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Introduction %

V(1) V(22
b w+ s
B° teu q)M teu 5
s w- b
® Study of beauty and charm hadron V) V)
decays is complementary to direct
searches for new particles p
® Can discover New Physics due to the 0
effect of virtual new particles in
quantum loops c 5
® Through the study of the interference of d

different quantum paths — access to
the magnitude of the couplings of NP d
and also to their phase (for instance, by g
measuring CP asymmetries) "
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-
LHCb collected data

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

®  2018(65TeV):207 b
® 2017 (654251 TeV): 1.71 /i + 0.10 /fb

r]
. 2016 (6.5 TeV): 1.67 /b I
2015 (6.5 TeV): 0.33 /b ’

® 201240 TeV):2.08/b
& 2011(35TeV): 111 /b

2010 (3.5 TeV): 0.04 /b I

)
LSt /
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w
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Proton collisions at 7-13TeV:
® huge heavy flavour production cross-sections:
1.4 x 10" bb-pairs per b~ (Run 2)
e all beauty, charm and strange hadrons produced (BY, A}, B, DY, AL, =F, ..)
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CP violation in the Standard Model %

® In SM, CPV is accommodated

in weak interactions

Vud Vus Vub
Vekv = [ Vea Ves Ve

Vvtd ‘/ts ‘/tb

0,0 (1,0) Re
1- %)\2 A AN} (p —in)
o~ -2 -1 AN? + 0O\
AN (1 —p—in) —AN 1 Unitarity Triangle

(1st and 3rd CKM columns)
® The 7 is the only source of CPV in the SM.

VidVigp + Vea Vi + Via Vi, = 0
Over-constrain unitarity triangle apex coordinates for a stringent test of SM:

® CP violation measurements give angles

® CP conserving measurements give sides
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The ~v angle measurements  Lrcb-conF-2018-002

B decay D decay Method Ref. Dataset’ Status since last com-
bination [3]
BT = DK™ Do hih- GIW T Run L& 2 Minor update
B* - DK+ D hth™ ADS 15]  Run 1 As before
B* - DK+ D htr xtr~  GLW/ADS [15] Runl As before
B* - DK+ D — hth=r® GIW/ADS  [16] Runl As before N
B* - DK+ D — Koh*h- GGSZ 17 Run 1 As before 3 !
B* = DK+ D= Khthe  GGSZ 18] Run2 New ? LHcb
B* = DK+ D— KOK+n~  GLS 19 Run'1 As before 08
Bt - DK™+ D — hth™ GLW 14] Run1& 2 Minor update
B* = DK** D — hth™ GLW/ADS  [20] Run1é& 2 Updated results 06
B* — DK** D—htr-rtr~  GLW/ADS [20] Runl& 2 New
BY - DK*r*n= D —hth™ GLW/ADS  [21] Runl As before 04
BY — DK D Ktr ADS 22]  Run 1 As before
B DK*n~ D hth™ GIW-Dalitz (23] Run1 As before 02
B° - DK D — Klntr GGSZ 24 Runl As before
BY —» DFK* D} — hth-ot TD 25  Run 1 Updated results 50
BY— DFrpt Dt— Kta—xt  TD 26]  Run 1 New VI
T Run 1 corresponds to an i inosity of 3 fb~" taken at centre-of-mass energies of 7 and 8 TeV

. Run 2 corresponds to an integrated luminosity of 2 fb~" taken at a centre-of-mass energy of 13 TeV .

[ B2 decays

- +5.0 50 B° decays

v = (74.0127%) I = coomys
I Combination

® Most precise determination of v from a single experiment
® World average: v = (73.57%7) [HFLAV]
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CP tests in beauty
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B CP violating phase ¢

Mass eigenstates # flavour eigenstates:

|BL) =p|32>+q‘§g>
|Bu) =p|B2) - q|B2)

Ag

—0
By—>f

q/p\‘ B JA

(s)

= mixing

f

Even with no CPV in mixing or decay, one can
generate CPV in the interference:

6: = —arg(A) = —arg <"Af> £0
p Ar
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® CPV in mixing: |q/p| # 1,
® CPV in decays: |Af/Af| # 1,

S

q/p - complex number

Af, Zf - complex aplitudes

HFLAV
68% CL contours

(Alog £ =1.15)

CMS 19.7 fb~!

\(\m 9.6 fb

LHCb 3 fb~! |

DO 8 fb~!

ATLAS 19.2 fb!

-0.4 -0.2 -0.0 0.2 0.4
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Two-body B?S) decays  PhysRev. D 98, 032004 (2018) %

Simultaneous fit to to the distributions of reconstructed candidates:
B® - ntn~, B - KTK=, B - KT7~ and B? — 7T K~.

o Time-integrated asymmetries for B — K*7~ and B? — 7+ K~:
- 2 2
_ |Az|” — | Al
=12
}A;| + |At"|2
o Time-dependent asymmetries for BY — mTn~and B — K+ K~:
(s) (s) —C,ccos(Amd’st) + Sf(Amd7s t)
Ace(t) = r- r - AT AT
B, (1) = Teg () cosh (T"t) + A2sinh (T"t)

Cr - CPV in the decay, S¢ - CPV in interference between decay and mixing
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T —
Two-body B?S) decays  PhysRev. D 98, 032004 (2018) %

® Analysis performed using full Run 1 data sample ( ~ 3fb™!)

® Time-dependent asymmetries ingredients:

o flavour tagging
O decay-time resolution
O decay-time acceptance

® Time-independent asymmetries ingredients:

o final state detection asymmetries
o production asymmetry

2 v oF 2 go00
L > L
3 LHCb | 3% LHCb | 2 LHCb
1o o L © 6000—
g [ e 32000; HENSS g I [ ek n
% .Bgan‘n’ % r .B‘MK*T{’ 1!‘} r .BQAK‘Tr
S S L A2-pK -, S 4000~ B2 K *K "
<] BY-K *1t~ k=l b ko] s '
s 2 1000f B KK~ s r B
o 1 3-50dy bkg. S 10001~ [ 3-Body bkg. O 20001 1 3-B0dy bkg.
Comb. bkg. L Comb. bkg. L Comb. bkg.
. 56 58 o5 52 54 56 58 05 52 54 56 58
m,..-[Gevic] My - [Gev/e?] m.,- [Gevic]
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TWO—bOdy B?S) decays Phys.Rev. D 98, 032004 (2018)

. AT
e First measurement of Ay,

e Strongest evidence of CPV in BY sector:
confirmed at 40

Cpip- = —0.34+0.06+0.01
Spip- = —0.63+0.05=+0.01
Cik- =  0.2040.06 +0.02
Sk+k- = 0.1840.06 +0.02
ART = —0.7940.07+0.10

ABL = (-8.4+04+03)%
AB = (213+15+03)%
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CP tests in charm
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D% — KSO KSO decays arXiv:1806.01642 %

e DO mixing is established
e CP violation yet unobserved!
o Small value expected from SM O(V, V., Vis Vi) ~ O(1073)

® Eliminate detection/production asymmetries

ACP(K_? KSO) using control channel:
: 0 _ ND°—ND°

® Define Ay (D° — f) = NDOTND Adcp =

® Measure Acp(D° — KSOKSO)0 Ara(D° = KOK®) = A (D° = K*K™) =

: ot +
® Tag with prompt D*" — D°x| ACP(DO N KSOKSO) _ ACP(DO N K+K_)
Acp = ® The A®(D° — K*K™) has been measured

Avaw — Ap(D*") — Ap(ml) by LHCb with a precision of 0.2%:

Phys. Lett. B767 (2017) 177
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T
D° — KOK? decays

arXiv:1806.01642

L£L=2fb"'0\/s=13TeV =

1067 D° — KO2K? candidates

Acp(K2K?) = 0.042 + 0.034 + 0.010

Combined with the LHCb Run 1 measurement
ACP(K_?KSO) = 0.020 + 0.029 £+ 0.010

o T T T T T T ™
% sob D7 - KK LHCb E
2 wb +Data E
- LL —Total
s O0F Bkg E
S b E
8 40F E
g @ -
§ '
O ERTI TR
140 142 144 146 148 150 152 154
Am[Mev/cy)]
2 wF T T T T T T T
% s 0 - KK LHCb 3
2 +Daa
2 3 LD " Tota 3
S asE -Bkg 3
g E
g 5 J[ 3
§ 10F ][
T .
MU \ , | | |
140 142 144 146 148 150 152 154
Am[Mev/cy)]

3 of i 3 T wf 3
‘%" sof D° - KXY LHCb E| % E D° - KX LHCb E|
2 E +Data ERE-I3 +Data 3
= LL —Total 2 w5 LD ot 3
s S0F - Bkg I S »E Bkg 3
I SoF 33 b 3
g wf 18 % +
3 xp 3§ BE J{ 3
E 20F E E 10E- -]-
— E SE- 1y LpLp E
OE pbidatd St bt il BT L
140 142 144 146 148 150 152 154 140 142 144 146 148 150 152 154
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CP tests in baryons
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-
CPV in /\% — p3h Nature Physics 13, 391 (2017) %

e Only direct CPV in baryon sector
Test CPV by comparison of baryon and anti-baryon decay yields

_NA=S ) =NA=F)
AP = NAS ) T N@A D7) S0 = 02)sinlor = e2)

d—strong phase, p—weak phase

Effect visible with contributions from at least two amplitudes:
Aqeldielr A, el2gliv2

e Requires non-vanishing strong and weak phase difference

(s) }ﬂ, (K-) d(s)
T
T (K*) d (3)
u
P s —

)

(E)} u u}
ey
J }

u
A4 4a
Vab

8 A8 AR R Aals A

=
T

v, ™ Vio Via

g
g,
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-
CPV in /\% — p3h Nature Physics 13, 391 (2017) %

Utilise 4-body final state to construct:

Cr=pp-(py- xpPrs)s  Cq=p5-(Ph; X Py>-)
An(Cay = M >0 ZN(Er <0 o CP-violating observable:
TN >0+ N <0 P % odd
o N(T; > 0) — N(C5 < 0) N aCP :E(AA —A; )
Ar(Cr) = N(Cs > 0) + N(C4 < 0) » forfy T odd __ l(AA + AA)
ap =245 T

Largely insensitive to Aproq and Areco

Complementary approach to Acp analysis

° aZEOdd o cos(beven — Godd )SiN(Peven — Podd) Not sensitive if Jeven — Jogg = 7/2 or 37/2

® Acp o sin(d1 — d2)sin(¢p1 — ¢2) not sensitive if 61 —d> =0 or m
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CPV in AY — p3h

Nature Physics 13, 391 (2017)

S

Full Run | sample: £ =3fb '
Nsig(pr—mtr™) = 6646 + 105
Ngig(pr— K+ K—) = 1030 + 56

20F

LHCb

E
[

0Fs

=
=T

i

|
N
o

g

ad

® Scheme A - binning in invariant mass
combinations, to focus on dominant
resonance contributions

® Scheme B- binning in angle ® between
decay planes

at )

Foalod x2ndf=20.7/10

N
<

Asymmetries [%]

o
HH

|
N
o
T

F e a9 x2/ndf=30.5/10
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2

3
|p| [rad]

0

Tslow Trf;st

Combined result from 2 binning schemes:
CP symmetry p-value=9.8 x 10™*

3.30 deviation
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B —
N — pK=mtr= N — pK~KTK™, %
Eg — pK K ™ JHEP 08 (2018) 039

® Analysis uses Triple Product Asymmetries

e TPA integrated over all phase space for A — pK~ 7 7~:
al 7% — (—0.60 £ 0.84 £ 0.31)%
a5 %% = (—0.81 4+ 0.84 + 0.31)%

e TPA integrated over all phase space for A — pK~KTK™:
aZ*""d = (—1.56 & 1.51 & 0.32)%

aZP_"dd = (1.12 £ 1.51 + 0.32)%

e TPA integrated over all phase space for =% — pK~ K n:

aZ_Odd = (—3.04 £ 5.19 =+ 0.36)%

a5 % = (~3.58 £ 5.19 + 0.36)%
® All phase space integrated results are consistent with P and CP conservation
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B —
N — pK=mtr= N — pK~KTK™, %
Eg — pK K ™ JHEP 08 (2018) 039

e Binned analysis for A9 — pK~7T7~ and A — pK=KTK™ is
performed

e Two binning schemes as in previous results

e All binned measurement consistent with P and CP conservation

for A) » pK™z*n~ for AV - pKTK*K~ for AY — pK~7*z~ for A} — pK™K*K~
L LHCb 9 LHCb E£ LHCb 4 LHCb
2 x 5 =7,8TeV 20F Vs =17,8TeV 1 20 Vs =7,8Tev 20 Vs =17,8Tev
—_ — 3 - — z
§ ofpyteriieey E 0 ok : § opopigrpiy §§Uc'?§5u§w
s H s i s N - :
ol " e ok
g =200 gal% gmdt=13014 ] g 208 o it % ~20F o afo¥ yndir 812 g 208 gt gomatsono
g 20 g ) E 20p g b
g g % 5
2 0 ;i,Hh{;*,.% Z bapppaid £ ofptappitptepd] £ osbaiipiyyd
“20F s emar1 24 208, g a2 ~20F o a0z 08 i a0
0 5 10 0 2 4 6 0 1 2 3 0 1 2 3
Phase space region Phase space region DI [rad] DI [rad]
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Summary
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Summary and Outlook %

® Many great results from Run | and Run Il
o First evidence of CPV in baryons

® Very successful Run Il: in total LHCb already collected £ = 10fb~?!

HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
(2010-12) | (2015-18) | (2021-24) | (2027-30) | (2031+)
ATLAS, CMS 25 fb? 100 fb! 300 fb? 3000 fb™!

LHCb 3fb? 8fb? 25 fbt 50 fbt *300 fb!
* assumes a future LHCb upgrade to raise the instantaneous luminosity to 2 x 1034 cm-2

® The LHCb upgraded detector after Run-2 will handle x5 instantaneous
luminosity, from 4 x 10¥cm™2s7! to 2 x 103¥cm~2s7!

® The hardware trigger stage will be eliminated, and trigger become fully
software based. Many detectors will be replaced.
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Thank You %

ANTIMATTER’S WHEN DID THIS
GONE MISSING... HAPPEN, SIR?

‘r
{Blﬁ%i Yekrs }\\é SN
b o 0.
o "QLLE;
W\ T T et b
; ‘\ LoST-PROPERTY oF\'-IcE ”

bl T ViR |

[CERN]
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BY or ES - tagging the flavour %

Same side
. 0 - . . .
® squarkin B is produced same side opposite side
with 5
® ~50% of 5 forms a I e
charged K b g\}jfr kaon tagger
T ; I/
® charge of the K identifies ‘ / "
flavour of B? Same side oy f—y
proton ignal BY profon
Opposite side Opposite side Opposite ---------------- Vertex charge tagger

™, from inclusive vertexing

K~
Opposite side
kaon tagger

® in pp collisions b produced
mostly in bb pairs

lepton taggers

® flavour determined by the from b-quark (117, €7)

charge of decay products of . )
Total effective tagging efficiency: (1 — 2w)

opposite B: ®
o leptons ® ¢ - efficiency of tagging algorithm
© kaons ® w - frequency of events with wrong tagging

O global charge of
secondary vertex

Eff = (3.940.25)%
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.
=0
B? — B, oscillations %

Ams measured from 1fb~ BY — D7 7" decays

5 €1 s
ﬂ\g} D
S T - .
: . 2 4000 ¥ Dioer
® High statistics: g L e
N ~ 34000 signal candidates G MB,— D1
SO B D,K*
® Self tagging channel 8 20001 LHCDb misid bkg.
. _ s [ comb bkg.
® Five different D, decay modes: E
(¢, K*K™, K" K*n™, °

S 0
K rtn™, n ntn™) 5350 5400 5450 5500 5550

(D_ ") invariant mass [MeV/c?]
® Very low background )

[New J. Phys. 15 (2013) 053021]
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=0
B? — B, oscillations %

The measured oscillation frequency:
Amg = 17.768 4 0.023(stat) 4 0.006(syst) ps—*

2 i - o Tagged mixed
g : 4, S 8, o Tagged unmixed
= 400 ﬁ VAN ARG — Fitmixed
® Based on £ = 1fb~! data % [ WA, P Fit unmixed
. = | H '=¢.
® The most precise 2 AT
< 200 ; - A,
measurement to date © 00, LHCb E k) «b__'.
® Agrees with world average: e b'o"
17.69 £ 0.08 ps~* o
0 1 2 3 4

decay time [ps]
[New J. Phys. 15 (2013) 053021]
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Search for CPV in A, =0 — p3h decays using TPA ‘

Nature Phys. 13 (2017) 391-396

& 450 ™ T T 39 450 o T
S @Ay e B O A0 i
2 [y — LHCb — A prmta
= 350 | Camb. bkg .. . 3% 3 - Comb. bkg.
2 300 — Part-rec. bk 2 300 — Part-rec. bkg.
N o pom
£ 250 B K'w 2 550 B K
S0 A pKwa 180 — A= pK7ta
@ ]
150 150
100 100
S0F SOF
52 54 56 58 6 52 54 56 58 6
mpa-ata) [GeV/c?] m(paata) [GeV/c?]
o T T =P T T T
L 2{53 (© AY=Cp>0) gy fit 2 3‘5]2 () A(=Cp<0) | _pun it
2 “00F LHCh — A praea 1% 0F LHCH T ——
= - - Comb. bkg
) Part-rec. bkg. Part-rec. bkg.
z —B'— K'm —B'— K'nnent
§ — A0 pK 77 — A pK i
@
52 54 56 58 6 54 56 58 6
m(pa-ata) [GeV/e?] m(pa~wta) [GeV/e?]
o =] = = z 9ac

Gediminas Sarpis CP violation in beauty baryons at LHCb
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Search for CPV in A, =0 — p3h decays using TPA %

Nature Phys. 13 (2017) 391-396

+

@ Phase space integrated results for /\?, — pr T T—

al =% = (=3.71 4 1.45 £ 0.32)%
alp°% = (1.15+1.45+0.32)%

@ Phase space integrated results for /\?, — pr KTK—

al—°% = (3.62+ 4.54 4 0.42)%
alp % = (—0.93 £ 4.54 +0.42)%

@ Phase space integrated results consistent with P and CP conservation

Gediminas Sarpis CP violation in beauty baryons at LHCb September 16, 2018 14 /19
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Search for CPV in A, =0 — p3h decays using TPA

@ Two binning schemes used to measure ag;o

phase space
@ Scheme A- binning in two-body mass combinations
@ Scheme B- Uniform binning in ® angle between decay planes
@ First evidence of CPV in baryons with 3.3¢ significance

. LHCb Scheme A E LHCb Scheme B
§‘ 20-§ s =7,8TeV @ E g 20F 3
3 Opebwpyrberey 3 Ofedggy
£ -20p 1 £-0p  E - i
g Foabod xndf=27.9/12 E g Foalodd y2/ndf=20.7/10 E
E - - g - ‘ i 3
7 20 | Z 20t ; :

< PR S P <O§“ S s

g L P 3
20} E 20 ]
Fealpd yndf=21.1112 Eealpid x¥ndf=30.5/10 g
10 2 3
Phase space bin || [rad]

September 16, 2018
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Nature Phys. 13 (2017) 391-396

@ in different regions of

Konrad Klimaszewski
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Acp in DO - K2K9 - Data Sample

+2015+2016 data > 2.0 fb™!

* Two independent samples:

1. LD: one K? is reconstructed
from long tracks and the

other from downstream T
tracks VELO

2. LL: both K are reconstructed “Pseam ek
from long tracks
- Different resolution
between
the two samples

magnet

VELO track

il
s

LHCb-PAPER-2018-012
arXiv:1806.01642
submitted to JHEP

T stations

T track

long track
( downstream track )

F. Betti - INFN Bo 3 na & CE CKM 2018 -
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Acp in DO - K2K9 - Data Sample

» Important background
due to D° - Kt~ and
D >t mtm™

« Selection on LL:

[log x#p (K1) — 10]?
+ [log xip (K3,) — 10]* < 16

« Selection on LD:

log x#p (Ks,OL) > 2.5

LHCb-PAPER-2018-012
arXiv:1806.01642
submitted to JHEP

. Betti - INFN Bologna, Unive gna CKM 2018 -
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Introduction

0000

@ Time-integrated CPV asymmetries in B® — K™z~ and Bs — " K~
decays are defined as:

Bl

Ao = 4
@ = A A

@ The main CPV observables are the time-dependent asymmetries of
B® — 7tn~ and BY — KTK~ decays:

r§?s)~>f(t) - rB?s)*”(t) —Cs cos (Amd(s)t) + Sgsin (Amd(s)t)

At) = =
rz‘af’sﬁr(t) + T () cosh (%1) + AAT sinh (%t)
B e DY — 2imA AT _ 2Re)
Cr = T+ M2 St 1+ A2 Af T-+[Ar[
direct CPV mixing induced CPV

|Cr? + |S¢[? + |A2T|? = 1 (condition not imposed)

@ The knowledge of the flavour of the B candidate at production is required

= flavour tagging tool is a key ingredient of the analysis
4/19

[Davide Fazzini, 10th International Workshop on the CKM Unitarity Triangle, 2018]
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Main ingredients of the analysis

000000

@ The time dependent asymmetry is measured as:
Araw(t) ~ A + Ap + Apip + Ap COS(Amd(S) t)

@ The production asymmetry Ap can be extracted by means of the
time-dependent fit from the CP asymmetries in B° — K™z~ and
Bs — n" K~ decays

@ A correction is required taking into account:

e asymmetry induced by the PID requirements (Ag,’b)
o detection asymmetry (AK™)

o AKT estimated using D** — D°(— K~ 7 F)r*

@ AS™ measured using raw asymmetries of Cabibbo-favoured charm
decays D™ — K~ ntn™ and D* — K% [JHEP 07 (2014) 041]

@ Asymmetries are convoluted with the B?S) — h*h'~ phase space

Afip(Bly = K*nT) = (-0.04£0.25)%
AST(B® = Ktn™) = (—0.900+0.141)%
AST(Bs — mtK™) = (—0.924+0.142)%
[Phys. Rev. D 98 (2018) 032004]
13/19
[Davide Fazzini, 10th International Workshop on the CKM Unitarity Triangle, 2018]
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JHEP 08 (2018) 176 %
\

= Combine with Run 1 results (3 fb'' at /s = 7,8

JHEP 10 (2014) 097

TeV) to give constraint on v:

y = (80+3°%)°

GGSZ

& - T T
[ JRunl =
2015 & 2016 data LHCb > LHCb
. Combined result GGsz ' GGSZ

— Run
0.05 e 2015 & 2016 data
Combined result
|

0 60 120 180 (] 60 120 180
Y[l Y I°l

Run 1:y = (62F15)°
2015 & 2016: y = (87%11)°
LI‘{Cb Susan Haines 8
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