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* CPV in charm decays
_ o \ Predommanﬂy
- Direct & indirect CPV " LHCb results

- AAp. first observation!

* CPV in b-hadron decays
— v combination
- Measurements on ¢,

- Multi-body charmless B/A, decays
- Radiative decays

 Summary & outlook



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

DO 2 D z
- 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)



LHC[e [PRL 122 (2019) 211803]

AA_., measurement

Prompt D°

* LHCb uses full Run2 5.9 fb-1 data .y 4 U ool
. - e * >

* Tagging of initial flavor of Do £,<ns < 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°— §)
4‘41‘aw(f ) — 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?]



LHCD

[PRL 122 (2019) 211803]

AA measurement

 LHCDb uses full Run2 5.9 fb- data LL

» 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

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

4‘41‘aw (f )
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Lch [PRL 122 (2019) 211803]

Observatlon of charm CPV

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

AA’“’ 8 — (—94+8+5)x 10"

« 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 TO

Parity violation CP violation in K CP violation in B?

& N.vangand (gl LW Cronin, - (@8 BB and Bolle investigate matter-
antimatter symmetry!

C.S.Wu et al. N V. L. Fitch et al. N/ collaborations

March
2019 p

2019

Cabibbo Mixing : Charm particles:
sy ' CP violation in D°

N. Cabibbo M. Kobayashi and & &
T. Mask \
cesbiaslul LHCD collaboration

meson decays



LHCD

[PRL 122 (2019) 231802

B8 Osclllations of charm mesons In

DY - KSOT[T[

* Do mass eigenstates and their weak eigenstates:

~ |D1.o) =p;D°>iqlﬁ>

-my, (,,) as mass (width) of D, ,
o m; — My I_1 — r2
* MIXIng parameters: x = Y= "o

r
* 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

m2 [GeV¥ 4]

 LHCb Runl, tagged Do - Kottt decay yields "

;

- Prompt: ~1.3M, Semileptonic: ~1M
« Do Kottt has rich resonance structures
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LHCD

[PRL 122 (2019) 231802]

B8 Osclllations of charm mesons In

0 0
D" - K "TITT
S — LAY N B N ERL R A N N A BN RN A ERL R

° : . : ?IIE)' ] __ \_/ Current world average __
Model-independent approach (bin-flip Y N P LHCb -
method) o5l i
- To avoid efficiency modeling 0.7H .
* Results with Runl data: - )
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




LHCD
ACH

[LHCb-CONF-2019-001]

A_in D° - K*K:, 1T Prompt

* A- probes CPV in mixing and interference
Ace(F. t) ~ AL (£) —[Af T;
- A linear fit to A in bins of Do decay time
extracts A: as slope parameter
* Run2 1.9fb1 (2015-2016) LHCb data have:

Ap(D'— K*K™) = ( 1.3£35+0.7) x 107
Ap(D°— 7r77) = (11.3 £ 6.9 £ 0.8) x 107

« A- does not depend on D decay channel, the
two values can be combined

= ! = xlzfnldf =22/19 LHCb bl'e l mi.nurl_\_-' E
= UF NG 3
Rt Y NS S ] 3
B E T +‘ ) 4o ol SRR 1 1 g
< 05 + E
- E_ L L 1 ' _E

t/ T o

E E | Xzfﬂdle 18/19 LHCb preliminu];_s-'_;
= “E 4 'I' ‘{' + D'—snin E
£ F :
< 05 = — 3
E - . i

117 0

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

* Combining with Runl prompt results

(h=K,m)

Ar(D® — hth—) = (0.9 £ 2.1 £ 0.7) x 10—

A_ Is consistent
with SM!

10



LHCD [LHCb-PAPER-2019-032]
QACH

A_in D° - K*K:, 1T Semileptonic

. . . . g L3 ‘LHC'b pr‘elimilnary' ' .—'—[Data' ’ ' —
* A- probes CPV in mixing and mtegference S 'F DKk — Fit E
__ pdecay < E
ACP(f? t) ~ ACP (f) — | Ar - Ot Mgy g A ; =
. . o b osER TR T '
- A linear fit to Acp In bins of Do decay time -1 3
= . i . 1 i ; . ] Vi
extracts A, as slope parameter 0 : o
* With Run2 5.4 fb-1 (2016-2018) data we have - F—————F—————7 /—
“’: I 3 LHCDb preliminary — Data
Ap(KTK™) = (—4.3+£3.6+£0.5) x 10~ : % i 4 = 3
Ap(nr7)=( 224£7.0£0.8) x 107 _(,j%H%#li {Jr%JrJfﬂ | E
* Combining with Runl 3 fb-1 prompt+SL results: : ‘L E
0 ’ ' 4 // // 10
/T

Ap(KTK™) = (—4.44+2340.6) x 107*
Ar(ntn)=( 25+4.3+0.7) x 107*

« Assuming A to be universal, the averaged result:

Ar(D® — h+h—) = (2.9 + 2.0 + 0.6) X 10— Af 's consistent
(h=K,n) with SMI

11



LHCD [PRL 122 (2019) 191803]
QACH

BLER :
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 — KZKT) + A(DF — ¢7™)
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!
12



LHCD [JHEP 02 (2019) 126]
CPV In D% - K*K 1T 1U

* Large number of interfering amplitudes could enhance CPV in multi-body Do decays
* 3 fb-1 Runl LHCDb data

N
» 160 k Do signal candidates from production mode of B — Dop-X ;“""4‘6(@
* Using isobar model, N=26 amplitudes selected to describe signal in 5D phase space

2
S(x:c) =

R e S E. R E
Y S . . ) E E L PR . E
2~ 45000 3 &~ 5000 = ‘ ‘ o = Data N
< E E ) 2 o K
= 40000 - LHCb = 2000 LHCD s E :
2 35000 = 2 B . AR S
< 30000 - E - Total fit
= E E 2 3000 . =
o 25000 - =T : KK plane
20000 - = = oo F . . :
. = E o 2000~ —]
S s I R ] Signal model
S 10000 |- E = 000 M E
= = E = e ,
2 so00f 3 g B -
5O e | 1 < | | : Background model
1000 1200 1400 1600 400 600 800
m(K K™) [MeV/c?] m(rtm) [MeV/c?]
= I E ERE =E
(V) S— : SR = £ of & o
3= . 3E 3E
E T T T T = - -
<t = 3 =t oy -
X 4500 E S S 6000 F
S 4000 z S 5000 g 5
~— E E — (sa] 5000 u
7 3500 F e P B — 5000 F
2 ooE E 2 4000 F S F
< 00 E S B ]
T 2500 |- 3 = 3000 4 -
& 2000 E 8 - 5 3000
~ E E ~ 2000 5 - R ; ]
1500 E = = 2000 - T -
1000 = - ] g : ]
JON S L E ~owef I
o7 0 0 1 7 -0 0 1 0 - 0 x
cos(6;) cos(6,) ¢ [rad]
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LHCD [JHEP 02 (2019) 126]
CPV In D% - K*K 1T 1U

* Large number of interfering amplitudes could enhance CPV in multi-body D¢ decays
* 3 fb-1 Runl LHCDb data
» 160 k Do signal candidates from production mode of B — Dou-X

2
S(x.c) =

N
Z e Ap(x)
k=1

 Using isobar model, N=26 amplitudes selected to describe signal in 5D phase space

- Simultaneous fit of Do and Do decays to extract CPV parameters for each amplitude
* All parameters consistent with CP conservation with a sensitivity ranging from 1%

to 15%
1.1 |('Jk|j’_‘)ﬁ + ‘("HED ._ |f'k|DU . |'-'"Fe:|;ju
|fk| = . :1|Ck| p— ) : —
2 |‘k|DU‘|‘|fk|DD
arg(rk) _ arg:(f'k)ﬂu _;_&l'g(f'k)ﬁr} ‘ ﬁal‘g(r"k) _ al-g(f,k)DD ;Mg(f"k)ﬁu |
[ lexAx(x)|*Ry()d Az = }‘FP[] _ }_—}{__}“
a , Tk 0 =0
‘ f | Z;‘:l CE"AE{J’-}FR,.i t:;r:]d:‘;c }:{J 0 }:l{}

14



CP violation in b-hadron decays

T T T F T
:i : Amy& Am, el
= ; L
06 E E‘: 4 Amy s i Summar 18
25 - -':-: K
05
P
tcl
0.4
1=

b=

IIiiIlIIlIFII1IIII|IIII|IIII|IIII

" . [ . .
04 =02 0.0 0.2 04 0.6 LR 1.0

 CKM matrix: origin of CPV in SM

» Test of the Unitarity Triangle: measuring CKM
angle y

* v Can be measured using exclusively tree-level
decays such as B—-Dh (h = K, K*, 1T, TT11)

15



LHCD

[LHCb-CONF-2018-002]

LHCb vy combination

B decay D decay Method Ref. Dataset’
. . . BT - DK+ D — h*th- GLW 14 Runl & 2
« Combing many tree-level determinations of = * - ox* D h*h=  ADS 15 Run1
BT - DK* D—htnatr GLW/ADS [15] Runl
Y B DEr  BoEe GowDS o Rued
_ H _ Bt —» DKt D — KE’I::‘“];:‘ (;(‘:SZ [18} R:Ei 2
New and updated results using Run2 2 fb-1data » gi - gKI;‘ b ;"E,““' Sf\?v HEH 1
. — D* — hTh~™ MB un
— Analyses with full Run2 6 fb-1 data yet to come B* - DK** D= hth- GLW/ADS [20] Runl&2
] . Bt — DK*+ ) D — h.+7r:7r+7r_ GLW/ADS [20] Runl &2
* The y world average is currently dominated Bl DECwim Dot Ghe/Ars B
by the 2018 LHCb combination DR poEhk, Sompets Bl Pl
. . ) . 0 FRE + /’;"'h,‘w‘*' T 25 ‘un
~ LHCb combination is dominated by B+ decays B Dt DYoo Ktwet  TD 26 Tumd
_ - 0 T | T ] T | T
Tension (20) between B0 and B+ results -3 Trrpeve—r— —
. . i 5.0\0 —
* New inputs from the ADS/GLW analysis of — o g[| 7= 74039 Preliminary _

Bo - DK (D - KK, Krt, Tt1t, KT, TImrmn)
wHer 08 20190411 1O D€ @added to the combination ¢

- Will lead to reduction in the yellow region!—— |

B decays
B’ decays

IIIIII[I[

B™ decays

- I Combination
MMCET |
Direct BESIIT measurements on strong 0oL
phase parameters in D decays are L 95 59
, [ 2207 ... 2 -
important for LHCb y measurements 05 20 100 150

v [°]



B. mixing phase ¢_

« Mixing-induced CPV phase in b - ccs processes

¢s ——drg (A‘) :¢mix_ 2 ¢decN o 2/35

— Well predicted in SM, NP could bring in sizable contribution

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

=0 qbdec

» Accessed through measurements of time-dependent CP asymmetries in B, decays to

CP eigenstates e.g. B~ J/Y¢ with

- Good decay time resolution (fast B, oscillation)

— Efficient flavor tagging power (~5% in LHCD)
- Angular analysis to disentangle CP-even and

CP-odd final states ,

* World average, then dominated by LHCb

Run 1 results, compatible with SM

Status of ¢, before Moriond EW 2019

0.08

0.06

HFLAV
DO 8 fb~
68% CL contours
(Alog £ = 1.15)
) CMs 19.7 b !
LHCb 3 fb!
ATLAS 19.2 fb!
04 02 w00 02 04

6 [rad] ;-



LHCD [EPJC 79 (2019) 706, PLB 797 (2019) 134789]

Bt
Measurements of ¢_with B_- J/{hh

e Update with 2 fb-1 Run2 data using B, - J/QY(MM)KK [EPJIC 79 (2019) 706] and

B, - J/Y(pp)TTTT decays [PLB 797 (2019) 134789 See Wenhua Hu's

,,,,,,,,,,,,,,,, , B. — Jpm'm, Ny ~33500  talk in Heavy Flavor

; = oo | s 1 cwmf o [ —wwwn 1 session on 24th
5 oo Tre o 2w SIS
~ 10000f- — - Signal ERERE o Physics buckground
= 3 E Z 5000 vmu+ Combinatorial background
g igggi - Background ,E = 4000 —e« WS data and fit _;
5 4000 J Ex.v 1906.08356] 2 3000 [arXiv:1903.05530]
= 2000F 3 2000 &' E
o e - N 000 B —f
5200 5300 5400 o 5500 ; 0 : e NG
mOAKK) MeVict 3300 0 ey Current status of ¢
e Combination of Runl and Run2 T ] ST
) ) 5 0141 DO 8 fb!
gives the most precise ¢, result = 68% CT contours
. ) ] (Alog £ =1.15)
to date, from a single experiment " e B
[EPJC 79 (2019) 706] . ( /
=— + 1
b, 0.041+0.025rad 0_08_/ e sy )
AT,=0.0816+0.0048 ps f
0.06 1 ATLAS 99.7 fb!
Compatible with SM AT, =T — Iy — T

¢ [rad] 18



[ATLAS-CONF-2019-009]

Measurement of ¢_ with B_— J/YKK

e Update with 80.5 fb-1 Run2 (2015- 2017) data usmg B, - J/W(uu)d(KK) decays

10 « YAE
> A R ERAaREEEEE 8 10°E
[ 507 ATLAS Prellminary . Data -] N E ?TLGSTJ; ég]lsn;abry D t
2 L Vs-13TeV, 8051 — Total Fit ] o F — Total Fit
= B - Signal 2 10 E --- Background
8 [ —ﬁ ::JJ//WKK £ E - - Signal
E r B vp i — Prompt Jiy

(data-fit)/o

i
|||§

j :
—

ul JJI\XI\JII\\\\L

= 52525 53 5.35 5.4 545 5.5 g.iﬂsasgf% " SN R S froper};%cay;ie [pi]“ Current status of ¢S
inati & o wo
« Combination of Runl and Run2 = SR -
. . 4 N
gives following results: 0.12 Glegil = L.15)
] CMS 19.7 fb !
6y = —0.076 = 0034 (star) = 0019 (systyrad | ] ( /
Al; = 0068 =+ 0004 (stat.) £ 0.003 (syst)ps™'| | . D
I, = 0669 + 0001 (stat) £ 0001 (syst)ps~™!| / S
ATLAS preliminary 0.06|  ATLAS99.7 b !
AFS =IL—-1Inu 04 02 00 02 04

¢ [rad] 1



LHCD [arXiv:1907.10003]
L)

Bt
Measurement of CPV in B_- ¢¢

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

« Mixing with B, oscillation could give rise
to time-dependent CPV

- CPV phase ¢gsss predicted < 0.02 rad

Pull

4
2
0

2

4

03

=

f—

LHCb

Nsig~8500 2011-2016

[—
fa)
<

* Time-dependent angular analysis to
disentangle CP eigenstates SS, SV, VV
with Runl + Run2 (2 fb-1) data

+ e
-
»

—
-~
(-

------
______

"ea
* Sy
LT
......
e
.....

IIIHHW T lHlml‘ll

Candidates / 9 [MeV/c?]

0 —0.073 £0.115 (stat) £ 0.027 (syst) rad, 10
Al = 0.99 + 0.05 (stat) £0.01 (syst).

l()-: ORI T U [ S T S T A T Tl Y AT VT AT N I VT A T T TR e
5200 5300 5400 5500 5600

M(K*K'K*K) [MeV/c?]
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LHCD
ACH

[PRL 123 (2019) 081802]

CPV measurements In BSOH

o

% 700? LHCb —+ Data _

 With 3fb-t Runl data, and using Bo - Koy 2 ¢ —240“@1‘ E

= Y - U L 1gna 3

as reference channel, LHCDb reports: @,igg peaking ]

;m: 3 Combinatorial _E

y = (.4, : ! = 300F _ =

=0 ( | SE E

Cm —0.11 +£0.294+0.11 S oo
Ai’x = —0.67 tg:ﬂ +0.17 G000 00500 a0 5000
+— 2
All consistent with SM, with S & C as first measurements mKK"y) MeVie]
’;‘ Elill I" E]go__" T 'I'; —f ’g_ :"'II UL L "'I"' T

2 EE_JTﬁT B~y e 1 T i He 1o IOOJHWLﬂ Untagged b
gmoi'l T_i[+ S —{—Data _f ;_ —{—Data _E g SOZ_J‘I | BSO_)(I)Y —{—Data B
5 sof LfH Fit — 38 60 H T# Fit
L% E ]
o +TT+§ . E E 20 ++%+ + .
30? s - = $ 4 s ]
c R it T ST - T o i S UL
0 2 4 6 8 10 10 0 2 4 6 3 10
 [ps] 1 [ps] t [ps]

See Jibo He’s talk right after this one
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LHCD [LHCb-PAPER-2019-036]

By
: . _
CPV measurements In BO—> D*D7
< E |
L JJJ\ W,M!']D
« b ccd transition with contributions ,, . .-, |~ (1 j
from tree, penguin & exchange “,, R ﬁ\
diagrams T e AL
i;;l))) LHCH — Total ]
. . om . 07070 S —— 0_> *+ F _
 Expecting mixing-induced CPV and =™ s-powpkm "7 0000
. . . . © 800 — D%~ Kn P PR
possible direct CPV contributions = [ Run2 ARG
é 600 — Preliminary ﬁoégwg 3
* Using four time-dependent decay =g Comb. bky
rates for Bo and Bo to f and f final SETSNASY -
states to measure 5 parameters: - TR =
RO mpspr [ MeV/c?]
— D*+D_
f SD‘D—%(SD‘*D— +SD‘-D-") CD‘D—%((D «+D— +CD D+) 1 p
_ SN — S5 EF
BP f=D"D" ASD‘D—%(SD +p- — Spe-p+) ACD‘D—%(CD +p- — Cp--p+)

dl'go ;(t) o t/Td

it = 87, (1+ A7) |1+ Spsin(Amgt) — Cy cos(Amdtj}
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LHCD [LHCb-PAPER-2019-036]

[
: . _
CPV measurements In BO—> D™D
< s
L JJJ\ [5*‘_&%//;1.}
« b ccd transition with contributions ,, . .-, |~ (1 j
from tree, penguin & exchange “,, : ﬁ\
diagrams N A S
= %% LHCb e
* Expecting mixing-induced CPV and  Z 5o B-~p@wpEm 7= D707 -
i . . . o - DY Knnn . e
possible direct CPV contributions = 400 Run2 g D= DI o
£ g Prefiminary  pg IO
* Using four time-dependent decay = o0 - Comb. bke,
rates for Bo and Bo to f and f final S 100
states to measure 5 parameters: s L et
5000 5200 5400 5600
B0 mp-=p= MeV/?|
= DD 1
f 5p-p = 5(Sp-+p- + Sp--p+) C'D‘D—%(CD ++p- + Cp+-p+) , .
_ b el i
BP f=D"D" ASD‘D—%(SD +p- — Spe-p+) ACD‘D—%(CD +p- — Cp--p+)

dl'go ;(t) o t/Td

it = 87, (1+ A7) |1+ Spsin(Amgt) — Cy cos(Amdtj}
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LHCD [LHCb-PAPER-2019-036]

By
. o
CPV measurements in BY - D™D
" 2l
ﬂﬁk\_(_‘ [6‘%
* b - ccd transition with contributions , . .-~ = 7,
from tree, penguin & exchange i : =
diagrams RE osp— prvve 3
» Expecting mixing-induced CPV and |+ “f LHeb oo —
possible direct CPV contributions == o o Preliminary =70 3
» Using four time-dependent decay | ;
rates for B and Bo to f and f final 1 .
l —
states to measure 5 parameters: = I
Spn = —0.861 = 0.077 (stat) =+ 0.019 (syst) e timele
ASp-p = 0.019+0.075 (stat) + 0.012 (syst)| ~ All results are compatible with, and
Cp-p = —0.050£0.092 stat) £0.020 (syst)|  more precise than previous
ACp-p = —0.031£0.002(stat) £ 0.016 (syst)| 00 nomonts
Ap-p = 0.008 %+ 0.014 (stat) & 0.005 (syst)
Main correlations: Preliminary
p(Sp-p,Cp-p) = 0.44 p(ASp-p, ACp-p) = 0.46
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LHCD

Significance CPV
observed in the
decay amplitudes
associated with
f,(1270) and low

mass T’ s-wave
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[arXiv:1909.05211, arXiv:1909.05212]
' + +a1+7T-
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 With Runl 3fb-t data, LHCb observes several sources of
CPV by performing the amplltude anaIyS|s
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LHCD [arXiv:1909.05211, arXiv:1909.05212]
" + + + -
CPVIn B - 11T 11

 With Runl 3fb-t data, LHCb observes several sources of
CPV by performing the amplltude anaIyS|s
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LHCD

CPV by performing the amplltude anaIyS|s

First observation
of CPV
characteristic of
interference
between the spin-1
p(770) and spin-0
S-wave
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[arXiv:1909.05211, arXiv:1909.05212]
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LHCD [LHCb-PAPER-2019-028]
QACH

CP and P violation in A ° - pTUTt* U
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LHCD [LHCb-PAPER-2019-028]
QACH

CP and P violation in A ° - pTUTt* U

m* ‘nl\\ i
* CPV yet to be observed in baryon decays AN
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* With 6.6 fb-1 Runs1+2 data, LHCDb reports the first
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* Major upgrade phases

[LHCb-PUB-2018-009]

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

Opportunit n fla r physics, and
beyond, in the HL-LHC era

- Upgrade (2025-) will be for HL-LHC to collect > 300/fb

(30x of current level)

excluded area has CL > 0.95 7
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Summary

 For the past few years, LHCb has been quite successful in
CPV searches, while ATLAS and CMS have shown their
capabilities and potential in the field of heavy flavor physics

- LHCb highlights 2019: first observations of CPV in Do decays,
and P violation in b-baryon decay, etc.

* Many interesting results from LHC experiments based on
Runsl1-2 data are still in the pipeline, so stay tuned!

* LHCb upgrade opens up possibilities to many
Improvements in precision, so interesting times are still
ahead on searching for CPV beyond SM
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LHCD

Muon System

[Int. ). Mod. Phys. A30 (2015)1530022]

Vertex Locator
LHCD i

RICH Detectors Movable device »,

35 mm from beam out -Qf pﬁysics /

7 mm from beam in physics

' ]EH]DIIIJZIIIE"""!L-—. ..... e .
T ————

Calorimeters

Tracking System
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[Int. J. Mod. Phys. A30 (2015)1530022]

Vertex Locator
LHCDb e

A

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’
: 1/ ' — 71 1 '
—||'- : xll:'n—f"l'-'*. "J:'n = == MR :‘ fa —l- &3 ‘,—
20 m 10 m 0

Calorimeters Tracking System
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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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LHCDb dataset

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

— _— L 2018 (6.5 TeV): 2.19 /fb
g 9 :_ L 2017 (6.5+42.51 TeV): 1.71 /b + 0.10 /fb
- — ] 2016 (6.5 TeV): 1.67 /b
- 8 = | 2015 (6.5 TeV): 0.33 /fb
:‘5 E ® 2012 (4.0 TeV): 2.08 /fb
= ya= 2011 (3.5 TeV): 1.1 /tb o
E L westnonn | _ _ * bb cross-section @ Vs = 13 TeV:
4 E 154.3+1.5+14.3 uyb
> S s — . )
e = : 5 LS | | | - ~105 bb pairs produced/second and alll
§ 4 :_ ............... ...................... ..................... .................. ..................... ..................... SpeC|eS Of b hadronS Bi, BO, BSO, BC+,
O g ST B .. 4 A R T A, ...
Ee] - ;
@ - ? : : : : : : : . 5
-:_3 2__ ............... ...................... ..................... ..................... ..................... ..................... () Charm productlon ~20X hlgher
Eﬁ E : : : : : : :
E ] TR . ISINE SRR SN ......................
= — :
T 0 _cmen e | | i | | |

2010 2011 2012 2013 2014 2015 2016 2017 2018

Year

Most of the present analyses use:

e Runl: 1.0fb* @ 7 TeV (2011) + 2.0 fb* @ 8 TeV (2012)
* Run IlI:

0.3 fo (2015) + 1.7 fb! (2016)

+ 1.7 fbt (2017) + 2.2 fb* (2018) @ 13 TeV
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Test of the Unitarity Triangle:
measuring CKM angle y

* Can be measured using exclusively tree-level decays such as
B-Dh (h =K, K, 1, TIT)

- Interference between b — ¢ (favored) and b — u (suppressed) transitions

—u
p'< lK_ Vub
N

Ly

l : , . : . :
V-~h — S J b > »— U —0 P E.f ¥ Amdamaums - -iivr
) c (D =i ~
5 i ‘ B~ y =P
B_ - B DO 5 B = o é,, . . i =
\ U - - T 4 P o K :ﬂ‘g: X
AI';I\- X V{‘hv.ir.\‘ A-““p 5 V”!’V"“ o B n:n LA | S ﬁn'g -
B Vid Dh 50ty where r is the ratio of magnitudes
Y = arg BRVARVA —— =g €8 i
cdVep Pesic 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



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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LHCD [PRL 123 (2019) 081802]
ACH

B
CPV measurements in B_° - ¢y

* In b - sy transition, y is expected in SM to be & @

purely left-handed due to angular momentum B_%”
conservation, however NP with RH photon v

may contribute p

- Time-dependent rates give access to photon "~ %
4

polarization:

FBg_MM(t) o |cosh (Agst) — A sinh (L\gg) + Ccos(Amst) — S sin(Amst)

Fég_m,?(t) o | cosh (Agst) — A sinh (L\I’J) — Ccos(Amst) + S sin(Amst)

2
\ Depend o/

C7 and 4
- Al & Am. decay width and mass

differences between B.,° mass eigenstates
- C:. measure of direct CPV, S: measure of B0
mixing
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o

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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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

44



) rl<
<r2<

a r a
b r < 2 < b
Do < c

C

d d
Amplitude Ajey) [7] Aarg(ex) [%] Ar, [%]
D — [#(1020)(p — w)?1—0 0 (fixed) 0 (fixed) —1.84+ 1.5+0.2
D — K, (1400) K~ —14+1.1£02 13£15+£03 —454+ 21+£03
D — [K—7*)p—o[K 7] =0 1.94+1.1+03 —-1.2+1.3+03 20+ 1.84+0.7
DY — K, (1270)* K - —04+£1.0£02 —-11£144£02 -264+ 1.7+£02
DY — [K*(802)°K*(892)")1—0 —1.34+1.3+03 —-17+£15+02 —43+ 22405
DY — K*(1680)°[K~7+]L—0 22+1.3+03 14+15+02 264+ 22404
DY — [K*(892)°K*(892)%;—y —0441.7+02 37+£204+£02 264 32403
DY — K,(1270)" K+ 26+1.7+£04 —01£21+£03 334+ 35+£05
DO - [K+K-|g[nt7|—p 35+25+15 —55+26+16 51+ 51+3.1
D — K, (1400)- K+ 02429407 25£35+£10 —1.34+ 6.0£1.0
DU — [K*(1680)"K*(892)")1=p 4.0£274+08 54428408 624+ 52415
DY — [K*(1680)°K*(892)%) -, —0.4+£214+£03  04£21+£03 -25+ 3.9+04
D — K*(1680)° (K7 ], o 21+£20+06 —1.8+£22403 244+ 3.7+£1.1
DY — [#(1020)(p — w)%)1.=2 0.8+19+03 —12+£20+£05 —0.14+ 3.3+£05
DY — [K*(892)"K*(892)") ;=2 —064+25+04  06+£26+04 —3.0+ 50407
DY — 3(1020)[r+ 7 |- 38431407 —-05+£39+07 584+ 6.1+08
DY — [K*(1680)"K*(802)");—; 1.6+£28+05 0.7£3.0+£04 1.3+ 53406
D — [#(1020)p(1450)%) 1~ 46+41+06  93+33+06 75+ 85+1.1
D% — ag(980)" f2(1270)° 1.6+36+07 -7.3+£33+£08 1.5+ 7.24+1.3
D — ay(1260) 7 —444+56+37  93+£6.1+£13 —106+1L.7£7.0
DY — a;(1260)~ 7+ —344+70+£19 -58+56+43 —87+13.7£29
D — [#(1020)(p — w)®) 1 21+£52+08 —122+£55+£06  244+11.0+£14
D° — [K*(1680)°K*(892)" =2 524+71£19 -56+81+13  85+1434+35

— [K*K " |n=o(p — w)"” 11.7+6.0+19  48+62+1.1 2134125428

Dﬂ — [@(1020) f2(1270)°) 4 27+£6.7+£1.7  09+£60+£17  36+13.3+£3.0
DY — [K*(892)°K%(1430)%],—; 3.9+£52+10  68+64+14  61+108+18

[PRL 122 (2019) 191803]

Table 5. CP-violation parameters fitted simultaneously to the D” and (CP-transformed) D"
samples. The first uncertainty is statistical and the second is systematic.
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