV)
(=]
T

Entries / (0.33 MeV)

Ap=-(29+52+22)% ; ;

L. Pl IS IR =
155 140 145 150 155

Flavour physics at LHCb e A [MeV]



D% > h*h- : A with semileptonic decays

O Measurement of time-dependent CPV for D° > K*K-, JHEP 1504 (2015) 043
DO > m*m- and DO &> K- from semileptonic B-decays 3.0 fbt
J.
Anp(t) & Ag - Ar X /T

Q A is the asymmetry of effective lifetimes of D°and DO :

1 mix dir .
Ar® (2 Ap -Agp )Yy cCos @ -xsing
o ox100 | L x10° | L x10° Il
2 iig‘ LHCb ~Data sof LHCb Data 1 = 600f LHCb ~ Data E
y —Total fit E O — ERRC S —Total fit
a = (1 Total fit 3 < 500F (c !
=120 ( } DY S KR 140F (J) = F ( } ""DO—>K n

Dl st ERR 400
i [ Comb. bkg 4
i Kr bkg.

Pull
£ T ERET I 1l

O Comb. bkg. O Comb. bkg.

—_ )
[=]
=]

I
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Pull ( )
[
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_S:I 1 | 1 1
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ifeti - = SFTHG T w3 sETEG EaarE mane
D Llfe.“me Ob.l.alned from o : DK KT (a) —Linear fit ] zo E D s (b) — Linear fit ]
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JHEP 1504 (2015) 043 3.0 fb™!

Ap(K~K™) = (—0.134 £ 0.077 *002)%
Ap(m=n™) = (—0.092 £ 0.145 002 %

BaBar D’ —hh ’ ®
Belle D°—=hh | °

CDF D'—KK| ¢ .

CDF D'—nn | .

LHCb D*—=KK —e—
(1.0 b, pion tagged)
LHCDb D’ —nn ———
(1.0 fb . pion tagged)

LHCDb D* KK —e—

(3.0 fb ', muon tagged)

LHCb D’—nr | .
(3.0 b ', nuon tagged)

World average o
| 1 | 1 | 1 | 1 1 |

-0.4 -0.2 0 0.2 0.4
Ar [%)
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O Model-independent search <
for local CP asymmetry in
tagged D° > w0

decays

O Use resolved (both vy seen)

and merged m°

CPV in D° 2 n*nwn®

with Energy

(a)

80000

Candidates / (0.2 MeV/c?)

LHCb |
resolved «° -

1 ‘ 1
145

R e s
150 155

Am [MeV/c?]

Test

PLB 740 (2015) 158 2. O fb !

¥y
o)
j=
e
<

20000

10000

Candidates / (0.2 MeV/c?)

- (b)

P e M faarane rans

LHLb -
merged m0;

Q Energy test: Unbinned test of compa’rlblllfy between D° and DP Dalitz

distributions

LHCb
(b)

oW

—_

TsF
Q Based on distance in T 0
phase-space of events %2
&
d Sensitive to local E
asymmetries 8
0 The data are found to be o

consistent with the hypothesis

2 3

m2(r+10) [GeV?/c4]

of CP symmetry with a p-value of (2.6 + 0.5).

T
CD

S = 40f
8 X

= iji
o p— 7

S 230
on £
=

3 25
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of

150 155
Am [MeV/c?]

_LHCb
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P I N

(3]

4 6
T value [107F]
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Rare decays: search for By .—pp

O Very rare in SM, CKM and helicity suppressed

0 BR(B, > p-)sy = (3.66 £ 0.23)x10°9, BR(By > p-)sy = (1.06 £ 0.09)x10-10

W-
b t ) : b —— — T——
I
SM w I - t Y AV,
W+
: b p? b H w
HU}U - ——— - - - ———
= _ HA - v
. XI ’ < i socymalias s !J_ S t A “,.— | U). “_
~o __Tf s e T T ¥ T WSk
NP 0 1 ‘ " b ) H+ ) u?‘ b Llf
t ) ~ h'_A.'_lr< t A - YD, > - _Hi — <
s s W ' . S i
—_—L W e VA T T a—
5 - A £ A
bt E 7 r'nm » y
Q Search for B, and B,: BRs could 2 P A IR )
be modified differently by New g SR S—
. L g6l L T I B —
Physics a e L A
O Exemplary sensitivity for SUSY: 3" FE O3 -
B(BS 9 I-|+|-|") ~ (Tanﬁ)é/MAo § 105% * CLEO /A Belle . S '&0‘
e '* ARGUS [0 BaB S %
= | YYual BN LHCh :Bg - u'u
Q Improved by 6 orders of 1 I
. o[ | AA DO @® CMS+LHCb i
mangUde over 30 Year's * o eeg 955" '5065" 5005 '20[10' '20115

Year

31



Search for By ;>up

O Measurements by LHCb and CMS,
complementary angular coverage,
designed for different purposes

O CMS: higher instantaneous L

Q LHCb: higher efficiency and
dimuon mass resolution

d Combination of CMS and LHCb
O Conclusive evidence for B, > p+u-

CMS and LHCb (LHC run I)
T

Nature Letter 522 (2015) 68

(%2}
o

s
o

n
o

|IIII|IIII,|I|II\IIIIIIIlII

Weighted candidates per 40 MeV/c?
w
o

-
o

—4— Data
—— Signal and background
1 Bg — utu
BY — utu-
= = = Combinatorial background

----- Semi-leptonic background

= = Peaking background

_____________________

IIIIIIII|IIII|IIII|\III|IIII|II

. L g == il U1 ST I
5,000 5,200 5,400 5,600 5,800
Q 30 effect for BO - p+p- My MVIE)
. a CMS and LHCb (LHC run [)
d Results consistent 2 g7y R ARNSARRRARSRRRF e
. 0.8 = 30
with SM at 20 level 12
07E 337
2 06f q " 1ot
SosE 3
5 04 g_ _; c 10 .
2 osf 4 sf\ |V
02F 4z 6}
& SM 15 4
0.1 E_ _E ot
ob Lo P L b L | I ST T I S W ST T T B B 0 |
0 6 7 8 9 0 0.2 0.4 0.6 0.8

Flavour physics at LHCb
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Angular analysis of By = K*O u'y-

Q b > s p*p, FCNC transition w
d SM: EW penguin, box diagrams
O Possible contribution from new

ERNAR N A
t d 5

.
) , v, Z0 H
heavy particles (Z', extra H...) i ZZ<#+
O Angular observables in K*O(K*m-)u*y-
characterized by 6 amplitudes for t : t
K*O helicities and 4 il ° ] Hj‘ | g+
u*y- chiralities (L,R): AOL]ﬁ Wiy W Low !
Q Full set of 8 observables analised i ”’;
as function of q?(u*y-) H
— 1 ! ! ' ' 1 ! ' ! ! I ' ' ' ' I ! ! ! m ' ' ' v I ' ! ' I I
= f LHCb 1 < o5t ]
0.8 — — preliminary —: I —4— —
0.6 + Il SM from ABSZ : T
; A + ] O?f
04 - B LHCb
[! __ I preliminary
"I LHCb-CONF-2015-002 | 1 B S from ABSZ

¢ [GeV?/c?]
[ Zero crossing point q,° sensitive to some MSSM models

g* [GeV?/ ¢
arXiv:0811.1214
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Angular analysis of By = K*O u'y-

Q LHCb with 2011 dataset: local deviation from SM, >30 significance for P';
observable PRL 111 (2013) 191801

Q P'5 is related to the L/R asymmetry of the interference between Ajand A}

Py’ = V2Re (AGAL — ATAT) /VFL(T = Fi) = 85/ V/FL (T = Fi)
Fy = |AF] + AT

O Sensitive to NP in VV or VA (Wilson coefficient Cy)
S. Descotes-Genon, L. Hofer, J. Matias and J. Virto, arXiv:1407.8526

O Many interpretations of this discrepancy: over 13 papers in 2014,

A" 1_ — T T T T T T T T ]
- LHCb ]
0.5 preliminary b
[ — SM from DHMV E
A LHCb confirms a 3.70 statistical === .
discrepancy with 3 fb-! S e
0.5 | ]
LHCb-CONF-2015-002 °F —+ . l _
SR " — :
5| S S < E B N
0 5 10 15

Flavour physics at LHCb From ¢ to ¢, U q* [GeV?/cH]



Angular analysis of B, 2> ¢ y*y-

d B, > &(K*K") p*p- is not self-tagging

arXiv:1506.08777

A Good complementarity (yield # 1/6) {1-55 T ! LHCD !
Q Full angular analysis as function of 1.0F -
q2(u*w), all 8 observables determined p— — :
£ he fi : 05F } _’_—
or the Tirst time L + =
Q the observables are different 0.0 R B E
from K* pu (hew CPV asymmetries, gsb. . . . . . . ... N
' 5 10 15
no 55 or AFB) q2 [GeVZ/C4J
d All angular observables consistent _ | e
with the SM, but a local 3.30 tension _ LHCb —
in the BR ;——’_’/_\ +;1;/iapredé

O a similar trend is also seen for
the BRs of other b > s py* -
decays at LHCb:

By > K(*) y* pu-, THEPO6 (2014) 133
B* > K* «* = p* y-, JHEP 10 (2014) 064

dB(B’—>duu)/dg? [10°GeV2ct]

Flavour physics at LHCb
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From ¢ to ¢, USTC-Hefei, 24.09.15

¢* [GeV?/c4

SB 35



Rare charm decays
O Decays are suppressed in the SM (10-°-10-10),

potential NP enhancement by an order of magnitude.
E.g. beauty penguin wins due to t-quark contribution

dsb .. uc,t
C p—O0—C u b 7—O0—0—0—s
\ — \
D % S \V\_/_ - / B % S \V\_/_ - /
Modes Run | Run Il Upgrade
DO pp Few 10° | fewer 10° | few 10" | U Based on current result,
D' few 10° | fewer 10% | few 10° scaling for lum.mosn‘y
and cross section
D* - Kt few 107 | Ffewer 107 | few 10°®
D%— h*h'"Ouu- few 107 | fewer 107 | few 10
A, = pup few 107 | fewer 107  few 10® | W Current studies.
D°- pe few 10® | fewer 10® | few 10 With more STG.T'ST'CS' .
also NP-sensitive asymmetries

[ These modes will benefit from a full-software trigger after LS2,
with a gain >3 in efficiency (not included in prospects above)

O Theoretical framework to combine rare charm measurements needed
36



Q LHCb, Run II until 2018: /s =13 TeV,
goal is L ~ 4 x 1032 cm=2 s71, bunch
crossing spacing of 25 ns, y=1.4

d LHC is progressing to deliver nominal L~ =

LHCb Preliminary

V5 =13 TeV

LHCb D" ——
LHCb D" i
LHCb average —a—

FONLL

POWHEG+NNPDF3.0L (scaled)
—a—

POWHEG+NNPDF3.0L (absolute)

0 1000 2000 3000 4000

o (ct) [ub]

Status and outlook

LHCb Integrated Luminosity at p-p 6.5 TeV in 2015

60

Delivered Lumi: 43.56 /pb
Recorded Lumi: 36.60 /pb

50

40

Integrated Luminaosity (1/pb)

.
&
i

20 ol .(“
10 g
o e el el P L | L L | L L 1
04/06 18/06 0z2/07 16/07 30/07 13/08 27/08 10/09

Date

bb cross-section with 47 extrapolation* arXiv:1509.00771
o = 515 + 2(stat) = 53(syst) pb
cc production cross-section LHCb-PAPER-2015-041

o(cT) = 2850 + 3(stat) + 180(syst) + 140(frag) pb
Collect and exploit data !

d Upgraded LHCb, Run III from 2019-2020 on:
Js=14 TeV, L ~ 1033 cm=2 s! (newcoming detectors
designed to operate at L ~ 2 x 1033 cm2 s1), bunch
crossing spacing of 25 ns, y= 2, improved trigger
efficiency, [Ldt ~ 5 fb! /year
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Conclusions

O Do we start seeing signs of effects beyond SM ?

/ Promising differences in the studies covered in the talk \

T T T T T T T T e e S S S S B S S e B — T — T T T T T
L T 9E ! ! | =
< E E
IllChl.‘Sl‘Y@ 3.80 fr‘om SM - E‘?_G .7 fr‘om SM LHCb‘ ‘; 8;_3'30 fr‘om SM LHCb _;
2014 0.5 preliminary 8 1B SM pred
PDG 2014 SM from DHMV ; °°O 6E—+/ AN ¥ Data _E
Exclusive arXiv:1501 05373 - - = .E |7 \ E
—* " (RBC/UKQCD) SE =
(B—mwlv) .\ e . arXiv:1503.07839 or T -~ v E/ ! _'__ | :
AL/MILC) 7] 1 T 4 1 =
0.5 '/_ \l ] El 3;— |\ . .l | _z
LHCDb arXiv:1503.01421 T % 2B N\ ! 3
(AS—>puv) © (RBC/UKQCD) - \ 1 7 T E .~ . / E
L \ / i s« IE = =
S O E U BT _I....\l‘.,./..l.... q ' . l E

0.003 0.0035 0.004 0.0045 0.005 0 5 10 15 ® 0 s 10 : . 5 B

el
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\ V., | q* |GeV*/ct

Differences in the studies left beyond the talk
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\ 0.5

2 T T T T T T T T T T T T T T T T T o~ T | T T T T ‘ T T T T | T T T T
v C T T T | ] iy
o C S ] == BaBar, PRL109,101802(2012) 2 _
L 2 . 60’ fl"Oﬂ'\ SM LHCb ] % 045 = Belle, arXiv:1507 03233 Ay =10
150 ] ’ LHCb, arXiv:1506.08614
T 1 ] gap e 3.90 from SM
i - ] 035 =
C SM 7 i 1
C i ] 03= ]
0.5 —
i ] 0.25 _ HFAG
: : SM prediction P(y?) = 55%
PR T TR TR NN SO TR TR T AN TN SN SN T NN SRR TR N SO N T L L L L | L L L L | - L L | L | | |
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RICH detectors : charged particles identification performance

O Reconstructed Cherenkov angle for

isolated tracks, as a function of track

momentum in the C,F,, radiator

O Genuine m/K/p samples identified from kinematics only used

Cherenkov Angle (mrad)

[ )
O 0

15

w
(5]

Eur. Phys. J. C73 (2013)

30

“'IO . . """102
p (GeV/c)

to evaluate particle identification (PID) performance from data
O Efficiency/rejection: reasonable agreement between data and simulation

Efficiency
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Trigger
2012 2015

40 MHz bunch crossing rate 40 MHz bunch crossing rate

~~ > =’ ~ <> >

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz
readout, high E1/Pt sighatures readout, high E1/Pr signatures

_ ) . Software High Level Trigger
Defer 20% to disk ;
y [ Partial event reconstruction, select ]
displaced tracks/vertices and dimuons
-~ 4 L P

[ software High Level Trigger

29000 Logical CPU cores Buffer events_ to d_isk, perfn[m online

detector calibration and alignment
Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive
\___selection algorithms y

o U =

of inclusive and exclusive triggers

[ Full offline-like event selection, mixture]

12.5 kHz (0.6 GB/s) to storage

Q For 5 kHz of 12 kHz only trigger information saved
O Small events, fast analysis: high yield exclusive

Flavour physics at LHCb trigger lines 41



Upgrade

30 MHz inelastic event rate
(full rate event building)

2015

40 MHz bunch crossing rate

~> ) I

LO Hardware Trigger : 1 MHz - Software High Level Trigger

xclusive kinematic/geometric selections

readout, high E1/Pt signatures [
e

450 kHz
h*

Full event reconstruction, inclusive and ]

. Buffer events to disk, perform online
. detector calibration and alignment

[ Partial event reconstruction, select ]

. Software High Level Trigger

displaced tracks/vertices and dimuons . 0 :

: :F N

Buffer events to disk, perform online Add offline precision particle identification

detector calibration and alignment and track quality information to selections

. ', . Output full event information for inclusive

y - - - - Y triggers, trigger candidates and related
Full nffllne-_llke event sele_ctmnf mixture primary vertices for exclusive triggers

of inclusive and exclusive triggers \ y

. . S
2-5 GB/s to storage

12.5 kHz (0.6 GB/s) to storage
.vour' physics at LHCb From ¢ to v, U-efei, 24.09.15 SB 42.



O g2 determined using A, flight direction

Va/Vol from A, > puv / A > Ao

QA Lattice QCD form factors, needed
in the calculation of |V, |, are most
precise at high g% (uv)

and mass, up to a two-fold ambiguity

0 Vertex isolation is used, A.;* > pK'm*
cross-feed is the main background

~— 18000

>
-, 15000

M

< 12000
'

9000
6000

3000

Candidates / (

T T T T | . ; . i | I I
I Combinatorial

Mis-identified LHCb
-Dfiv,u v

A4V

+ 2",

L AQH v ..,i‘!'_!!l'!
Nuv s )/

D I
3000 4000 5000

Corrected pu~ mass [MeV/c?]

Candidates / (40 MeV/¢?

[— 2
= =
= =
= =
T T 1T 1 | T T 1T 1 | T T 1T 1 | T T 1T 1

PRD 92 (2015) 3, 034503

Ay = pp iy,
—~ 20
Z
9o
,,_::; 10}
~ 0.5
0.0 L L L
0 5 10 15 20
¢* (GeV?)
Nature Phys. 11 (2015) 743
~ 4000 —————— |
LHCb
] | PWiay
3000 AXuV
I Combinatorial

4000 4500 5000 5500
Corrected pK 771" mass [MeV/c?]
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Lepton universality

d In SM ratios PRL 113 (2014) 151601

_JdU[BY = Kyt pm)/dg? - dg? B(B — D™ ru,)

Ry = = and R(D"™) = .
" [dI'[BT — K*ete]/dg? - dg? (D) B(B — D™ lwy)
are different from unity only due phase space difference
- IHCbh -B-BaBar - Belle
| LHCb, RunI: I~ _g ! ! ! LH"I:b g
Rx = 0.745 g 7075 0,036 | -
l; SM
for 1< g2 < 6 GeV?, consistent with the SM osk i ]
at 2.60 ]
L S T R T I
¢ [GeV?/e]

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB 44



B>D™)TvVv
Q Lepton universality can be broken by new physics with T lepton  arXiv:1504.06339
O Ratios like R(D*)=BR(B = D(*)Tv)/BR(B > D(*)uv) are sensitive to it

A In two Higgs doblet models (2HDM), 2

the D/D* helicity amplitudes Hs :  H*"PM ~ 5 (1 + (Sr £ S1) : )
m-(my F me)

 BaBar and Belle reported Belle 2007 T
anomalous high values of R(D*) BABAR 2008 :
and R(D): Belle 2009 —
PRD 88 (2013) 072012, PRL 109 101802  “<!*210 | =" .
BABAR 2012 F—c—H H—etH

M BT
02 04 06 08 03 04 05 06
R(D) R(D*)

A Those exclude 2HDM where S = O (type II, minimal SUSY) in the full fanp-mg,
plane, but are compatible with general 2HDM having |Sy+S, |<1.4

Q LHCb : First b = 1 reco at a hadron collider, BO > D** 1- v, and B® > D** - \7‘J
identical final state topologies with D** - DO (2K ) mand 1> p v, v,
R(D*) = 0.336 + 0.027+ 0.030

O LHCb result confirms the excess to the SM value 0.252+0.003
PRD 85 (2012) 094025  sB 45




B>D™)Tv
Q Combination is 3.90 from the SM expectation:

R(D) = 0.297 + 0.017 R(D*) = 0.252 + 0.003
PRD 78 014003 (2008), PRD 85 094025 (2012)

_— 05 [T T T T I T T T T T T T T T | T ]
'}5 C w== BaBar, PRL109,101802(2012) Ay2=10 -
~ 045F = Belle, arXiv:150703233 ]
L LHCb, arXiv:1506 08614 .
04 T E
035 — 3
03 = ]
0.25 —
SM prediction P = 55%
0_ PR TR SR TR A T TR SR SN S TN SR SR S AN T S S
%.2 03 04 05 0.6

R(D)

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB 46



D® > h*h- : A with semileptonic decays S ISELHCL () ~Abma 4
:s 1oL DK KT et
JHEP 1504 (2015) 043 3.0 fb? = F T
}W% + """""""" ]
0 e T =
SE Pt :
Q Lifetime obtained from D% and D° > h*h- 1 3 '
vertices Z OEmrber ey . ;
"0 1000 2000 3000 4000 5000
t[5]
S ISELHCb  (,  |+Data -
Zo - A0 - W —Li fit ]
i top Domm + 9 1o band]
SE f 3
0 E_ { lrl ;[:I """"" o 3
-5 ;— =
E ;z T 1 T T :
-i'EI_' 1 CIID'D 2 'DICJ 0 3 DI'DCI —1'DICICI 5 E;'DCI
tf5]
Q Mistag asymmetry is the largest systematic é Ejijf_iﬁgg | | —
uncertainty 8 ok E
a Mistag larger for larger lifetimes. = 01f E
Checked with D% > K-m* 2 oosp /5 E
= ata ]
0.06F = Fit -
o4l D"-D°ws
0.02 E —f
OCI ------- Il OIO-d- - 'I_"OrODI I_’:OIOCII | ;‘rOIOCII - %(500
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0 Model-independent search for local CP asymmetry in
tagged D° > w0

CPV in D® > w*n-n® with Energy Test

(a)

30000

60000

40000

20000

LHCb
resolved 110_:

r'M L o bt e
Lol L 1

T R =

150

140 155
Am [MeV/c?]
;f_‘ 3 T L v T ¥ ¥ v v T
= LHCb
% | 0
3t resolved =
& 21
IH 1
H -
> |
s L
1 " ol
0 L L 1 L 1 1 " 1 1 L " " 1
0 1 2 3

mX('n°) [GeV?/c4]

Flavour physics at LHCb

decays
(1\‘]—‘\ | T T T T T I T T T T
v r o]
= 30000 (b) LHCDb -
S merged m°-
a :
= 20000}
e
5]
2
3]
=
-5 10000 .
: v
< i : ,
U B ,'I . —
O;H'“T PR IS ——— e
140 145 150 155
Am [MeV/c?]
T =T U |
140 [ LHCb i
120 merged mn°
100 o _
80
60
1.—
40
20 T
O O L ] e hene T— n% 1
0 1 2 3

mX(*n°) [GeV?/c?4]

PLB 740 (2015) 158

O Use resolved (both y seen)

and merged m°
Q2 fblat 8 TeV

From ¢ to y, USTC-Hefei, 24.09.15

3l T T T T T T §
, LHCb 140 3
[ © 120 2
L 3~}
2k “®100©
I 80
=60
15 1+ ]
i 40
- -
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0 0 1 L i x 1 1 " " 1 1 i 1 1 0
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Energy test

O Test statistic fo compare average distances in phase space

I3 , 1,70

() (! d
T — s 1] _ 1]
Z}: n(n —1) Z:; n(m—1) Z nmn | weighted average distance of events
hIt nlt - in one flavour sample to events of
E the opposite flavour sample

L

Meftric functions correspond to events i,j belonging o two samples of opposite flavour.

L

Normalisation factors in the denominator remove impact of global asymmetries.

U

If the distributions of events in both flavour samples are identical, T fluctuates around
a value close to zero.

. . ; g . —d? /9s7 . .
Q Choose Gaussian metric ¥i; = ¥(d;;) = e %/ that decreases with a distance
to improve sensitivity to local asymmetries

O Remove dependence on the choice of Dalitz plot axes by choosing di; as

Ao 2,7 2,0 2.3 24 2] 2.

O Larger CP asymmetries lead to larger T values - determine p-value under hypothesis of
CP symmetry by comparing nominal T value from data to a distribution of T values from
permutation samples, where the flavour of each candidate is randomly reassigned to
simulate samples without CPV

QO p-value for the no CPV hypothesis is obtained as the fraction of permutation T values
greater than the nominal T value

Flavour physics at LHCb From ¢ to y, USTC-Hefei, 24.09.15 SB 49



Energy test
O Permutation T values fitted with a GEV function

o C | T T T | T T T | T T T | T T T | T LI ) = [ I T T T | T T T I T T T T I T ]
®_  8F — @ IF
= [ LHCbD simulation (a) | 3 < [ LHCD simulation (b)
X T E X 6 -
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Q Visualisation of regions of significant asymmetry is obtained by assigning asymmetry
significance to each event. Contributions to the total T value of a single event:

! "

1 1
: T, = 3 Vij — 5= Uijs

Q one flavour YTy ; bis — 5 — : i
1 * _ _— 1 H ’ II'|. . 1 - F: III|. -

O opposite favour: T, - m; ij — ﬁzjj Vi

O Permutation method to define the level of significance, distributions of the smallest
negative (T™n") and largest positive (Tm,) T, values of each permutation.

O Positive (negative) local asymmetry significances : T, values greater (smaller) than the
fraction of the Tmex, (Tmin) distribution that corresponds to the significance level.

O Same procedure for anti-T; distribution, Dalitz plot with an inverted asymmetry pattern.



Energy test

D AmphTUde differ‘ence beTween ;LJ 3._ LHCb simulation m'E ;E.: 3._ . LHCb simulation 3 %
CP-conjugate states of a resonance E (a) = E ) 1 2
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resonance the amplitude

O Phase difference > regions of
positive and negative asymmetry
around the resonance
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O Sensitivities to various CPV scenarios. ... =~
AA and A ¢: change in amplitude and v
phase of the resonance R

R (AA, Ag)  p-value (fit) Upper limit

p? (4%, 0°) 3.3733 x107* 4.6 x 10~
p° (0%, 3°) 1517 x 1073 3.8 x 1073
pt (2%, 0°) 50735 x10°¢ 1.8x10°5
pt (0%, 1°) 63733 <107 14 x1073
P (
P (

| |

2%, 0°)  2.0713 x 103 39x10°3
~ (0%, 1.5°)  8.9722 x 107 4.2x10°° SB '




Energy test

Permutation T value distribution showing
the fit function and the measured T value
as a red line

=
= h

Entries/(5x107)

25F E
200 E
I5E E
10F E
st
D: . % I N I
2 4 6
T value [10°]
Visualisation of local asymmetry significances. % 3L R
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Results for various metric parameter values. :{i’« : 0
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