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Outline

Interest on CP violation

CPV In quark sector

b hadron CP measurements in LHCDb
Summary

Note: most results shown are based on full Run 1 data. Few of them
include 2015+2016 Run 2 data



Why do we need CP violation?

e Excess of matter over antimatter in the
universe, (n(#8) — n(%))/n(y) ~ 10-10

* For this to happen, Sakharov converged to
three conditions JETP Lett. 91B, 24 (1967)

- (a) Need for baryon number violating interactions

— (b) Need for CP violation to insure that a process in (a)
does not have a CP conjugate with the same probability

- (¢) Universe out of thermal equilibrium: thermal
equilibrium would turn any baryon asymmetry back into
even numbers of baryons and antibaryons.

Note: CPV in Standard Model is far off the requirement



CPV In the quark sector

Weak eigenstates different from mass eigenstates:
Cabibbo Kobayashi Maskawa matrix

Vud Vus Vub

- u ~0 2
Venr=|V ViV ﬁ M - g 334 0.008
th Vl;s th

Clear hierarchy in the couplings: the further from diagonal, the
weaker the element

QFT shows that from N = 3 generations, 1 CP violating phase is possible
Unitarity of CKM matrix imposes in particular Z V.V =0
ik ¥ jk

k
B,>n'n

Most convenient relation: V V*
V.V.+V_ V. +V.,V.=0 ud
ud " ub cd ¥ cb td ¥ tb™

Sides usually measured in
semileptonic decays and oscillation
frequency, angles in CP asymmetries V Vcb

th th “Bd triangle”
B=D

B >J/Y K,
“Bs triangle”

VuSVub + VcS Vcb+ Vts th — O Vusv* Nry Squeezed)
B'>J/yh I
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CP violation, decay vs oscillations

Amplltudes _ __
B—f A=(f|H,|B) B—f f=<f|HﬁIB>

B—f Af=<f|Heﬁ|B> B—f A =(f|H,|B)

1) CP violation in the decay A(B — f) 9é A(B — 1)
Charged B or flavor-specific final state + at least two
contributions to the amplitude A with different weak and
strong phases

2) CP violation in the mixing A(B° — B? # A(B° — BY) : different
measurement techniques In LHCb, use of flavor-specific state and
compare «wrong-sign » decays occuring because of the mixing.
A(B° — B°— f)#A(B° — B°— f). Typically: f=X € v

3) Combination of decay and mixing : needs CP final state accessible
by both B°and B°. Induced by interference of B -+ B’ — f_, and B* —

f..- Needs the tagging of the flavor of B at the production ! l
Measurement of CKM angles such as §, 8,



CP violation formulas

A=A, e '¢1+A 3, pi 0. d. strong phase
¢, : weak phase

_lAp-|Af

T |Af+IAS
Non zero decay CP asymmetry requires > 1 contribution
I'(B,»B.»f)-T(B,»B ) AT
T'(B)+ B> f)+T(B,+B>f) “Am,

2 A, A,sin(8,—8,)sin (¢,—¢,)

Mixin q_
Y Asl_

q Mixing phase
tan (1, 9p
asymmetry

~0inSM

Mixing + decay CP asymmetry

T'(B'(t)*f,)-T(B'(t)*f) stin(AMBt)—Cfcos(AMBt)
Acp(t)z 0 = = AT .
[(B'(t)3f)+T(B"(t)*f) cosh(AT5t/2)+A; sinh(AT,t/2)
For hadrons with A (t)=S, sin(AM_,t)—C,cos(AM,t)

small ATIT: f . f ’ °
Weak phase = ¢, - 2¢,,.,,




B. angle results from b—ccs tree decays

Mixing + decay

Y=—28, ——ZGrg(

Phys. Rev.D91(2015) 073007

Final state

JI¥ niwe (incl f)

DD

S S

JI¥ KK (incl ¢)
P(2S)¢

JI¥ KK above ¢

Result (rad)

+0.070+£0.068+0.008
+0.02+0.17+0.02
-0.058+0.049+0.006

+0.23 02 +0.02

+0.119 +0.107+£0.034

V) ~0.036+0.001 rad ¢m_ /

- -(I)D
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publication

PLB B736 186 (2014)
PRL113 211801 (2014)
PRL114 041802 (2015)

PLB B762, 252-262 (2016)

JHEPO08 (2017) 037



B, angle result from Bs — J/W KK above ¢

Mlixing J + tlecay
Time-dependent, angular, amplitude analysis of the KK spectrum

Y5 JHEPOS8 (2017) 037

Control channel B> J /W K*O( Kﬁ.‘;li')

Spectrum m_ >1 05 GeVIc2 Is domlnated by the f,(1525) tensor
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For m_ >1.05 GeVic?

Parameter Value

e [ps™!] 0.650 = 0.006 = 0.004
AT [ps™t] 0.066 £ 0.018 £ 0.010
¢g [mrad ] 119 £ 107+ 34

Al 0.994 + 0.018 = 0.006




B angle results from b—ccs tree decays

Mixing J + decay —V V
o5 =2p=2arg(—==2) B, & >,
thth \ /
Sin(Zﬁ)SM=0.771ig:gﬂ Phys. Rev.D91(2015) 073007 Py = &, > - ¢,
Known golden mode : B'=J/w Kg B,

LHCb Runl  gjn(2g) = 0.731+0.035(stat)+0.020(syst)  PRL 115, 031601 (2015)
measurement

Recent publication LHCb-PAPER-2017-029 with B"— J/W(ee) Ky B > W (2S)(upn)K.
— about to be submitted

0.4 I | |
OIS B e
|:| Bﬂ: Li it ) KO . .
= c,(,mhmiﬂu*’ > 1 Overall LHCbh average for sin(2f):
- LHCb
o [ e 1[S(BY = [ K))y = 0.760 £+ 0.034
-0.2 B
0.5 Dlﬁ DlT | 0?8 Dlg 1 9




B angle results from B°— DD

PRL 117 261801(2016)

Recent LHCb measurementon ¢, + A¢ with
A ==-0.16 **¥°_ _ : small contribution from higher order diagrams
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Mixing + decay

B

O(S)%hh

LHCb-CONF-2016-018

- Decays involving tree and loop diagrams: strong phases involved.

- U-spin symmetry: possibility to extract 2f_or y. Effects of U-spin
symmetry breaking = limitation of the accuracy on the CKM angles

- Experimentally: simultaneous fit to 4 channels: B’ —n*n, B’ =K',
B° -K*K", B’ —=K*mx". Thorough modeling of misID and suppressed

modes
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Mixing + decay

Fit performed with I'", AT and Am fixed

CJII
SJ‘IZ
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K
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y from B —» DK(-like), the idea

Interference between tree decays leading to the same final state

Decay _
U b U

> < >
/ K~ \\\ D’ = [flp
> § C

B~ D" flp

T I
D° and D° must decay to the same final state
Theoretically (very clean), dy/y ~ 10”7 (JHEP 1401 (2014) 051)

In general: r, and 6D used

' ampl_itude ratios KD" A as external inputs
d.: relative strong phases & D
B- 5 |(fD
. 10,
ABrBe'(aB_Y) KD" Aprpe
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y from B - DK(-like), different techniques

Decay
* f,=CP eigenstates, D? - K*K-, n*n-, KSm?
- Gronau, London, Wyler (GLW) 1991
« f, =flavour states: D° - K+, K-i*
- Atwood, Dunietz, Soni (ADS) 1997
« Extension to multiple body K*x-/+x*n-
 Multibody KsK:n/+ , GLS
« f, = multibody final states, Dalitz (variation of , over phase space)
- Ksh+*h- Giri, Grossman, Soffer, Zupan 2003; Poluektov 2004 (GGSZ-P)

« Some most recent channels involve neutrals, B° and Bs, and D*+ or
K*/Kn(x) in the final state

Observables: charge asymmetries and BF ratios of suppressed/favoured D
decays (applies for self-tagging decays)
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y combination in LHCDb : huge improvement in techniques
Decay and precision
« Many channels under study in LHCb
- Using either CP, flavour, or multibody final states of D
New comb LHCh-CONF-2017-004 since last one JHEP 12 (2016) 087, arXiv:1611.03076

_ ~ Q +5.1yo
B decay D decay Method Ref. Status since last "ﬂ} — ( | 68 _5 T)
combination [1] -
F+ = DL T D—"hh GLW [16] Updatedto Run 1l _y I ‘ | | N
2fb~" Run 2 Ll) - M B! decays LHCb ’
B* - DK* D — hth- ADS [17]  As before ™ 0.8 [ B decays e
. - [ B' decays .
+ —+ tro ot N ‘ 7 S - ]
BT — DK D — hr—ntn~ GLW/ADS  [17] As before 0.6 I Combination B
BT — DK™ D — hth~7° GLW/ADS  [18] As before i i
BT — DK™ D — K2hth~ GGSZ [19] As before 0468300 - /BN i
BT — DK™ D — KK*n=  GLS [20] As before 0> i
+ * [+ +h— N lew T
\_B — D*K D — h™h GLW [16] New ey
+ it +h- V/ADS lew | .
B™ — DK D — h'h GLW/ADS __ [21] New 0, 20 100 150
BT —= DK nmn~ D — h™h™ GLW/ADS  [22] As before v []
B — DK™ D — K+~ ADS 23]  As before dominates the world
B'— DK*r~ D — hth™ GLW-Dalitz  [24] As before average.
B° — DK*° D — K'ttn~  GGSZ [25]  As before (76_2 +4.7 . 0)°
BY — DFK= Df— hthrt  TD 126] '

Updated to 3BT hE) AV, summer 2017




Candidates / (10.0 MeV/c?)

Recent study: y from B* - DK™ (K. ")

Deczay

10

LHCb-PAPER-2017-030

Use 2 and 4 body D° modes, with Runl + 2015 + 2016 data
Rates and CP asymmetries allow extraction of r_ (DK*) 6_,(DK*) and y

D decay mode Yield

B*S DK n )K= 2031 £ 49
LHCb LHCH B*— D(KTK " )K*™= 255 + 18
BFoDETK B DK T)K B*— D(rta ) K** 78 + 11

i B* — D(KTrns)K*= 20 + 7
] l [ ] Hl Wt H l er B*— D(K*r A 7 )K** | 1144+ 37
Spda i mis s, B*— D(ntn nta )K*= 115+ 13

5300 0 » :2(]00 5400 ) 5};) [I\{N:‘Z?OO B D(K+r* l T K 13+ 7

4.20 evidence for

Charge asymmetry visible by eye

Rt _T(B">»D(K'xn
Kn F( i_)D(Ki ¥
RE’?*:

R’?r:

?B+(?

K
D

suppressed D° - Kx

2
™)+ 2krprET cos(0p + 0BT

+

v)

0.020 £ 0.006 (stat)
0.002 = 0.004 (stat)

+ 0.001 (syst)
+ 0.001 (syst)

)K*i> - 1+ ?B (?%W)Z 1 QMH{@B — {’ig?r + ~)

K: dilution factor due to

Ksm nonres component
in K* spectrum
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CP violation in baryon decays A, —pnhh

Decay

CPV seen in B and K decays, never in baryons
Search for direct CPV in A, —»pxhh decays arXiv:1609.05216

d(s) }GT (K7) d (s }"‘ (K™)
- —
m |: ) }

Nature Phys:cs 13 391 (2017)

7t (K+)
Relative weak phase:
o

_ Look at triple scalar products
Cp =Dy ”}h— X phﬂ CT = Py [,phl— X ﬁhg—)

C.#— C- ~  establishes CP violation seee.g., Phys. Rev. D 84, 096013 (2011)

| N(Cz>0)—N(Cs <0 — = . N(C;>0)-N(-CTz<0
N(Cs; > 0)+ N(Cs < 0) - N(-C7>0)+N(—Cz < 0)
1 —
f‘)]l;zgz\:‘?:gl’ecpv: “g P?dd = (_1 A~ Phys. Rev.D 92, 076013 (2015) 17

arXiv:1508.03054



A, —prhh signals and CP

Decay )
Nature Physics 13 391 (2017)

First observation of both A —prKK
and A, —prmn

arXiv:1609.05216
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A_ asymmetries

Mixing Cancels for B,
time analysis for B
4 - B
0 - 4+ 50 + -
N (B, D[’ v,1)- N (B, D[, v,t)zAD+A_;’,_ PP cos(A M, t)
3D .u' "3DF W 2 27 ATt
N(B,? Djyu'v,t)+N(B, 3D u'v,t cosh (222

Detection asymmetry
(inferred from control samples)

A5~107°,107"  insm

Bg production asymmetry (~ 1%)

00.01- -1
—

™~ LHCb |
| >B?S) — D uX
2\ L _.Theory x 10

;.HCb measures: " el lton
Ay=(—0.02+0.19(stat) £0.30 (syst))% | :
PRL 114, 041601 (2015) AT
A%=(0.39+0.26( stat) +0.20( syst) ) %
PRL 117, 061803 (2016)

<]:u3
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Summary

e Remarkable advances in CP studies with the b
hadrons

» But still need for precision measurements with
Run 2 (ongoing) and Run 3,4,... data

* E.g9., will the CKM picture stay consistent
between tree and loop diagrams?

Constrained UT from tree quantities
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Constrained UT from loop quantities
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Mixing formalism and assymetries

A BOt)) | (M Mo\ ot (T T 1BO(t))
J(lf. ‘go(f» o *\[1*2 Mo ) FTE ['99 ‘Eo(f»
P12 = arg(—Mi2/I'12)

Mass and width differences between eigenstates:

AM =~ 2|M;o AT =~ 2|T'12| cos ¢12

B ,=p|B’+q|B" ), = 9y

_ - p Ay
ACP(t)zr(Bﬂ(t)')fCP)_r(Bo(t)"fcp)_ S,sin(A M,t)-C,cos(A M,1)

[(B'(1)3f )+ (B'(t)3f,) cosh(AT ;t/2)+A} sinh(AT t/2)

’ I — |)\f|2 . 2[111/\f AT QI{{?/\JC
C-fE_ - 5 ,f)fE_ 2 flf = —- ‘._)
L+ |Ar|? L+ Ay L+ |Ar?
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Semileptonic A asymmetries

u-

K 0
u(K)} D> (9)

7t
Topology of separated B and D vertices, restricting Kn(K)rpn mass

window
Fitting simultaneously mass and time distributions of Kn(K)rx candidates

. x10 ' x<10°
= LHCbh + ?ata ] = 200 LHCb ¢ Data E
@ N + —Total ; © w_ 4+ — Total =
£ 1000 Dy Signal = = 5o D 1" Signal =
3 - B” bkg. 3 L;j ----- B” bkg. 3
500 Comb. bkg. _: 100 Comb. bkg. 3
7] 50 —;
&2 e =
E o g =
% > E
< I < E
2 ) = - L =

1 . . 10 1 .. 10
Reconstructed time is corrected for non-visible mass:  [ps]
nom
L . B However, precise knowledge of K factor
= K ( M . ) has limited impacton A_
VIS S
p . 23
VIS

P,../P, ., from simulation
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