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CP violation

* Baryogenesis: Sakharov conditions
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e CKM mechanism

Quark eigenstates interacting with H different from eigenstates interacting with W bosons

| Via| | Vis| |Vinle™" * More than three quarks?
Verkm = | —|Ved| s | Ves| 5 | Vool * Sole source of CPV?
| Via|e —|Vis|e™s |V
If only three generations of quarks: Over constrain (3x3) CKM (unitarity) with
v Unitary in 3x3 extensive independent measurements

v" 3 rotation angles

o Actually CKM insufficient to explain baryon
v' 1 phase, giving CPV

asymmetry in Universe, search for new CPV
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Three types of CPV

* Mixing i <
P(Bg — BY) # P(B; — BY)
Off shell Arg(Mlz) == Arg(Flz) On shell

s b
° DeCay . : W .
PB-f)+P(B-f) /< ) :
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At least two interfering amplitudes with b— - )
different strong and different weak phases . - PO - : )
T | P |

* Mixing and decay
PB->B->f)+P(B->B-f)

Different weak phases in mixing and decay g
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Mixing and CPV
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AM, of BY — B oscillation

N LHCD
) JCn

Time dependent rate of flavor specific decays

AT'gt

P(t) ~ e st [cosh (

)+C-cos

Am]

f

Degraded by initial b-flavor tagging: (1 — w)? ~ 6%

Asymmetry

LHCb average: AM; = 17.7656 + 0.0057 ps 1
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Giving most precise
single measurement

arXiv:2104.04421

JHEP 03 (2021) 137

Lattice and sum rule
Prediction: 18.47%2 ps™1
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B mixing angle ¢, =

Zﬁeff

* ¢, sensitive to new physics, SM
prediction: ¢, = —37 + 1 mrad

* Time dependent CP asymmetry:
Fgo_ ()= FBo £©

A —_ s

LHCb combination of five
measurements

AT [ps™!]

0.121

¢s = —42 + 25 mrad

ATy = 0.0813 + 0.0048 ps™" o010

New world average (PDG 2021): o.08
¢s = —50 £ 19 mrad

0.06

Consistent with SM, but need to
gain experimental precision

X —1¢ sin ¢ sin(AM,t)

LHCh
| Vi | Vis| |Viple™"
Ve = | —=[Vea| | Vies| | Veo|
Vle ™ —[Vie") [Vl

f: common final state

EPJC 79 (2019) 706

_ LHCDb
1P 5 ot ¢ Sl 3 | < Spring 2019
J/yrtrT 4.9 fbo~t
| J/WKTK~ 4.9
0.4 - .0.2 -0.0 0.2 0.4
¢s[rad]
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Control of penguin pollution

EPJC 79 (2019) 537

e Uncertainty on ¢, from penguin diagram: ¢, = ¢ + A’

* Magnitude of penguin evaluated using Acp of BY — J/Yp™ decays

Tree J/«p
Acp « [Ap/Ar] N /
B+ C) w+ B+
, o R

Counting signals from mass spectrum
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Penguin

Acp = —0.04515:926 4+ 0.008

Compatible with Acp(B® = J /Y p°)
No evidence of CPV




CPV in BSO - (py decays PRL 123 (2019) 081802

* ¥ dominantly left handed, right-handed component « m,/m,,
* Time dependent decay rate:

Py x e‘rst[cosh(AFSt/Z) — A” sinh(Al4t/2) + Ccos(AMt) F Ssin(AMSt)]
AL, C,S sensitive to photon helicity, almost 0 in SM , may be modified by NP

Mass distribution Decay time distribution

c\/].\ T T ] — :' T T T T T T T T T T T T T T T T :
§ 700 —+— Data = &, 140 F 1 + LHCb -
3 600 — Model = S 120 _JT ' k
------ Signal = = s l + .
q 500 Peaking : 2 100 _—+ T‘L]l + Data 3
< 400 e F g ¢ l , .
2 3 Combinatorial - = 80 ‘H> Fit -
< 300 5 . ] B - A 3
= . % ~5k signals S, op 1 =

200 I

§ 40 H, =
100 : 20 T1++ - =
RN e R gy OIS 0 T T EEEERYE u .. ™ "

000 5200 5400 5600 5800 6000 ) 4 6 8 10
m(K*K~y) [MeV/c?] t [ps]

Sgy = 0.43 +0.30 & 0.11
Cyy =0.11£0.29£0.11 No evidence of CPV

Compatible with SM within 1.9¢0
AL = —0.67 1037 +0.17 P




CPV 1n charmless decays

( Vo] Vil )
Vekw =

—| Ve - W] : | Veo|
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Charmless b-hadron decays

* Mediated by b — u tree and b — d(s) penguin diagrams with comparable
magnitude and large weak phases =2 expecting direct CPV

—
Br d,3 g !
5 -t - U
T =
d,s d,s d,s d,s
T P
Vab
1 —\2/2 A AN3(p — in)
VekMm = )\ 1—\2/2 AN? + 0\
AN (1 —p—in) —AN? 1
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CPVinB? -t~ decays JHEP 03 (2021) 075

* Input to a(¢,) angle measurement

* Time dependent asymmetry

Aep(t) = —Cr cos(AMt)+Sf sin(AMt) (b3 B(d,)
CP cosh(AI‘t/2)+A}AcF sinh(AT't/2) VeV Re
<000 Mass distribution Time dependent asymmetry
~ :I T l T TT I T TT l T I T T I | P I
Q - = 0.5 11—
o LHCb = : ;
> 4300 L £ o4 LHOb -
& 4000 ! Datal9fb’ E 0B 16 .
§ 3500 |:|B°—>7t+7t‘ 3 ? O.2§ 7t~ sample —
5 3000 - : :
o 0yt — = 0.1F OS tagging
: 2500 -BS_)” 7[ _; O: .................................................
£ 2000 Bk 2 5
< - 3 —01:
S 1500 Bl :Bodybkg. = _ook E
§ 1000 Comb.bkg. = -0.3¢ =
500 - | = —0.4F E
%5 52 54 56 58 6 62 0T T s 10 12 14
m(zm*7m ) [GeV/c?] Decay time [ps]
O'O’LIHCb‘ | 7‘ ] -
C.+.- =—0.311 % 0.045 + 0.15 »
S +.— =—0.706+ 0.042 + 0.13 SN
Consistent with previous measurements m—— ]
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CPV in BSO - KTK™ decays JHEP 03 (2021) 075

Mass distribution Decay time distribution Time dependent asymmetry
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m(K *K 7) [GeV/c?] Decay time [ps] (z-t,) mod (27/Am,) [ps]

Consistent with Run I results

Cx+x- = 0.164 + 0.034 + 0.14 |
Sg+r- = 0.123 + 0.034 + 0.15 " Lios

AR, = —0.83 + 0.05 £ 0.09 il ‘

T

§ 0.2
%

0.1

2
J Corg- + Sg+i- + (ARk)” = 0.93 £ 0.08 ool M Simultancous mmm LFHCh Run
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1

—0.1__1 I I ! ! B
—-0.1 0.0 0.1 0.2 0.3

SkKk

12




JHEP 03 (2021) 075

Direct CPV 1n B —» K system PRL 126 2021 091802 @

e Isospin symmetry implies Acp(B° » K*n™) = Acp(BYT -» K*tn0)
Experiment: AAGE # 0 at 5.50 so called “Kn” puzzle

e New measurements

~ [T TT | 1T l LI | 1T I LI | T 1] I~ =0 b T -
§ 14000 = LHCb i ? % 4000 ; % 4000 - K B 0 gzl(fj&,l
812000 :_ ﬁ { Data 1. be[ _: 2 =0 F L 3500 - TL+— Data ]
et E 1 =3000F = 3000} — Signal E
<=10000— ‘:‘ B°—>K *m- —_ S = E Combinatorial ]
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= - 1  C2500f* =2500F= Partial Reco
Z 8000 | SR -1~ 5! ~ s . g ]
: - o oo _ 1 B2000fF ° £2000F Eeaking Eartial Reooio
dq'—)a 6000__ BS_)K K > ] "C-é E -&c—é E - BY — ot ]
:.g - Box+r— = ;"g 1500: _:g 1500:_
g 4000~ B 3-Body bkg. £ 1000 £ 1000
O 2000( Comb.bkg. 4 © s00f © so0f

%S 5% 54 56 58 6 62 2 Omm——r Ot

- 1 'l . | 2 1 - A s | f -
). 9=7500 5000 5500 6000 4500 5000 5500 6000
m(K T ¥) [GeV/c?] m(K*r’) [MeV/c?] m(Kr’) [MeV/c?]

ACP(B+ - K*7% = +0.025 + 0.015 + 0.006 + 0.003

New value of AASE = 0.115 + 0.014, nonzero at > 8¢

Measurement of Acp(BY - K~ nt) =0.236 4+ 0.013 + 0.011

Acp(B°~K*n~) | B(BI-K ') T,
Acp(Bd-K—nt) = B(B-K*m~) Ty

A = —0.085 + 0.043, nonzero at 2o
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Direct CPVinBY - ntn—n™

PRL 124 (2020) 031081
PRD 101 (2020) 012006

* CPV observed in phase space of B — hhh decays,
better understanding with Dalitz plot analysis
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PRL 124 (2020) 031081

: “N’V%V: b
S — P wave interference PRD 101 (2020 012006 THCR

©
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* Evaluation of strong phase in Breit-Wigner with energy /s
Acp & cos Ox(m2 — S)x(m3 — §) + -

Acp 1n bins of helicity angle

Below p(770)° mass Above p(770)” mass
C/\S 1.0 | -—-'— Isobar | QM| go\ L K0 g— Isobar' QMI
; + K-Matrix + Data ; K-Matrix + Data
< ~|0.62 < mg, <078 GeV/c? S 0.5 | (078 < Mar < 0.92 GeV/c?
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e TR Ees T ]
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5 ol 3 0| el
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~1.0 -0.5 0.0 0.5 1.0 ~1.0 ~0.5 0.0 0.5 1.0
c0oS O] cos Oyl
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Direct CPVin BT - tTK~ K™ PRL 123 (2019) 231802 %]3]

* Amplitude model: large S-wave contribution, modeled by non-resonant single pole
and t¥m~ > KTK™ rescattering

Large asymmetry observed for rescattering in region 0.95 < myg+,- < 1.42 GeV

Mass and fit projections Acp = (—66 + 4 + 2)%
g T A B .D —————
< F LHCb R ] -
> = -
T sf Bt . Quasi-two-body Acp
2 F -
e o - = Contribution  Fit Fraction(%) Acp(%)
= e = K*(892)° 75+£06+£05 +123+ 87+ 45
8 F =
f‘ﬁ 20 - 4 = K;(1430)° 45+07+1.2 +104+149+ 88
ok I_i 5 - Single pole 32.3+15+4.1 -10.7+ 53+ 3.5

p(1450)°  30.7+£12+09 —109+ 44+ 24

100

f2(1270) 75+08+£0.7 +26.7£10.2+ 438

80
Rescattering 16.4+0.8+1.0 —66.4+ 3.8+ 19
$(1020) 03+£01+01 +9.8+43.6+26.6

S
o

Entries / (0.0675 GeV?/c%)
S 3
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(=]

3
2 244
m2, _[(GeV?/ct]
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Measurement of y(¢3) angle

Vel Vil
Vekm = | —| Vea| | Ves| | Vb |

[Viale™  —|Vis|e”s |Vl
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Measurement of y angle

uqud

e Yy = arg [ ] measured via interference
cb Vea

of b » c and b —» u tree-level diagrams

B(41)

b - C Uu b — u Vch:L Re

_ V.,
////‘///’:( i’ - - u‘o
o - D°(- f)

‘(‘j wW-— c
b - - B~

I3 Veb DO (_) f) SI(_
0} - 0 = o -
V.p favored, A, « rDe_i‘SD Vup suppressed, A, X rBe—iV+i5B

Decay rates: I'(B* —» fh*) « 15 + 12 + 2rgrp cos(8 + 6p +v) giving direct Acp

* D decay final state:

GLW: f = KK, im etc, CP eigenstates GGSZ: f = Kgrr ete, self-conjugate
PLB 253 (1991) 483, PLB 265 (1991) 172 multi-body  PRD 68 (2003) 054018

ADS: f = Krn, K3m etc, quasi-flavor-
specific sates PRL 78 (1997) 3257

18
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TWO-bOdy D decays THEP 04 (2021) 081

* B - DK, Dr and partially reconstructed B - D*K, D*m decays

B* - [K"K*]pK*, CP eigenstate of D

L 00 LHCb i LHCb
= 9 fh-! 2 9 b
L e .. c P

600- 600/ .
=] =) Ag = 0.136 £ 0.009
~400- ~400 . |
§ -------------------------------- § ------------------------ CP’n
= 500, = 900/ AK = —0.115+ 0.021
e e
% 0 % 0 —— == & ,
o © 5000 5200 5400

m([K*K-]pK~) [MeV/c] m([K*K-]pK") [MeV/d

B* - [K*n*],K*, doubly Cabibbo suppressed decay of D

[\]
o
o

—_
[SA}
o

AT = 4+0.717 + 0.286
|

—_
jam)
o

ATK = —0.451 + 0.026

(S
o

Candidates / (4.0 MeV/c?)

o

5000 5200 5400 5000 5200 7 5400l
m([K r~|pK~) [MeV/c?] m([K~n|pK™") [MeV/c?
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Three-body D decays JHEP 02 (2021) 169

« B* > DK%, D - K.h*h™, interference between D® and D° at each Dalitz point

2 2 _ 2 2 1(6g—Y) A — 2 2
AB (mKSh+,mKSh—) = AD (mKSh+,mKSh—) + T'Be B AD (mKsh—,mKSh+

0.84 LHCb B* - DK*?

i)

Asymmetry in Dalitz bins

)/(NZ; + N}

External inputs for D = If no CPV
interference: CLEO-c, i 5
‘/‘T 0.0 - . _|_ i o
BESII T - v = (68.7551)°,
-8-7-6-5-4-3-2[-“1”“1‘”‘.?\: l-)li“.’)i(i 78-2-112 DK:t . +0.0077
. 1 . ’ | - | - 'T'B — 0.0904_00075,
O ¢ 5 DK* _ +5.50
~ 08l Op — (118-3—5.6) ;
06 1
i Most precise value of y
041 ¢o 30 from single analysis
PRD101 (2020) 112002
PRD102 (2020) 052008
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y from BSO — DS_K+7T+T[_ decays JHEP 03 (2021) 137

* Interference between direct and oscillated BY decays

5 ¢
} Ktntn~ } B
W+ u W= 8
Vub
h —— ‘ ¢ (b= u
Bg } DS_ Bg } Ktnta—
S > S S ¢ S
0 * —
UQ(BS - f) X Viep Vs UQ(BSO — BSQ — f) o< QZIBSXI/CZVU,b
* Time dependent asymmetry
0SS : .
E 04F LHCb E ]
< o3k ~—f =D;K*m*m E LHCb
0.2E SEREEE P k
: ''''''''''''''''' : 68.3% |
2 3 95.5% -
- E 150
e 10 ket U 1O P 3 5
—( Anx®) = ngng];fgg 0.2 O.I3 7—2ﬁs Il
A= T orv ¢ modulo (277 Am) [ps] Yy — 20, =42+ 10+ 4 +5°
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LHCb y combination arXiv:2110.02350

 Combine measurements from more than 20 B — Dh() analysis

v = (65.4779)°, becomes closer to global fitter (65.7757)° fitter
% 02 oD D—mdE | rren T —
+ —> . —>Nnnit JU [u—
0| 20 B DK D'K(hh LHCb | = oL LHCb
W B*—D°h*, D"—h*h'" Q &
8 All B*—=D°h* modes «Q - g
0.15[ Beauty and Ch -
, eauty an arm 100 {\ ' _|
0.1 "'\._ % = \.:f' \ B 50— | s B*—D°n*, D°—hhr’lh3x { =
’ b > e | N *—=Dh*, D°—=Khh |
Y . /», m B+—>D0h+,D0—>h+h'_
i e ) O MR All B*—D°h" modes _
B Beauty and Charm
0.05 : : ' ' : 1 1 — | : | : . i
0 50 100 150 o 0 50 100 150 o
y ['] y [']
DK* _ +0.0027 + .
rg- = 0.0984150026 §PK" = (127.61%9
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CPV 1n beauty baryons

A new terrain for CPV and CKM matrix
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CPV 1n baryons

N\ LHCD
\

¢
I
~ | Y
?

* Expected in SM but not observed yet

* Consistent with CKM mechanism?

* Strong phase too small?

Previous measurement in A} — ph~

Candidates / ( 10 MeV/c?)

1000 |

800 |-

600 -+
400 |

200

T T 1 I 1 T
A — pK~
- WA, -
OB’ -k n
B’ - KK~

27

LHCb

Candidates / ( 10 MeV/c?)

M- [GeV/c?]

Acp(pK™) = —0.020 + 0.013 £+ 0.019
Acp(pm™) = —0.035 £ 0.017 £ 0.020

But Acp(B® - K*m™) = —0.0824 + 0.0047, Aqp(B? » K~nt) = 0.236 + 0.017

- A, —pK*
1000 F @A —

AB° - K*n

LHCb

800 [- B’ - K'K —

600 | -

400 | ]

200 .
5.2 5.4 56 5.8

2

Moy [GeV/c?]

Phys. Lett. B784 (2018) 124
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CPV in A% — DpK ™ decays arXiv:2109.02621

* A new channel sensitive to y angle

Ff)WOl'ed (b —c¢) Sgppressi:d (b - u) No relative color
—_ + —_— — — .
Ay = [K"n"]ppK Ap = K™ ]ppK suppression
@300-_""I""I""I""I" b 25 EREER EEEES SRR RS Coe
& - LHCb —e— Data 8 100} LHCb —e— Data =
B Foofb?! @ A) = DpK~ > EOdht 0 e A) — DpK~
Y 250 + Combinatorial - o I ~ Combinatorial -
> X '-'Ag-’DPK_' ] > 80 -=w Ay > D'pK~ ]
<200} 1 2
Q - B ) L Tl
g 10 1 3 40
S 100} 1 T
8 ¢ ] 8
O 50 - O 20
f. IR et o TR o T8 O o, (| —— | et TUE ":!"
400 5500 5600 5700 5800 5900 5400 5500 5600 5700 5800 5900
M(DpK~) [MeV/c?] M(DpK~) [MeV/c?]

B([K~m*]ppK~ _ _
CmIoPKT) _ 7140884 Acp([K*m~1ppK™) = 0.12 % 0.09+392

R B([K*m~]ppK~)

Interference and CP may be large
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CPV in EI; - pK K~ decays PRD 104 (2021) 052010

 Charmless b — s transition, CPV as for B —» hhh in mesons?

* Amplitude analysis with 6 resonances

Mass spectrum Mg (PK ™) Mpigh (0K ™)
o T T 71173 & W N L 1 o
% 180 i LHCb —3—Deia = E 80 [ ) 1 E
E 160 :\# ¥ Total fit _; o 70 = -. A(1405) 3 —
E 140 E_ ------- E;_ si.gnal —: 5 60F o é‘}igzgg _i 9
g 1(2)3 ;\ -- ;‘25 iglrll(n' cross-feedE % 50 })::%izé —; E
5 E o . art. rec. ] E E 40t omb bk é
g zg 3 —— ZOmb. bkl;l((fd 3 g 30 1| ' =
“0f~ 500 signals 4 o
20 = Fpait
e ':010'(')?* 6200 6400 0" 2 3 4 5
m(pK K*) [MeV] m,(PK") [GeV] My (PK ) [GeV]
Component AP (1072)
37(1385) —27 + 34 (stat) £ 73 (syst) .
A(1405) — 1424 (stat) + 32 (syst) No evidence of CPV
A(1520) -5+ 9 (stat) £ 8 (syst) L o i
A(1670) 3+ 14 (stat) =10 (syst) B (:b — PR K ) = (2.3£0.9) x 10
X (1775) —47+26 (stat) £ 14 (syst) Magnitude similar to B(B — 3h)
X (1915) 11426 (stat) & 22 (syst)
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CPV in E), A} — phhh decays

EPJC 79 (2019) 745

* Six decay modes from 0.5-10K signals (3 fb™1)

=0 — - K+

e Abundant resonant structures 5 = pK mtn A} - pK K'n
Ey > pK K~ A} - pK~KtK~

Example AO —>pK ntm”

~ F A REE AL 7 o ssop—T T + ~ 18— -
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AAC(AN) - pK—mrn7) = (+3.2+ 1.1+ 0.6) %
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Global and local A¢p around resonances studied, relative to CKM favored modes

* With experimental precision of = 1%
no evidence of Acp found.

* Baryon Acp small compared to
mesons
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CPV in A% — pr[_n'"'r[_ decays PRD 102 (2020) 051101

* Triple product C7 =B, - (Buz_ XPp+), Cr =Py - (5nf+a Stxpn-)
e Triple product asymmetry: A7 = (C3), A7 = (—C7)

CP violating: acp = (A7 — A7)/2 = (—0.7 + 0.7 + 0.2)%. No hint of CPV

Parity violation observed: ap = (47 + A7)/2 = (—4.0 £ 0.7 + 0.2)%

No CPV of triple product asymmetry in phase space either
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Summary

* New results on mixing parameters, direct CPV in b — D and charmless decays
AM, = 17.7656 + 0.0057 ps™1, ¢, = —42 + 25 mrad,y = (65.4735)°, Acp(hh(h))...
Even new ones are coming with full run 1+ run 2data
* No CPV in beauty baryons observed, but started to be sensitive at % level
* The future:

— T — 1000 [LHCB-PUB-2018-009] arXiv:1808.08865
i x  LHCb < : Ll
E +  World Average £ LHCE 3
§ <~ 100 A
I\S\ec? e
1 | @ "E/ :
‘rz‘b 101 . B - u(25)6 %
x B}— D;D] M
+ B J/YK*K" high mass *
¥ 1 v B)— Jfyrm * . T
x B /e <3mrad* assuming similar
i e Blalcs  performance
O ) [ LHCB-PUB-2018-00 9] arXiv:1808.08865 -== ¢, central value [CKMFitter Summer 2016]
g ' ' ' 0.1 ; — ;
5 23 50 30?= 5 2350 300
Integrated Luminosity [fb™"] Integrated Luminosity [fb]
And baryon CPV

29




Backup slides
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CPVin B - D*tD™ decays JHEP 03 (2020) 147

* Decay via b — ccd tree transition causing only CPV in mixing, other processes
may induce direct CPV

* Time dependent decay rate:

:P(B,f) X (1 + Acp)[l + CfCOS(AMdt) + stm(AMdt)] For b — ccd : Acp, Cf =0

v \BO or BY
forf
Time dependent CP asymmetry for B

f=D"D andf = D" D* Acp = +0.008 + 0.014 + 0.006
posg—T—— 7 [(S+57)/2=-0.86110.077 +0.019

g 04F =
% of  LHC 1/ (S5 =57)/2 = +0.019 4 0.075 £ 0.012
U2E _+—— [ (Cs+CF)/2=—0.059 +0.092 + 0.020

: = ]

Va

~ || (¢ —CF)/2=-0.03140.092 % 0.016

E Mixing induced CPV
Consistent with no direct CPV
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N LHCD
= . ‘

Yy combination

B decay D decay Ref. Dataset Status since
Ref. [24]

B* — Dh* D — hth™ 27] Run 1&2 Updated
B* — Dh* D — htr—ntn- 28] Run 1 As before
B* — Dh* D — hth~n° [29] Run 1 As before
B* — Dh* D — K2hth~ 26)  Run1&2  Updated
B* — Dh* D — KJK*n¥ 130] Run 1&2 Updated
B* — D*h* D — h*h~ 127] Run 1&2 Updated
B* —» DK** D — hth™ 31] Run 1&2(*) As before
B* — DK** D — htr—ntn~ 31] Run 1&2(*) As before
B* —» Dh*rtn= D — hTh™ 32] Run 1 As before
B° - DK*0 D — hth™ 33] Run 1&2(*) Updated
B° - DK*° D — htr rta™ 33] Run 1&2(*) New

B° - DK*0 D — Kdrtn~ 34] Run 1 As before
B® — D¥g# Dt - K—ntrt 35] Run 1 As before
B? —» DFK#* Df - hth 7t 36] Run 1 As before
B —» DFK*ntnr= D} — hth rnt 137] Run 1&2 New

— D® — hth~ [38-40] Run 1&2 New

—~ DY — hth~ [41] Run 1 New

— D° — hth~ [42-45] Run 1&2 New

— D — Ktr~ 46] Run 1 New

- D — K*n— 47] Run 1&2(*) New

= D° —» KE*rFntr—  [48] Run 1 New

— D° — Kdrtn~ [49,50] Run 1&2 New

- D° — KQrtn— 51] Run 1 New
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