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» Introduction

»~ Selected results from LHCb (a few results from ATLAS/CMS)

* Publications in 2017 PLB 777 (2018) 16-30

LHCh-PAPER-2017-030
LHCh-CONF-2017-004
> Summary JHEP 11 (2017) 170
JHEP 08 (2017) 037
LHCh-PAPER-2017-048
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CP violation

» Standard Model (SM) works beautifully up to few hundred GeV, must be an
effective theory valid up to some scale

» Sources of CP violation:

> Beyond the standard model (BSM) are needed to explain the large
matter/antimatter asymmetry observed in the universe

» Most BSM physics models predict additional heavy particles:
* Enter in internal loops (Box and Penguin diagrams)
> Lead to sizeable modification of observables such as CP violating phases

» Precise measurements of CP observables, compared with SM can probe the
presence of BSM physics
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Paths to new Physics at LHC

Direct search Indirect search (Flavour physics)

The “relativistic” way The “guantum” way

Sensitive to much higher mass scales O(10 - 100TeV)

Masses and production cross section o
CP violation measurements!

limited by collision energy

12/23/2017 CPV IN B DECAYS, HANG YIN 4




CP violation in the Standard Model

» CKM matrix: unitary, 3*3 matrix describing charged-current weak interactions (3 angles, one

phase).
S -
U/ 1-x2/2 A AN (p— i) E
C — 1—)2/2 AN? E
t\AN(1—p—in) —AN? 1 E
~ CKM phase: i
* The only source of CPV in the SM quark sector k=

» Why B decays?
* Measurements overconstrain the SM picture of CPV A h Uge Success
* Larger angles, similar size sides V,4V,,5 + VeaVeg + ViaVig = 0
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CP violation phenomenology

» CPV in decays:
> Need CP invariant (strong) phase 6 and CPV (weak) phase ¢
 Example: Bf — J/yK* AP = f) = a1 + ayel®2it2
A(P — f) = a1e®1e™i%1 4 gpei®2¢~ %2
— AJA|? o sin(8; — 82) sin(¢p1 — )

2
(A)

7| —al

@

» CPV in mixing:

P _ P _ ? P _ P 2 - Mass eigenstates vs flavour eigenstates:
®) e P U
* Example: lepton charge asym in By —» Dgu~v,X decays
|Pruy = p|P°) + q|P°)
p f 2 5 , 2 — CPVif|q/p| #1
» CPV in interference between mixing and decay:
© ¢ * Neutral meson decaying

* Sy interference between mixing and decay
f f * Cj: direct CPV AP —f) — AP —>f) _ Creos(Amt) — Sy sin(Ami)
AP —=f) + AP —f)  cosh (%) + D¢ sinh (%)

)
Bl
"ol
)

* Example: ¢
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LHCb detector

LHCb is a forward spectrometer
initially designed for b , ¢ physics

Unique acceptance: 2 <n <5

Momentum resolution:
10.4% at 5 GeV, 0.6% at 100 GeV

Excellent track and vertex
reconstruction

Good PID separation

Flexible trigger
Itrigger low momentum objects

JINST 3 (2008) SO8005
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Measuring B meson

Typical requirements: SS Pion

SS Kaon

Signal Decay
> Excellent decay time resolution (~ 45 fs @LHCb) PV gg gf:t’;r':wet o
» Modelling decay time efficiency SS Pion BDT / \
» Production and detection asymmetry . |
» Tagging of meson flavour@ production B K
Same Side B o

Opposite Side

Tagging power: 0S Kaon

OS K. NNet

» ~ 4% LHCb (J /3 modes)
> ~ 8% LHCb (open charm modes) Ffficiency and mistag:

N N.
_ tag — ___ ‘wrong
Etag - Ntag+Nuntag ! W= Nright+Nwr0n8 OS Vertex Charge 82 E/Iluotn
0S Charm eetron

Tagging power: €eff = €tagD? = €tag (1 — 2w)?)
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CKM angle ¥

sy = _arg(VudV:Lb/Vch:b)
» v is still the least known angle of the Unitarity Triangle
» Only CP-violating parameter that can be measured from tree-level decays

~ Theoretically clean: |5, < 0(1077)]

Vs _- SK—

) b > y > L_l DO
u
b— — P Vos
— 0
P)ﬁ - ﬁD u - - E K~
Favoured b Suppressed

Two main routes:
Time-independent measurements: e.g. B - DK

Time-dependent analyses with B decays: B; — D K
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Signal yields are small (BR = 1077),
interference between favoured and
suppressed decays is small




% PLB 777 (2018) 16-30

CP observables in B - D™ K* and B* - D™ gt

'3;-6000._Parti52)||v rec(?nSt ucted |~ L ﬂ tneb - Experimental challenge: °, y
s + D7 ->Dm 14 1F 1 reconstruction at LHCb = these
= 4000 —F -

B oK K- B KK particles are ignored in the analysis
D 7] D h

—_— Uses 5 fb-1 (Run 1 + Run 2)

§

LHCb LHCb
50000 B Skl B>kl 4 For the first time, part-reco approach
_ used.
...,,,,,,,,,,’"' "IIIIII//'Ij,"’"
T 5400 5600 5000 200 33003600
BE = (D*° = D7) m(Dh") [MeV/c?]
o B (DT DY ] Pt veco- mis D CPm® _
o e A" =  —=0.151 =£0.033 (stat) =£0.011 (syst) 43¢
© OO B* — DK* CP

i AFT— 40276 +£0.094 (stat) +0.047 (syst) 240



https://arxiv.org/abs/1708.06370

LHCb-PAPER-2017-030
Submitted to JHEP

CP observables in Bt —» DK**

T 300l T Uses 2- and 4-body D decay modes
¢ LHCb ﬂ —— B DK : T b K o K (+Run2 data)
= 2501 _ _ PO | Qe B — D DYK (0 200
= B - DK nHK B —)D(D\{)K NEs)) Elm
~ P B —>D(DJ:°)K (0) 8 .
5-3 S go_’gg;’”oiﬁ ::)')1) % OESR00 T Sa0 s00 3600 S0 00 005600 Constraint rp, 63 and Y from the
= === B = T © m(DK*) [MeV/c?] m(DK*) [MeV/c?] .
5 P poeken | oo — T measurement of ratio of rates and CP
8 —— — Combinatorial % 10k LHCb L LHCb °
E | B — D(A’(""JP'(}JK'L L B*— DIK*K ) K™ asymmetrles
: st e oy § 20
4900 ‘ 5000 5100 5200 5300 5400 5500 5600§ 0_
m(DK*) [MCVI'CZ] S e e m(DKS:;){[)Mer;(]OO = 5400l'n(DKSf)O([]l\flta\".’c'jzﬁ]‘:)()

T 200 Z g LHC I LHCh Results in 2-body modes consistent
; 180~ DK E B — D) K~ B*—= D(m'n ) K™ .
% e G o — ok o | S and more precise than Babar
= 140~ B > DK nmn )K e B o D (DYK  (#1) b ‘[‘ {
S 120 s B S D(DRK () | FOF :
% - - B :D:(Dno)Kj_ @n | © e SmJn(DKS:;H[)MeW;(;OO e 5400m(DK5*5)0 ([]Mew:gm RCP+ = 1.18 + 0.08 £ 0.01

- === B = D (DrHK ~(0) L
% . I EO::Dt(D:;)K*‘ 1) % 10p _LHCb . LHCb ~ ACP+ = 008 :I: 0.06 :l: 00].
= - o = B — DIK*'T) K B*— DK T K™
8 - = == Combinatorial 2 l» ]l

| = st

. LT B S R ot Dl g ) Rips = 0.011 & 0.004 = 0.001

’ — ARAn ik il D : = : 1‘);111 1 .
49005000 5100 5200 3300 5400(1)1(2)5([)1?/1 w526]00 5 53m\4m,n(off*f?mwaﬁm W ey AKT. = —0.81 +0.17 +0.04
m cev/c

4.30 evidence of suppressed ADS mode
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https://arxiv.org/abs/1709.05855

¥ LHCb combination

LHCb-CONF-2017-004

Followed the same strategy as previous LHCb

combination: JHEP 12 (2016) 087

» Use several B - DK measurements (85 observables, 37 parameters)

B decay D decay Method Ref. Status since last combi-
nation [1]

BT — DK™* D — hTh™ GIW [16] Updated to Run 1 + 2
fb~' Run 2

Bt - DK™* D — hth™ ADS [17]  As before

Bt - DK* D—hta rta  GLW/ADS [17] As before

BY — DK™* D — hth— 7" GLW/ADS  [18] As before

Bt — DK* D — K’hth~ GGSZ [19]  As before

Bt - DK+ D — K{Ktn~ GLS [20]  As before

Bt - D*K+ D — h*h~ GLW [16] New

Bt — DK** D — hth™ GLW/ADS  [21] New

Bt - DK*ntn= D — hth™ GLW/ADS  [22] As before

B’ — DK*° D— Ktn~ ADS [23]  As before

BY— DK*n— D — hth™ GLW-Dalitz [24] As before

B — DK*0 D — Kontr~ GGSZ [25]  As before

BY - DFK* DY — hth—nt TD [26] Updated to 3 fb~'

Run 1

LHCb combination: (76. aig;%)"
CKM indirect constraint: (65. 33;‘5’)0
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' T
L B B decays
| B” decays
B B* decays
I Combination

0 50

100

LHCb |
Preliminary _|

Illlllll

=
Y [°]

LHCb can reach 4° end of Run Il and better than 0. 4°
precision with phase-2 upgrade. CERN-LHCC-2017-003 (2017)
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https://cds.cern.ch/record/2244311
https://cds.cern.ch/record/2275866

p
B° —\d:

Determination of 8 %(BOJ(;CCKs

decay

> ﬁ = —arg(VchZb/thV;‘b) : ~22° (indirect determination in SM)

> Interference between mixing and decay in B® — (c¢)K is sensitive to 8

sin(2f) = sm(2¢1) S

Pep= (Pmix_chdecay ~2B

»~ The B-factories still dominate the world average A S S T55 0GB T00T
° ﬁ = (21 9 i 0. 7)0 [HFLAV] Eéﬁ%ﬁ%o%mom : , 0.89+0.52+0.04+0.07
> LHCb Run 1 results close to it EQE%EJ(E‘%&‘?E’%’S&?}K ; e P8 042021
Belle : i 0.67 £ 0.02 + 0.01

PRL 108 (2012) 171802 | n o
ALEPH : , 5*§ , 084%5E+016

PLB 492, 259 (2000)

~LHCb is expected to reach 0.6° (0.2°) N o || e omdires,

precision with Run 2 (phase-1 upgrade) PRD 61, 07205 (2000) | 1T
LHCb - : : 0.73 £0.04 +0.02
PRL 115 (2015} 031601 [
Belle5S : : : 0.57 +0.58 + 0.06
PRL 108 (2012) 171801  © "I
Average | : E 0.69 + 0.02
HFLA : : : . .
-2 -1 0 1 2 3
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http://www.slac.stanford.edu/xorg/hflav/triangle/summer2017/index.shtml#sin2b

% JHEP 11 (2017) 170

sin(2p8) from B? - (c0)K

> Additional channels from Run 1 data Ml === e r— |
B® - J/y(ee)K, B® > ¥(25) (um)K;s 25 55 vl )i
LI I R . ) BO_>J/¢ M+u_)K0

------ BY'— JWK?
....... BE — Jhp KS -
-== Comb. background 7

B ¢(2S)KP 0.2 _m Combination
B)— %(28)KQ '
== Comb. background LHCb

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

10

AR A S . [ .\ 02
5200 5300 5400 5500 5600 5200 5250 5300 5350 5400 5450 L . -

m(Ji K9) [MeV/¢?] m((28) K0 [MeV /2] OL for the imer (outer) confour is 39% (87%) |~

0.5 0.6 0.7 0.8 0.9 1

"""" e I AR aRa S'= sin2p)
gn | C (B° = [ce]KQ) = —0.017 £ 0.029 ,

S (B’ — [cc]KS) = 0.760 + 0.034,

Candidates / (4.5MeV/c?)
Candidates / (2.5MeV/c?)

Signal vield asymmetry
o
=] (™)
T I T LI LI I T
\
Signal vield asymmetry
=]
T
1

BY — ¢ (25)K{ ] About 20% improvement in precision wrt

5 0 15 ° ecay & 0 previous result [PRL 115 (2015) 031601]

Decay time [ps] Decay time [ps]

Acp(t) = Ssin(Amt) — C cos(Amt)
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https://arxiv.org/abs/1709.03944
https://arxiv.org/abs/1503.07089

CP violation in the B system

> Bs = —arg(V.sVi,/VisViy) : SM prediction ¢, = =28, = —36.57 13 mrad
* Bg — J/Y¢ is agolden channel for measure [ 010 v
+ Additional sensitivity comes from other b — ccs transitions [ % SR
* Tevatron results have been improved by > 10 by LHC °

» LHCb:
- J/¥d : PRL 114, 041801 (2015)
* J/WKK: JHEP 08 (2017) 037 —Booo
 J/ymm: PLB 736 (2014) 186 [
- P (28)¢: PLB 762 (2016) 253-262
- D&Dg: PRL113,211801 (2014)

0.05

0.05 - -

~ CMS: /i PLB 757 (2016) 97 -

4-1 n | | | 1 I 1 | |I | i 1 | | | | 1 1 | |
-0.10 -0.05 0.00 0.05 0.10

> ATLAS: ] /y¢ : JHEP 08 (2016) 147 ' P
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¢ measurements from LHC

ATLAS, JHEP 1608 (2016) 147

CMS PLB 757 (2016) 97

LHCb PRL 114, 041801 (2015)

2 107( e N ;55}3\::‘1 7000, | 187t Tey)
‘ - ——— —_
s 7 e T L cMs e Data L 15000 m
& g — A=y pK L Total fit ] — L 4
8 = LHCb
5 [ 6000~ ~eeoeo-- Signal fit - > L i
— L e Background fit Q
s 2] E - _
" [=3
S 25000 — B T
' @ ol 10000 -
i — F —
| 4000 — =~ L -
! C § - .
——s - ] I ]
P oty 3000 . ,.9 5000 _]
PR g = i ]
g o 2000 = i )
3 C @]
515 5.2 525 5.3 5.35 5.4 5.45 55 555 56 565 1000 — 0 A
e : 5300 5350 5400
= T L e e e e 0Ll L PR 2
® 0.18-ATLAS — 68% C.L. . 525 53 535 54 5.45 m(J/y K'K) [MeV/cT]
&5 e i s G . .
— - o | — LU LU LA I I L B K
é 0.1 6: 15=8TeV. 143" ) e cratistical only 1 - ”'25 T T E g
I AI'; constrained to > 0 8 o1sf CMS _* o éf ral value S
0.14F ] g E e 90% CL ] ]
- < 016 e 9% CL 3 =
012f — 0140 Standard Model - g
0. 1} { 0420 1 5
: ] 01E 3 “
0.08 7 0.08F 3
0.06[ . 006/ E
[ ] 0.04— —
0.04 =
[ ! IR B 0.02)- 3
-06 04 02 O 02 04 bbb bbb
¢ [rad] 05-04-03-02-01 0 01 02 03 04 05
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=—0.090+£0.078 + 0.041

b

¢, [rad]
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—0.075+0.097 £ 0.031

¢ =—-0.0581+0.049 £ 0.006



https://link.springer.com/content/pdf/10.1007/JHEP08(2016)147.pdf
http://linkinghub.elsevier.com/retrieve/pii/S037026931630017X
http://dx.doi.org/10.1103/PhysRevLett.114.041801

% JHEP 08 (2017) 037
First time that ¢ is measured in the

final states dominated by a tensor

Measurement of @< in B? — J/YK+ K~ above ¢(1020)

» Flavour-tagged, time-dependent amplitude analysis with my+,- above the gb(1020)

threshold with full LHCb Run | data sample S 2000 ———
L 1800 LHCb -
= 1600 e data —
3 1400 Fit =
3 1200 T S
5 1000 525 3
= 800 0(1680) 3
600 — £,(1270)
400 — £,(1750) 3
Selection using MVA analysis, background subtraction via sWeight in 200 ) 2
_ . . . . .. 0 —— : 35
m(J /YK K~) and multi-dimensional fit to decay time, my+ - and the helicity angles. ;- T AN P TP RS
0 0 RGNS B e g
Efficiencies and decay time control channel: B — J /YK (— K ™) M. [GeV]
¢, = 119 £ 107 &+ 34 mrad,
Dominant systematic uncertainty: resonance modelling and background subtraction IA| = 0.994 + 0.018 + 0.006,
I'; = 0.650 £ 0.006 £ 0.004 ps™*,
New LHCb average (including J /¢ and J /yYrm): ¢s =1 + 37 mrad AT, = 0.066 = 0.018 % 0.010 ps—".
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https://arxiv.org/abs/1704.08217

State of art of ¢,

014 DO 8 fb_l ‘ Summer 2017 \
68% CL contours
015 (Alog £ =1.15)
CMS 19.7 fb!
0.10 Combined CDF 9.6 fb—!
0.08
LHCb 3 fb !
0.06

04 02 00 02 '0.'_4'
¢ [rad]
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Precision improved by > 10 since Tevatron
results

New Physics is not large, the uncertainty needs
to be further reduced

HFLAV: ¢p, = —21 + 31 mrad (preliminary)

v Atlas expects a significant increase in sensitivity
with a new innermost pixel detector

v LHCb sensitivity with phase-2 upgrade expected
to be < 3 mrad [CERN-LHCC-2017-0023 (2017)]

v" Important to control size of the penguin
diagram contribution

18



https://cds.cern.ch/record/2244311

LHCb-PAPER-2017-048

b-dds .

First measurement of ¢ using
B, - (K*m™) (K" 1) decays i

» Gluonic penguin decay: new physics could enter both mixing and decay

“T’*”

\I{*U

» Very complicated time-dependent angular analysis: many resonants (750-1600 MeV)

Decay Mode J1 g2 Allowed values Number of o 600 ' ' - 600 3
. (o] (o} ]
of h amplitudes = soof = 500 3
BY — (Kt )s(K—nt)8 scalar-scalar 0 0 0 1 §400§ g s00F _E
BY — (K*77);K*(892)° scalar-vector 0 1 0 1 :é 3005 g 300_ E
BY — K*(892)"(K—=*)4 vector-scalar 1 0 0 1 g 2005 5 0k 3
< 200F < 200F =
B! = (K7 ) K5(1430)"  scalar-tensor 0 2 0 1 2 2 ]
20100 F 2 100F -
BY — K3(1430)°(K==F);  tensor-scalar 2 0 0 1 = = =
B’ — K*(892)°K*(892)°  vector-vector 1 1 0. . L 3 < i con(0.]
BY — K*(892)°K3%(1430)"  vector-tensor 1 2 0], L 3 :
BY — K3(1430)°K*(892)"  temsor-vector 2 1 0. L 3 3 s00f 2 LHCh ]
B! — h;(l-l'%()} I (1-1‘30) tensor-tensor 2 2 0, ||, Ly, |la. La 5 g 400F = _E
— T T ] - = E
« 1200 [ Pt s T S 3 300F =2 .
3 1000 LHCb Lo = f E .
) I B - KKK ] Z 200F S —
= Bl 5 &) 5 . 2
800 - =
o0 LB = K mEE) 2 100f 5 —
= 600 B A K ) 5 F = 3
3 Il Partially reconstructed J g 0 1072 [ 1 1
= ombinatorial - 4 6 0 5 10
3 0 R o [rad] s
-E 200 —3— Data —: da
LA N dd — _0.10 + 0.13 + 0.14 rad
000 5200 5400 5600 5800

m(K*m K~ m) [MeV/c?
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¥ e
CP violation in B mixing

» DO reported an anomalous like-sign dimuon asymmetry with ~3 ¢ from
SM [Phys. Rev. D 89, 012002 (2014)]

) e CPV in mixing is very small in the SM
» Consider a flavour-specific final state f:

D | I s AL B B BN B
_ [ Standard Model |
B, — 1 or By — B% —f =t | f— :
0 _ 0 0 _ N o N \‘-—
B(S] — f or B(S] — B(S) — f - >§ \ : i
B F(E?s)(t)—ﬂ]—F(B?s) (=T Ap -1 42 ’ -
sl = M(BYs) (N—N+T (80, (=) AM tan & , z % >
F . ; -
-3 LHCb DOuvy
> LHCb measured results are consistent with SM prediction [Phys. Rev. [ 2 o 1 I
Lett. 117, 061803 (2016), Phys. Rev. Lett. 114, 041601 (2015)] - = BaBar fl .
. . . _4' PR U RN RS 1
» ATLAS measured same- and opposite-sign charge asymmetries based -3 -2 -1 0 1
on the u charge from a top and the charge of the soft u from b-hadron in ag [%]

tt events [JHEP 02 (2017) 071]
* Four CP asymmetries (one mixing and three direct) consistent with SM
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https://arxiv.org/abs/1310.0447

Summary

» Results found so far are compatible with SM prediction
* New Precision measurements in b mesons

> Many of them are within the physics program of LHCb and its upgrade, ATLAS
and CMS also start to contribute to these physics

» With the statistics achieved by LHC during the Run-1 and Run-2, more results
are coming

» Stay tuned for many interesting new results!
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Backup
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¢, combination (2017 summer)

LHCb:
* J/Vé [PRL114, 041801 (2015)]
® J/WKTK ™ [arXiv:1704.08217 (2017)]
® J/Ppmt T [Phys. Lett. B736, (2014) 186]
®* Y (2S)d [Phys. Lett. B762 (2016) 253-262]
®* D;FD; [PRL113, 211801 (2014)]

CMS:
® J/Wd [Phys. Lett. B 757 (2016) 97]

ATLAS:
® J/¥ ¢ [JHEP 08 (2016) 147]
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JHEP 07 (2017) 021

7e(1S)

Observation of the B? — n.¢

» n.¢ final state is CP-even: no need angular analysis

A(1020), fo(980)

IOZE—Q—DaIa

E—— Total PDF
- B - (> ppe
E-B?—»J/w(—»pﬁw

,_.
o

» Using Run-I data, which is not enough to perform ¢p; measurement

» Branching ratio measurement is presented

Candidates / (7.0 MeV/c?)

S KYK-1mtm— 7tm—mtm— KtK-K+ K- _ ,
PN, —opp, K"K n"n” ,n"nn"n , KTK K"K 29 3 m(pﬁi[lGeV/cz]
> ¢ > KK

B(B? - n.¢) = (5.01+0.53+0.27+0.63) x 107*,
B(BY - nentr™) = (1.76£0.59+£0.124+0.29) x 10™*, 4.60

—— Total PDF

— - Combinatorial pj¢
- == Combinatorial pFK *K~

Candidates / (6.0 MeV/c?)

In the future with significant improvement of the hadronic trigger
efficiencies, could become of interest to add sensitivity to ¢

5200 5300 5400 5500
m(ppK*K") [MeV/c?]
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https://arxiv.org/abs/1702.08048

Phys. Rev. Lett. 119, 181807 (2017)

Baryon-number violation

> BNV never been seen experimentally = strong constraints from photon lifetime

» BSM models with flavour-diagonal six fermion vertices allow BNV without violating
constraints [PRD 85, 036005 (2012), PLB 721 82 (2013)]

»Unambiguous experimental evidence:
- baryon-antibaryon oscillations of hadrons that contain quarks of all three generations (usb)

=

<
!
(%)
O

._.
[\

(=}
1

! 100 fup

4 5
om [MeV/c?]
+0S

(b) T 1
=0 q A
s 5 p

. {. 142

.
?./Kfﬁ v}
3
|
Entries / 0.5 MeV/c?
o0
o
En
NO wn

No evidence of BNV oscillations

; c () G Sttt Nt T (. [ONY PN
559 0 10 20 30 40
; at om [MeV/c?]
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https://arxiv.org/abs/1708.05808

% Nature Physics 13, 391-396 (2017)

CP violation in A, » pt~t ™ decays

» Direct CPV had never been observed in baryon decays

» Large CPV effects are expected in charmless A, decays (A¢cp~20%)
* Y.K. Hsiao and C.Q. Geng [PRD 91, 116007 (2015)]

- LHCb Scheme B -

> Both tree and penguin diagrams contribute with similar amplitudeg 20 2
. |:|_E

» acp # 0 at 3.30 was seen §_28f : - S - -t E
i( )}7T (K-) ;(s) }W_ (K-) “é o ap T-0dd lendf—ZO 7/10 E

) } ) 1 fr e Z 20 ; :

u u fu u 0 -i ----- [ 2. i ------------ i ----------- ;{ ----- i ------- -
Ay S d >~ d ] > d P 0l é 5_:
CTTVRL " : . e al:00 32/ndf=30.5/10 ;
! } Wen Ca il i A0S0

R \b i d 1 2 3

|P| [rad]
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https://arxiv.org/abs/1609.05216
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.116007

