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Why CP violation?

CP violation is necessary condition for

baryon asymmetry of the Universe
[A. D. Sakharov, JETP Lett. 5, 24-27 (1967)].

CPV is present in the Standard Model but
too small by 10'° to explain asymmetry.

Heavy-quark hadrons provide excellent
place to search for new sources of CPV

and probing high energy scales. —

Historical precedent, e.g., B® meson
mixing led to first indications about

top quark mass (pLs 192 (1987) 245)
[PLB 186 (1987) 247]

2017 is 40th anniversary of the b-quark discovery
[FNAL-E-0288, PRL 39 (1977) 252]




The CKM mechanism
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The CKM mechanism
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Huge programme of experimental, theoretical and Lattice QCD calculations
e.g., [Fermilab-MILC, PRD 93 (2016) 113016]

SM working well, but still room for 10-20% NP contributions =& More precision needed!



Three types of CP violation

CP violation in mixing PO RN FO|2 # |FO RN PO|2

CPV in interf —0 — —0

of mixing + decay  |P° — P — fI? £ |P — P° = f)?
CP violation in decay P — f|2 7é |F — 7|2

Charged mesons + baryons only sensitive to CPV in decay
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Beauty

Results shown are Run | only or

combination of Run | + 2



Flavour physics at the LHC

nd
nPVs ~ 2 3
) L
nTracks ~ 200 I L
;

pl(B) ~ 5 GeV
pT(daughter) ~ | GeV

Ows(7 TeV) = 72.0 £ 0.
Owb(13 TeV) = 1543 % |.

[PRL 118 (2017) 052002]
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Neutral meson oscillations

¥ 0.8 1.0
b ‘/;fb t Vts S — Prob[Bs0](t) —— Prob[BO](t)
0.7 —— Prob[BsObar](t) —— Prob[BO0bar](t)
0.8
0.6 n
0.5 | B 0 06 B 0
S

Prob

0.4

z; I/ .“““0 :

0.0 0.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
decay time [ps] decay time [ps]

Fe—l"t
2

BY ) = p|B°) + q|BY)

Prob(B° - B') = [cosh(AT'/2t) — cos(Amt)]|q/p|?

+ similar equations for other mixing probabilities

New physics particles could enter the loop.

Am = (mH — mL) Mixing frequency
=T +0Tg)/2 Average width

Same description for charm system, but
mixing frequency much smaller due to no

top quarks in the loop Al'=17 — 'y Width difference




Measuring B meson oscillations (+ CPV)

Bso — D117 [NJP 15 (2013) 053021]

Typical analysis requirements:

/‘g_ Tagged mixed
Excellent decay-time resolution (~45 fs) — T .
= S Ef Y o Tagged unmixed
Modelling decay-time efficiency E 400 A A — Fit mixed
* Production + detection asymmetries = "' Fit unmixed
‘U -
» Tagging of meson flavour @ production §= 500
>
SS Pion ~ LHCb
gg ;22(0); NNet Signal Decay .
SS Proton Amgs = 17.768 =
SS Pion BDT 0 - r
0 1 2
B’ :
decay time [ps]
Same Side
“““ OppositeSide Typical tagging power

~ 4% LHCb (J/Y modes)

~ 8% LHCDb (open-charm modes)

/\(M

b— X1~
- ~1.5% ATLAS/CMS
0S Muon ]
(EP|C 72:2022 (2012)] 8§ \éigf;%arge 0S Electron ~ 30% B-factories



CPV in neutral B meson mixing

Asl —

d
Agy, =

[Artuso et al. arXiv:1511.09466]| - tiny in SM

(—4.1 -

- 0.6) x 104

A, = (4+2.224+0.27) x 107°

B - B f)—-T(B° B —f) AT
B — B f)+T(B° =B — f)

ta:n ¢M b Pie

Am E{

Semileptonic decays are tree-dominated
so there should be no CPV in decay



CPV in neutral B meson mixing

—0 H
P(B — BY — f) - T'(BY B —>f) AT /H—/u

Ag = —— tan ¢y I

I'(B —>BO—>f)—|—I‘(BO—>B — f) - Am do‘)' 599’ 5)" }D(*
[Artuso et al. arXiv:1511.09466]| - tiny in SM : : :
p p Semileptonic decays are tree-dominated

Agy = (—4.1£0.6) x 10 so there should be no CPV in deca

A, = (+2.22 £0.27) x 10~° 4
SRS '—e—'Mag'gnet 'up =
— - LHCb 2011 e Magnet d .
y (0 N(D u*v,t) — N(DTu~v,t) ERR A“g“e e
- — — — a -] —=— Average -
N(D—utv,t)+ N(Dtuv,t) © oSk k
A [ A [ 4 i % S
~ Ap + — A — | cos(Amt) OF 7RI I S
2 2 i * -
0.5 [ (} -
Integral of this term ~ 0 for B mesons so 1 - dletecl:tioln aslymlmetl'y -

[PRL 114,041601 (2015)] can make decay-time-integrated measurement 0 50 100

[PRL 117,061803 (2016)] - p () [GeV/c]



neutral B meson mixing

As(BY) = (-0.21 * 0.17)%
AsL(Bs) = (-0.06 + 0.28)%

6‘\
M 0.01-
\
7 LHCb _
< B?s) — DES))MX
/' __Theory x 10
0 AT =
| ERRREEIO World average
-0.01-
D@ (*)
muons D(S) uX
-O 02 average
B factory
| Summer 201 dverdge
| |
-0.02 -0.01 0 0.01 0.02
Ag(B")

[Borissov, Hoeneisen PRD 87 (2013) 074020]

DO dimuon asymmetry is ~30 from SM

Acp = C4A%, + Cs A%,

|3

[DO, PRD 89 (2014) 012002]



neutral B meson mixing

[Borissov, Hoeneisen PRD 87 (2013) 074020]

6'20 01— . . [DO, PRD 89 (2014) 012002]
Shd DO dimuon asymmetry is ~30 from SM
%
< A A4 AS
aN |/ _Theory x 10 CP — Cd SL T Cs S
O I i i
- World average
3 OO maen s b S
- O m ¢ ata : I~
T 055 ooy —Fit °
= I +io band - ™
-0.01- 0.5¢ det=203fb'1 +20 band— &
= . - ~
: - 0.45 - S
i DO : ‘; . - i :
muons — D juX 04— =
3 4
0.02 menise 0-95¢ 2
F:IE!I! 0.3 o
B factory - _
B —0.1+1.1+0. 1 i
| Summer 201 average 0.25:— ATLAS Iy 0 0.9) x O*—:
! ' ' | | T B N T B B
002 001 0 001 002 20 1 T2 3 4 5 6
Ag(B7) Lovop [MM]
ASL(BO) — (_02 | + 0| 7)% Most precise measurement of Al 4 from comparing

ASL(Bs) — (_006 i 028)% decay time distributions of B® — J/WK* + BY = J/PKs

14 [also LHCb with fraction of Run | data sample, |HEP 04 (2014) 1 14]



CP violation in mixing + decay

Acp(t) = IWEO—’f — oy _ Sy sin(Amt) — Cy cos(Am t) lgnore denominator for
ST I‘§0—>f +Iposy  cosh(AT't/2) + Aarsinh(AI't/2)¢——— po decays since Al ~ 0
Z 1 Dominated by b — ccs tree diagram Penguin should be small
0

Colour singlet 7

exchange A
(s) f b b /

llnll ) l|/\|| )
[ [
0 || 0 |
) V ] Bd | Ba o
L cdV qp | |

B =arg . y : y :

‘/;fd th _ d d

K{

[Faller et al., PRDNGO (2009) 014030’
[Jung, PRD 86 (2012) 053008

[De Bruyn, Fleischer, JHEP 03 (2015) 145]
5 [Frings et al., PRL 115 (2015) 061802

SiHZBSM = 4+0.711 £ 0.020 [ckmritcer




CP violation in mixing + decay

SJ/ng%

sin 23 P§0_>f —I'poyy ~ S¢sin(Amt) — Cg cos(Amt) lsnore denominator for

Acp(t) = — .
CP( ) PEO—)f + PBO_)f COSh(AP t/2) + AA]_" Slnh(AP t/2)<_ BO decays since Ar ~0

0.4

S sm(ZB)—sm(Z%)M

>
— BaBar - 0.69 +0.03 £ 0.01
+ 0.3 — j/\.l)(l.l |.I) Ks LLHCD PRD 79 (2009) 072009 § g
BaBar X"z P . . 0.69+0.52+0.04 +0.07
= 0.2 - PRD 80 305} 112001 5 —
E BaBar J/y (hadronic) s & o 1,56+0.4210.21
= 0.1 PRD 69 (2004) 052001 , ;
o0 ' Belle ' ; ; 0.67 +0.02 + 0.01
s, 0 PRL 108 ( 2012) 171802 s
ALEPH - : g 0.84 *15; +0.16
i PLB 492,269 (2000) ' T ' .
A O i ]_ OPAL - : oL 3.20 *300 + 0.50, |
= EPJ C5, 379 (1998) ; ¢
—0.2 \ CDF ' P 0.79 04
T@ | l PRD 61, 072005 (2000) | ' ;
. LHCb ’ : E 0.73 £ 0.04 + 0.02
go —0.3 Asymmetry diluted due PRL 115 (2015) 031601 g
« = [PRL 115,031601 (2015)] to flavour tagging Belle5S ‘ 5 E 0.57 £ 0.58 + 0.06
op. 4B PRL 108 (2012) 171801 5
' Average | : E 0.69 + 0.02
1o HFLA : : : ‘ |
f (ps) -2 1 0 1 2 3
Dominated by LHCb measurement reduces tension between world average

background tagging . and indirect determination from global fit [CKMFitter, UTFit]

asymmetry



CP violation in mixing + decay NEW!

g 0 ~ sin 28 Acp(t) = P§0—>f — gy _ S¢sin(Amt) — Cy cos(Am t) lsnore denominator for
e *s T P§0—>f +Tpos  cosh(A't/2) + Aar sinh(Al't/2) ¢ Bo decays since Al ~ 0
[LHCb-PAPER-2017-029]
04 — T T T T T T | BO[ (251')( |)K T T - T
— P(28)(p ) KS
30 o (e o= KO —>
0.3 FB— J/Y(uu)Ks LHCH B ekt B J/P(ee)Ks

B — Jfp (™ pm ) K s
.*o"ﬁ%’}
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D

E O ) (2223 Combination e S
5 | \:&_i%f

> 0 E 4

~ 0

.q;i —0.1

Tg —0.?

E«O —0.3 [PRL 115,031601 (2015)]

R ) S A

T T
15
t (ps)

Dominated by
background tagging
asymmetry 17




CP violation in mixing + decay: B,

Bs = |/ is the for measuring @s.
Fully exploit LHCb Run | data by analysing B% — J/WKK, with m(KK) > 1.05 GeV

[arXiv:1704.08217]

S\ 2000 Use full spectrum to ——————— | . 4 d . 4 dent itud
| - i o - avour tagged, decay-time dependent amplitude
é) | 500 El | $-=-=====- I:C-mia-s e; Er-e (-: S-(:n- --- »LHCb = fit to understand the different CP-odd/even
W 1600 = = resonant components of the spectrum
= 1400 F @(1020) =
2 200 (1525) =
S 1000 E 3 Parameter Value
S 800 P(1680) [, [ps ' |  0.650 =+ 0.006 =+ 0.004
600 E S-wave AT, [ ps~! ] 0.066 £ 0.018 £ 0.010
400 = _g D [mra,d] 119 + 107 4= 34
203 Inghan” WU RN PY 0.994 + 0.018 + 0.006
.. e ;
B | SO ISR I e ———— s < New LHCb average from
1 15 2 BO, — J/we, J/WKK (mKK > 1.05 GeV) and J/QTTTT
My - [ GEV]

Previous studies all focussed on ¢ (1020) mass region CI)S = | + 37 mrad
where (p meson dominates over a small KK S-wave —

|18



¢s-Al’s global combination

Cl)sSM = -36.5 * |.3 mrad [ckmFicter]

HFLAV

DO 8 fb~*

68% CL contours
012 (Alog £ =1.15)
CMS 19.7 fb!
0.10 Combined > “DF 9 6 fb-!
0.08 O
LHCb 3 fb !
0.06- ATLAS 19.2 fb! /
0.4 - -0.2 0.0 02 0.4

@ [rad]

-2| £ 3| mrad

Al's=+0.090 = 0.005 ps~!
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LHCDb:

CMS:

J/VP$ [PRL114, 041801 (2015)]

J/ VKT K [arXiv:1704.08217 (2017)]
J/WP7tT 7t [Phys. Lett. B736, (2014) 186
P (2S) P [Phys. Lett. B762 (2016) 253-262]
D~ Dz~ [PRL113, 211801 (2014)]

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

ATLAS:

J/ P & [JHEP 08 (2016) 147]

Precision improved by > x10 since Tevatron results
New physics is not large, so we need increased precision

Important to control size of the penguin diagram contributions



CKM angle v

i b {Kb% _
Only CP-violating parameter that can be Vis 77 K- i : DY
By | ()" B T

measured from tree-level decays

ﬁ - 2 DO - B cs ) K_
|6'Y| < O(|O_7) [Brod, Zupan JHEP 1401 (2014) 051]
— ar Vud Jb
Exploit interference between amplitudes, e.g. 1= arg - VedV3
DK
/ \ GLW (f — K"‘K- 1'["'1-[-) [PLB 253 (1991) 483, PLB 265 (1991) 172]
K == ADS (f = KT) [PRL 78 (1997) 3257]

10 B —"Y
\ / GGSZ (f = KsT1"1T) [PRD 68 (2003) 054018]

Need non-zero strong and
weak phase to observe Acp

Acpi X rpsinog sin-y

N ——




CP observables in Bt =@ D(*)0Kt and Bt & D(*)oTT#

[LHCb-PAPER-2017-021]
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= 600 Preliminary. Preliminary

o :

= _ CP asymmetry in B = DK
~ B -[K'K' ]| K B"-[K'K 1 K™

F 400 , [ Ip [ Iy peaks related to vy, rPK, OPK
S5 200 in GLW method

[5 : -rllll//lllll' ey = ""'a’lll’lo,, ‘

----------------------------

LHCb

Preliminary

Uses 5 fb! (run 1+2)

B*— [K*pi*]pTT* control
mode to understand small
production and detection

10000

- +p—
B*>[K'K )

5000 :
- asymmetrles
5000 5200 5400 5600 5000'”"”m""5200' 5400 5600
- 2

B* — (D™ — D'z%)h* @ Part. reco. mis-1D m(Dh") [MeV/C ]

B S (D o D B% » Dyt

7 B* — (D™ = D4)h* B* - DK* _— . - (0.003 (stat)
Bt — DOpER0 Charmless

= B D*hEn - Combinatorial . - 0 . O 14 (Stat)
BY — D°K*x¥ )

(+ Ay = Ach¥® in DY 5 KK)



CP observables in Bt =@ D(*)0Kt and Bt & D(*)oTT#

[LHCb-PAPER-2017-021]

— t T i T r T . T T Y T Y T v T
RS
% 800_ EEEEEEEEEEEEEEEEEERm IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
> 60()L— Preliminary:. Preliminary
o .
= _ - _ CP asymmetry in B = DK
~— B -[K'K] K B"™-S[K'K ] K™
F 400 KK, KK, peaks related to vy, rPX, oPK
S 200 in GLW method
m - (11l A----"”,|:IIIT:‘I'I'HIIIII 1 I
| Part':ially reconstructed | | | ' | — -— : | '
-I +
. o 7\' LHCD [\ LHCb Uses 5 fb™' (run 1+2)
10000-—D - P, DY Preliminary— |- Preliminary - B—[Kpi]pTT control mode
i . ) to understand small
5000 B oK'k Jyn tt BoKK] | production and detection
asymmetries
5000 o 5400 5600 © 5400 5600 Firet time that novel part-
S w(DI) [MaV/e? st time that novel part
B* —+ (D% D'x")h* ] past. reco. mis D reco approach used
oo B (07 o DO B*  Dr* :
Z R B* - DK* . - 0.033 (stat) +£0.011 (syst) | 4.30 CPV
- Bt — DOpER0 Charmless
— . B Comsinsora . 0.094 (stat) =40.047 (syst) | 2.40 CPV
BY —» DK*x¥

(+ Ay = Ah¥ in D' - KK) 22



CP observables in BE= DK™ NEW!!

[LHCb-PAPER-2017-030]

= 300 Favoured D — KT1T mode 1; a0k LHCb Preliminary i LHCb Preliminary
C —— B 5 DIK" > B> DK K)K ™ " B> DK'K)K™
= 250 LHCb [ f -eeeeee B - D(DY)X, (0) S -
= Nsig ~ 2000 —— B - D (DyX , (£]) =201 Very low background
— 200 L @} eecsaes B —>D(Dn)K (0) g |
P ——— B - D (Dn'K, (£1) S R VR ’ MRIE YOO PR JPRTL 3 PR AT
2 150 B’ - D.(Dm K. (0) g 05300 5400 5500 5600 5300 5400 5500 5600
o B 5 D'(Dn K  (x1) O m(DK*) [MeV/c?] m(DK*) [MeV/c?]
g 100 Combinatornial "
O 50 b st ol " . % o LHCb Preliminary LHCb Preliminary
N : e . *;j--gxh.“ e Ty czp B - D(m'n) K )
4500 5000 5100 5200 5300 5400 5500 5600 SO
m(DK*) [MeV/c?] P
§ 055300 5400 5500 5600 5300 5400 5500 5600

Results consistent with and more precise than m(DK*) [MeV/c?] m(DK*) [MeV/c?]

BaBar [prp 80 (2009) 0920017

0 N§ ok LHCb Preliminary i LHCb Preliminary
Uses 2- and 4-body D~ decay modes (+ Run 2 data) = B DKT)K" T B DK ™) K"
Rates and CP asymmetries provide constraints on 3Lt ]l ]l -]l 4,
DK* g DK* = H&Lﬂi HHHHH%‘
r and ' N S e 0 s i
B> 6 B Y g ) 5300 5400 5500 5600 5300 5400 5500 5600
O m(DK*) [MeV/c2] / m(DK*) [MeV/c?

23 4.20 evidence of suppressed ADS mode



® ® "_] B | | | -
Y combination T\ shmowos LHCD
0.8 -
- [ Others | -
Use several B = DK measurements (85 observables, 37 parameters) 0.6 :—. Combination | -
B decay D decay Method Ref. Statu.s s'ince last 0.4 . _
combination [JHEP 12 (2016) 087] -68.3% LB
—» BT DK* D = hth GLW 16] Updated to Run 1 + I :
2fb~! Run 2 0.2 B ~
B* — DK D — hth™ ADS 17]  As before HFLAV average |27 . - i
B+ — DK+ D — htrntn~ GLW/ADS  [17] As before 170 09 50 100 150 '
BT —- DK™ D — hth 7O GLW/ADS  [18] As before ’Y — (76. 2i50) Belle/BaBar sensitivity ~ |50 y [o]

BT — DK™ D — Kohth~ GGSZ 19] As before

BT — DK™ D— K)Ktr~  GLS 20] As before
——P B+ 5 D*K+ D — hth- GLW 16] New > 10 | - | | .
——» B+ - DK** D — hth- GLW/ADS  [21] New > 10 LHCb [LHCb-CONF-2017-004]
B* = DK*ntr~ D — hth™ GLW/ADS  [22] As before = Prelimmary
B’ - DK™ D— Ktr~ ADS 23] As before 70 E_ _5
B’ DK*tr~ D — hth™ GLW-Dalitz [24] As before 80 ;- ............................................................... +—;
B° -+ DK™ D— K2t~ GGSZ 25] As before 70F 1 ¢ ? =
—» B DFK* Dt hth-zt  TD 26] Updated to 3fb!
backup Run 1 60 - -
50 -
Many more Run-2 updates and channels expected soon 405 . | | | .

Expect O(1°) precision after LHCb upgrade %Q\"v 09\‘* 09\5 ﬂ/@b 09\“ AN

[see also next talk on Belle-Il] 24



CP-violation in b baryon decays

-~ 08 [
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CP-violation in b baryon decay

No observation of CPV in b baryon decays

— potential for non-zero effects in SM.

:F\‘Ve—bed-)‘—[CDF, PRL 113 (2014) 242001]
:Fh-Fee—bed-y—[LHCb, JHEP 04 (2014) 087, JHEP 05 (2016) 081]

Fou r—body [LHCb Nature Physics 13 391 (2017)] Ag — ph_ h"‘ h™—

Transitions governed by b = udu tree
and b = duu penguin amplitudes of

similar magnitude.

Large relative weak phase o

1. Bigi, arXiv:1608.06528]

‘M. Gronau, J. Rosner, PLB 749 (2015) 104]
'W. Bensalem et al., PLB 538 (2002) 309]
'W. Bensalem et al., PRD 66 (2002) 094004]
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CPV in Ap? = pTr-1T*1T" decays

T = motion reversal operator

Use 4-body topology to build triple products (CP-odd observables) (= P for spinless particles)

Insensitive to production and detection asymmetries that affect standard CP-asymmetries

. B B A N(Cj:>0)—N(C;I:<O)
Cf = Pp - (Phl- X Ph;) x sin® , forAg P-odd Ap(Cr) = N(C7 > 0)+ N(Cz < 0)

T-odd

slow | Meast

27



CPV in Ap? = pTT1T*1T decays

T = motion reversal operator

Use 4-body topology to build triple products (CP-odd observables) (= P for spinless particles)

Insensitive to production and detection asymmetries that affect standard CP-asymmetries

' (ﬁhl— X ﬁh;) x sin ® , for A}
— — . = _O
. (ph'l*' X phz—) x sin @ ; for Ab

N(Cj: > O) — N(Cj: < O)
P-odd N N(C">O)+N(C"<O)
T-odd

Acp o« ajassin(6] — 65) sin(¢p] — ¢5)

ag?™ o afaf cos(df — 67) sin(¢§ — ¢9)

Relative CP-even Relative CP-odd
28 “strong” phase “weak’” phase

[G. Durieux,Y. Grossman, PRD 92 (2015) 07601 3]



CPV in Ap? = pTr-1T*1T" decays

Global measurements consistent with CP symmetry

Search for localised CPV effects = enhanced sensitivity

Events/(9 MeV/c?)

BELEL
- LHCb

— Full fit
1500/ @ | ~soprr
" 6646+105 i -~ Part-rec. bkg.
A | Comb. bkg.
1000 --B'> K*'mrnnt
J! - Ay— pK Tt -
500} .. -

0 I VAR
5.2 5.4 5.6

I I I I | I 1

5.8 6

mpr n*tn) [GeV/c?]

Similar methods used here
but no CPV observed

LHCb, JHEP 10 (2014) 005]
LHCb, PLB 759 (2016) 282
LHCb, JHEP 06 (2017) 108]

Asymmetries [ %]
-

[Nature Physics 13 391 (2017)]

& T T S S ®
¢ ¢ ¢ $ é
ndf=30.5/10
1 2 3

[P [rad]

CP-symmetry p-value = 9.8x10
— acp'©% %= 0 at 3.30
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Baryon-number violation

BNV never been seen experimentally = strong
constraints from proton 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).
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Baryon-number violation @ LHCb

O Tag initial flavour

Tag final flavour using proton in

~. — pKit decay

Opposite
sigh (OS) P
M\
H/,*—d ] 7 \
Zp s > i |
b . \
=0
=b
Same
sigh (SS)
d—
=/ % —
= 8 >
b

Similar method

for measuring
charm mixing

[Preliminary LHCb-PAPER-2017-023]

3 T e
< 140 > 33 El
> 3 LHCb
S 120 — S 20
- b 215 !
: 100 £ 10 =i
- E :l
- 5 > +
L &0 | 05 3 5 -
2-‘ om [MeV/c?] -
= - =0~ —
m 40 —b LT
20 —
. ; 1o &

‘/ T ',.. * “

B i 1o DTN & SR i B
10 20 30 40
om [MeV/c?]

-
OS¢

No evidence of BNV oscillations.

® < 0.08 ps” @95% CL (using likelihood ratio
test and CL method)

o=1/1 - mixing lifetime > |3 ps.




All results using Run | data only



Charm mixing and CPV

Charmed hadrons provide only way to probe CPV
with up-type quarks

Mixing in charm sector dominated by long
distance effects: |x|, [y| < 10-2

Very small CPV expected: < 103 [PRD 85079901 (2012)]
So far no evidence for charm CP violation

Huge event yields at the LHC (millions of signal
candidates in CF modes)

33

_0
|D12) =p|D°) £ ¢|D")

r=Am/T

y = AT'/(2T)

Flavour-tagging

Prompt D*

Semileptonic B decays




Charm mixing and CPV in D° = K*Tr

Double-tag method (B%D "(—=D'm N X) gives
~background-free sample and access to lower decay times
than prompt sample (but with x40 fewer events)

Measure time-dependent ratio of Cabibbo-favoured and
suppressed decay modes.

mixing

2nd order expansion in
small x, y of mixing egns

R(t)” = Y X Y (;)2

[PRD 95, 052004 (2017)]

Parameter DT + Prompt Prompt-only
All CPV allowed

RE[1077] 3474+ 0.081 3.545+0.095  [in 7/ fip = direct CPV
(@)°[1071] 0114065 0494070 i+ £~ GPVinmixing
UH— '10—'3] 597 £+ 1.25 h.1+1.4 y"" = y’_ = and interference
R 10—3] 3.591 +0.081  3.591 + 0.090
( - Y [1074]  0.61 +0.61 0.60 -+ 0.68

' [1077] 4.50 + 1.21 4.5+ 1.4

X‘2 /ndf 95.0/108 85.9/98 y

llllllllllllllll

LHCb
DO

[PRL 111 (2013) 251801]
t Prompt

¢ Doubly Tagged

No CPV

-.-- No Direct CPV

All CPV allowed

lllllll IllllIllllIllllIllllIllllIllllIll Illllllllllllllllllllllllllllllll




Direct CPV in charm

_ o ' ' ' J ! T ' ' l |
A o N(DO — K_K+) — N(DO — K_K+) ;;\05_ LHCbsemileptonic E LHChH J
T N(DY - K-K*)+ N(D° — K-K*) . '
>
Q.
Acp(D° = K"K*1) = Apaw(D° = K~ K*) —|Ap(D*") — Ap(r)) <

Prompt-tagged sample [PLB 767 (2017), 177] I

Multiple control channels to assess production and detection
asymmetries (dominate systematics).

Combine results from semileptonic-tagged sample. JHEP 07 (2014) 041]

—0.5 0 0.5
Aqp(m )] %]

Dt—n'Trt [PLB 771 (2017) 21
DO— 1r1rTTTT [PLB 769 (2017) 345]

O(%o0) precision, but no sighs of CPV

35 now looking in other modes



Indirect CPV in charm

[PRL |18 (2017) 261803]

Since time-integrated CP asymmetries in charm < L e e e e e L P M
sector are small and mixing parameters are small: = [ LHCb D' = K"K~ + Data -
% 1 — it —
[(D°(t)— f) — T(D°(t)— t : -
=BT s ael oL e
S 1 i Ar is gradient of fit
. —_— i 1 | | I 1 | | I 1 1 1 I 1 | | I | 1 | |
1.\ f‘ CPVin decay (~0) cpy iy mixing/interference 1 ) 2 4 G I~ )
0. —T=
Ar = ,\D e : i . ’ Expect <5 x 103 t/’TD
FD0—>f n Fﬁo_,f<_ inverse of ‘
effective lifetime — 2r —
5 - n
Use prompt D* tags. = | E_ E
D — K11 control channel for production/detection asymmetries N 0 =
Consistent results with unbinned and binned methods 1 _ :,
Al" — (_0.13 i 0.28 i 0.10) X 10_3 _2 E AT TR T R TR S T R TR TR R NN TR TR T R 1} E
Combine with independent semileptonic tagged sample: U : 4 0 S t/TIQ)O

[LHCb JHEP 04 (2015) 043]

Ar = (—0.29 +0.28) x 10~°

Most precise measurement of CPV in charm system ever made!
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Looking to the future

Most beauty and charm -

measurements are statistically

limited.

Strong case for improved

precision of many charm and

beauty observables to constrain/

find new physics.

LHCDb recently submitted Eol > 0012

about future phase |b + 2 0.01}

upgrades for LHC runs 4 + 5. 0.008f
0.006

‘CERN-LHCC-2017-003]

LHCb-PUB-2014-040] 00041

'ATL-PHYS-PUB-2013-010] 0.002,—

n I .
0.6 L [ [Veol/Vas|+y with 3004b™ LHCD = ~ ... UTHit 2017 HEPP
v UTfit average 2017 c i 300 fb' LHCb ”
IVu/V | UTHit average 2017 8 -
> o[
| - —
04F o) -
e © I
| \ 9 I
L I
0.2 i
1}
HEPI® . J'\ .
O|||||||||||||1||||||||| 0 &"1“11 11.7"'{-
0 0.05 0.1 0.15 0.2 0.25 4 ) 0 2 4
p A¢, (deg)
S
=1 r ' 'f°'°''1T """ 1" =S 5 L L L
HFAG World Average Jan 2017 i i 'HFAG World Average Jan 2017 i
" I HFAG WA Jan 2017 + LHCb 300/fb - 0.4 — [l HFAG WA Jan 2017 + LHCb 300/fb -
B N 0.2 :— N
] - o -
- - 02 N
contours hold 68%, 95% CL (etc.) : : contours hold 68%, 95% CL (etc.) :
PR S A TR TN R NN S S S S S S S S S S _04 | I S (T T [ SN S S—
0 0.002 0.004 0.006 0.008 0.01 ’ 0.8 0.9 1 1.1 1.2

X q/p



Summary

1'5 """"""""" Y Y VY Y Y vw 1-5 b bt l lllllll A\l l T & i I LI ] R el e M
[ excluded aea has < 0.05CL T " excluded aea has CL > 0.95; %\ 7 :
1 B
05 .
- & — 1
" \ 8in2 A .
- . sin2B(WA) -
. IVut/Vcbl ' -
: -05
05 - / .
] y il .
1.0 K -
=1 - , sol W eos2Bp<0 -
" = ICHEP 16 ‘ (excl.at CL>095) -
s % .15 | I I l L1 11 l 1l 1 1 l | I | l L1 1 1 l Lol 1l |
sl o 0o, SRR, ' -1.0 -0.5 0.0 0.5 1.0 15 2.0
-1 05 0 05 1 15 2 ra

Huge progress in understanding CPV in the heavy-quark sector.

Looking forward to the

- , 50th birthday of the b quark
New precision measurements in b mesons and Lepton-Photon 2027!

New explorations in b baryons

Approaching per-mille precision in charm sector - no CPV yet!

SM holding strong, but what will happen after the precision measurements from
LHC Run 2/3/4...7
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Why CP violation!

—A
(-
-~

| ] [UTFit, JHEP 0803 (2008) 049]
O Kaons [updates @ CKM2016]

B DY mesons

CP violation is necessary condition for

baryon asymmetry of the Universe
[A. D. Sakharov, JETP Lett. 5, 24-27 (1967)].

o)

B B° mesons

—i
o
3

!BOS mesons

NP scale A (TeV)

CPV is present in the Standard Model but
too small by 10'° to explain asymmetry.

—A
o
S

L LR LI Illlll I llllll L llllll L RARLL

10°

Heavy-quark hadrons provide excellent

place to search for new sources of CPV LY _ _ ]
and probing high energy scales. N I I ]
"G 6 G G G

reach of LHC

direct searches , ,
For strongly interacting

40 and/or tree-level NP



LHCDb upgrade (phase |)

New tracking

stations Reduce PMT gain +

design 2012

. " 24 : '
. AN new electronics | 2 | '’ '
Y . /// / \\\ J M4 MS \\\\ i e Y B J/vo ' :
5mm w-// AN STOPh \\ P e
f 7/ // e 13 RicH2 A T \ \ s 'QB‘—obA‘
rom [/ BCM-D \ 42 , . gts': -
beam 744 \ | R gl .
New pixel v AN - il _ AN ; '
VEL el S — [T~ ) \\ ; " :
- ‘ ' | 3 : ; , \ \ 0.8; ’ '
‘ / = N 08 : :
> 1 B — T Y T T R N Y- r— ‘
C || |l ]Ip)/ y o | Luminosity [x10 ¥em2s )
e |/ 1 k, —100 e B ——
| ﬁ!n g/{ — l(£m — Iﬁlm I | 70lm I .S,' >0 LHCb simulation
‘ ‘ ’ = 80
C
. = 70
New PMT + New electronics - = Excellent [P
new electronics More shielding & 0 resolution
2 49
Many LHCb measurements will be 30
.. .. 20
statistically limited after Run |+2. o
: : 32 33 .
Increase luminosity from ~4x10°“ to ~2x10 %

1/p. [GeVc]

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

Buffer events to disk, perform online
detector calibration and alignment

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related

primary vertices for exclusive triggers

9, U, .
2-5 GB/s to storage




LHCDb upgrade (phase |)

Type Observable LHC Run1 LHCb 2018 LHCDb upgrade Theory
BY mixing ds(BY — Jhp @) (rad) 0.049 0.025 0.009 ~ 0.003
¢s(B2 — Jhp f0(980)) (rad) 0.068 0.035 0.012 ~ 0.01
Aq(BY) (1079) 2.8 1.4 0.5 0.03
Gluonic ¢ (BY — ¢¢) (rad) 0.15 0.10 0.018 0.02
penguin ¢ (BY — K*°K*9) (rad) 0.19 0.13 0.023 < 0.02
28°%(B° — ¢KQ) (rad) 0.30 0.20 0.036 0.02
Unitarity v(B — DX K®) 7° 4° 0.9° negligible
triangle v(B? - DFK*) 17° 11° 2.0° negligible
angles B(B° — J/¢ KYQ) 1.7° 0.8° 0.31° negligible
Charm Apr(D° — KTK™) (107%) 3.4 2.2 0.4 -
CP violation AAcp (1077) 0.8 0.5 0.1 -
] AN BO' ] ¢'¢LHC!b 1 [numbers from LHCb-PUB-2014-040]
= n : —e— B’ — J/ywm LHCD -
4;}_%0.12 e AP S D _>J/Z¢LHCb ...... E
;g; 0.1 EENEORTUTOTOTUT VR ST = = SM upper limit on |¢Z§S| B’ a..¢¢_:

— = SMo(¢) B, = J/y¢ .

2025: OLHeb(Y) ~ Oselle-n(Y) < |-

O
Osyst < |
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LHCb upgrade 50 fb—|

+ Belle-Il 50 ab—|

[PRD 89, 033016 (2014)]



LHCDb upgrade (phase Ib and 2)

2005 | 2016 | 2007 | 2018 | 2019 | 2020 | 2021
. . . Q1iQ2ia3ia4|Q1iQ2iQ3ia4|Q1iazia3i4|QiiQ2io3i4|a1iq2iQ3iQ4|Q1iQ2i03ia4(Q1iQ2'031nd’
LHCDb-upgrade will be installed in LS2 Ll
and operate during Run-3.
2022 2023 2029 2025 2026 2027 2028
Phase |b upgrade in LS3, for operation in |ailalosalaia os]as asfaz o as ez 0504 ez fos o o oo fai oz as s
[
Run-4 (HL-LHC). uh 3 LS3 g
. . . ® > HL-LHC installation +— PHASE 2 —m8M8™>
Stations in the magnet (to Improve 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 |
. f It, b C| f | Q1;(02:2304|01,020304|Q1,02{03{Q4|Q1{Q2{Q3{04|0Q1;0: }1:3;24|Q1Q2 03,04 (01 ;02,03 Q4
reconstruction or muiti-body fina ™ I bbnls S5 I
states). . - -
Improvements to PID via time-of-flight
(TORCH project). LHC cra HL-LHC cra
. . A [Ladt 2010-12  2015-18  2021-23 | 2026-29  2031++
Increase luminosity to ~1034. (Run-1)  (Run-2)  (Run-3) | (Run-4)  (Run-5)
ATLAS, CMS | 25fb~1 100fb~1 300fb~ 1 — 3000 fb 1
LHCb 3fb—! 8! 23fb~! | 46fb~!  100fb!
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The LHCDb detector

Muon
detection

» Covers 4% of solid angle,

but accepts 40% of heavy
quark production cross

section.

epip(p) = 97%
MisID(w — p) = 1 - 3%

€PID(K) 95%
MisID(K — 7) = 5%

dp/p = 0.4 — 0.6%
Etrack ~ 96%

/ LHCb MC

is=7TeV

ooooooooooooooooooooooooooo

n2
N Y4 9, [rad)

TRACKER

P of charged
particles

T20m 2 [PRL 118, 052002 (2017)]

Ow(7TeV) = 720+ 03 + 6.8ub
) Opo(13TeV) = 1543 + 1.5 + 14.3pb



LHCDb run | and 2

Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

y

..........................................................................................................................................................................................
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

n'aanin’a e nn i an e’ (NI ‘o a'n's’n‘n's nin‘n a/n ain‘n s n n s p e e n " /n e n n a n e a /n e n e n e n i "a e e e’ a e a " n e e " e a " e e A a e e "R e o " e a " e " e n e e n e n e n n aan n e e e n e e e n e n e e’ alain e ale e e e e e e e e e e

e 2017 (6.5 TeV): 0.30 /fb |
e 2016 (6.5 TeV): 1.67 /fo
2015 (6.5 TeV): 0.33 /fb
o 2012(4.0TeV):2.08/fb |
- s 2011 (3.5 TeV): 1.11 /fb
- _ _ . 2010 (3.5 TeV): 0.04 /fb
- i i i i i i
2010 2011 2012 2013 2014 2015 2016 2017

Year
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LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

~ 5> >

LO Hardware Trigger : 1 MHz

readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
h* H/pp

. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

.

Full offline-like event selection, mixture
of inclusive and exclusive triggers

<> <> L}

12.5 kHz Rate to storage




CPV in neutral B meson mixing

B - D®~ptyX and BY - D7 utvX

[PRL 114,041601 (2015)] / \ [PRL 1'17,061803 (2016)]
N ><I()3 ) i ) ) ) ] — IXI ]IOI3 lllll TrT T T T T TTI [T T T TTd TT T TT1 L T
ZF LHCb e Data : &> 150F [1ICh i ' T
“\ - — 4+ —Total - ; 100_ I:Di
= 100017 Du . Signal B O X¥ WD
0 D N B" bkg. Z > i
500 Comb. bkg. _- )
N _ )
C T : Z
= = ' - - 72
§ 3E- = =
e E E S
2 +_._ E =
= 1 | = =
. F > A
; OF 4+ o |3 O
Z :
DE o S
10

~

e=)

<z,
—
o0
-
-

.. R 1850 1900 1950 2000
Visible asymmetry only m(K*K~-7) [MeV/c2]

from detector effects
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CP violation in mixing+decay

O — J/YKS

Agp(t) = Igo,;—Uposy  Spsin(Amt) — Cjcos(Amt)
P\ = Igo_,;+TBosy ~ cosh(ATI't/2) + Aar sinh(AI't/2)
[PRL 115,031601 (2015)]
0.4 . L A A B B B B S = 0.0050
= E :
g U9 LHCb | 3 -
5 02 34 Similar precision to the B- 0.00s5 |-
z TG .
7 Ol 7 {4 factories, but LHCbD
= (1) : 7 i  measurement pulled world 8
o — — . . S
= g9k 3 average up towards indirect =
= _o3E 1 determination from global fit :
& 034 - -
N 04 o o 0.0030 |-
5 10 15 - [
t(pS) 0.0025
S =+0.731 + 0.035 (stat) = 0.020 (syst)
C = -0.038 + 0.032 (stat) % 0.005 (syst)

SJ/ng %Slnz;ﬁ

value
i 1.0

— —
lllllllllllllllllllllllllllllllllllll

050 055 060 065 070 075 080 0.8
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CP violation in mixing + decay NEW!

Tpo,,—Thoss  S;sin(Amt) — Oy cos(Ami) [LHCb-PAPER-2017-0291

Acp(t) = 0.3

I'go_;+ 1oy ~ cosh(AT't/2) + Aar sinh(AT't/2) L Bkt i
L B9 Ji(eTe)K?
0.2 BY = Jpp(p"n") K B
B3 Combination ]
B— )/P(ee)Ks B— P(2S)(HM)Ks 01 I
o [T wwll T RTTITTTTT] "LHCb
~ LHCb ~ LHCb
% ----- g: - ,;/1-:,, (e:e:)ﬁg % ------ gi: — u(gg ) (#:#:)?{ 0
E 102 * “iim Czn;;).. /l:;E:ingL)mc; E 102 - CGI;;).pl()acl)(g:Olﬁl(z ) I
< P ; N 1o -01 = -
~ [Tl B ~ ' -- PP O Rt I )
g T 3 10
< E S e < -0.2 —
S = .- | | I
o - ge : [ contours hold 39%. 87% CL )
(_55 1 3 § 1 ‘.,-‘ -0.3 o | . l 1 | : | :
5200 5300 5400 5500 5600 5200 5250 5300 5350 5400 5450 0.5 0.6 0.7 0.8 0.9 1
m [MeV /c? m [MeV / c¢?] S
T ' ¥ T |
LHC

Signal yield asymmetry

Signal yield asymmetry

02T BY=s Jhb(ete-)K® - - B®— 1(25) () K? - —0.014 = 0’0307
10 B Ty T T T T ::0.04,

Decay time [ps] Decay time [ps]



CP violation in mixing + decay: B,

SM Ver Voo
Ps = —2arg( VibV:{) = —208;

(I)sSM = -36.5 * |.3 mrad [cxmFicter]

B; = |/ is the for
measuring @s.

2 vector particles in final state so////BE’

require angular analysis to separate L
¢mix

CP-odd, CP-even components.

Extensively studied by DO, CDF,
ATLAS, CMS and LHCb.




B% CPV in mixing + decay: ¢s

Candidates / (2.5 MeV/c?)

B
[y
-
-

4000
3500
3000
2500
2000
1500
1000

500

320

Jhp = ptp=, ¢ > KTK™
Time-dependent tagged analyses (ot ~ 45fs,eD? ~ 4%).

LHCDb

om) ~ 7.0MeV

— T
Peaking
" 4 backgrounds:
ABY > JwpKtan—
" x'lb — J/¢ pK

llIlllllllllllllllllllllllllllllllllllllllI

-.:,- ---------------------------------------------
.
.........

L
--------

5340

[PRL |14 (2015) 041801]

5360

5380 5400 5420
m(J/y K*'K) [MeV/c?]

Candidates / (1.0 MeV/c?)

BY — Jhpo is P — V'V decay so use angular information
to disentangle CP-odd and CP-even components.

Nleasure qbs, Ams, Fs, AFs, ‘Afl .

[this makes Bg — J/v ¢ special]

1050

104 3 LHCb h E
f I |1 :
10° E :-* *‘L..* -
_ - "'|'-|=‘_ i
i . wﬁ""‘l- +';'
i 7 #(1020) dominates ¥
s _

10° ri-l-_hl_.|.|._|_.|:l-'|'l' ~ 2‘77 K +|K S-wave E
. " P T _

990 1002 1014 1026 1038
50 m(K*K) [MeV/c?]

Make flavour

tagged decay-time

dependent angular fit
in 6 bins of MKK

to account for KK S-wave



B% CPV in mixing + decay: ¢

Candidates / 0.05

Candidates / (0.2 ps)

104 .
q \\\\ LHC
10- N\\ N
~, \\\\
-~ - \\\
102 RS \‘\\ '
\.\ - \\~\\
10 - S - \x 1
\'\. =L |
\'\, E;
1 ., iE
-1 I 1 . | lE
10 5 10
Decay time [ps]
3500 b T L T I T T L T | T T T T T T
3000 = LHCb a
\ 3 &/
2500 \ i/
2000 \\\\ | T T 4 /
\ /
1500 \\\\ ////
S00E -7 ~~
2L e, S JEp— S
q& 05 0 05 1
cos 0,

[PRL |14 (2015) 041801]

Candidates / 0.05

3500
3000
2500
2000
1500
1000

Candidates / (0.05 xt rad)

2

3500

3000
2500
2000 pz*
1500

—

/

,——’_— ~ ——

e
" (CP-even

-~
~
S
\~
-

= 7 CP-odd

LHCDb

——
— o —————
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s —0.058 + 0.049 + 0.006 rad
By 0.964 + 0.019 & 0.007

I, 0.6603 + 0.0027 + 0.0015 ps—1
ATy  0.0805 4 0.0091 4+ 0.0032 ps—!

Ams 17711 T702> £0.011 ps~!

Everything consistent with the SM
Dominant sysmtematics from decay-time
and angular efficiencies

No sign of polarisation dependent s

* Penguin pollution likely to be small




ATLAS and CMS .

[ | I

ATLAS

Is=8TeV, 19.5 fb"

| L I | 1

Lo e e | a |
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[ATLAS JHEP 1608 (2016) 147]
[CMS PLB 757 (2016) 97]



CP violation in mixing + decay: B,

19.71b"' (8 TeV)
= IR B 1 LN LN N LN
= - CMS ® Data N
o - Total fit .
=10 e Signal fit =
= E%, = esiseiei Background fit I
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0= T 2
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19.7 b (8 TeV)
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[ATLAS JHEP 1608 (2016) 147]

[CMS PLB 757 (2016) 97]
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(ps-Al s global combination (cira 2008)

CDF 135fh  +D& 28fh

95% GL ——

99.7% GL —

p-value = 0.031
2.2c from SM

-3 -2 -1 0 1 2 3

$71%% = —287/%4 [rad]

o(ps) ~ +0.400 rad
o(ATl's) ~ £0.060 ps—?!
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CP violation in charmless B decay

u b

Decay-time dependent CPV observables are

S

sensitive to CKM phases (Ya (l)s,d) Fleischer, PLB 459 (1999) 306] _
[Ciuchini et al.,, JHEP 10 (2012) 029] d.s d, s 1
LHCb, PLB 741 (2015) 1] T
Loop diagrams = hadronic uncertainties i TN s
. 29/ u
Loop diagrams = CPV observables l'\<
sensitive to New Physics e
EW
Compare results with the CKM phases 2 2
determined from decays dominated by tree- & 3
level topologies 2 8
S 3
8 2
S S
Fry- +¢ -
B = "1 and B =& K*K

[LHCb-CONF-2016-018]

i T
_ it
d,s
P
h - il
d, s
w <
d, s
d.s - - u
E
LHCDb Preliminary
3000—
i + Bg—> K'K
2000/ t W
| * + l3-Body bkg
1000— Comb. bkg.

5~ 52 54 56 58
m,, [GeV/c?]



CP violation in charmless B decays

B = 1111 and B’ = K*K-has been used to constrain

I'zo . —I'go¢ ~ Sgsin(Amt) — Cf cos(Amt)

CKM angle vy and ¢s assuming U-spin/isospin symmetry ~ Tgo_;+Tposy  cosh(AT't/2) + Aarsinh(AT't/2)

Production asymmetries determined directly from B — KTt

[LHCb PLB 741 (2015) 1]

control sample

[LHCb-CONF-2016-018]

> 0.4

E 0.3 LHCb Preliminary

E : ——
a 0.2-

© - - e

2 0.1 —+— 4+
o

O

- 9O

g N
!

LHCb Preliminary

Raw asymmetry
o
T

' /'—' TF
OF of
0.1F 0.05-| ——
0.2 0.1F
-0.3F CONF only uses OS flavour-tagging
-0.45-LLHJJ.LLH-LUJJJ-LLLI.LU.LIJ-HJ.I.LIJ.H-LU.H.LIJ.LI-LHJ - Fllllllllllllllllllllllllllnllllllll
12345678910 0.2 70.05 0.1 0.15 0.2 0.25 0.3 0.35
ecay time [ps] (t-t )ymod(2r/Am,) [ps]

B =& K*K- shows >40 evidence for CPV

Expect publication soon using SSK flavour-tagging

+ -
T T Scp Vs Cp %

CCP
T T | | |
0 [ BaBar
7 Belle
. LHCb

Average
-0.2 ]

-0.4 —0.24 £ 0.07 £ 0.01,

—0.68 £ 0.06 £ 0.01,
0.24 £ 0.06 £ 0.02,
0.22 £+ 0.06 = 0.02,

—0.75 £ 0.07 £ 0.11,

-0.6

unique

-0.8

1 | | | | J

-0.8 -0.6 -0.4 -0.2 0

SCP

Contours give -2A(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof

6 Also, ¢s consistent with zero in Bs = @ decays [PRD 90 (2014) 05201 I]



¢s from charmless B decays

m BY) = ¢¢: b — s penguin decays sensitive to NP in the loops. ¢§§3 |SM < 0.02rad
m ¢ - KK: 5 different polarisation amplitudes = angular analysis.

Bartsch et al. arXiv:0810.0249]
m Decay time resolution: ~ 43 {s.

s Tagging power: £(1 — 2w)? = 3.04 =+ 0.24% [Beneke et al. NPB 774 (2007) 64-101]
m Angular efficiency from MC. [Cheng et al. PRD 80 (2009) 114026]
- {62.4;1 — 1 T T T T T T AL B L "V—
~ | T g220 LHCb -
O - 2 A F _ E
% 1Pk 4k si E 20 o B - D, 2" (2011) : b S
—: 7 18F +8) ~ D) «* (2012) E
N 10 EHTHE §1.4;— | | -
g g ++/ / \ %1.2;- o1 B — + S S
S | / AN S 1 *" =
"'g L S AN <o8f * - _———
O E /_/ A \\ 0.6;: Time efficiency —: S S
o SO C ) 045 from control channel =
P'| =SLEL B R LB B B R I - -
= 2} ST TR TL IR 0.21 = _
"*T}‘L?W%H L BARITLE - -
£ TR AN O e ]S R P R $3%% [rad] —0.17 +0.1540.03
5250 5300 5350 5400 5450 2 4 ® Decay time [ps]
My-g-g-x- (MeV/c?] ‘)\‘ 1.04 = 0.07 = 0.03

[PRD 90 (2014) 05201 | ] 57



Rare charmless B meson decays

1350

b 5d b u
u S, d
W W
u S, d
d, s _;_des u

Particular class of decays that can proceed only through so-
called annihilation diagrams

BO— K+K- decay observed for the first time after many years
of searches.

This is the rarest B meson decay to a fully hadronic final state

B(B°— K+K‘)
B(B?— nn™)

(7.80 £1.27 +0.81 £0.21) X 1078,

58

Candidates / ( 5 MeV/c?)

(6.91 + 0.54 +=0.63 = 0.19 0.40) x 10~

100

Pull

.......

m... [GeV/c?]

The signal!
Requires excellent RICH PID

[arXiv:1610.08288]



CP observables in Bt =@ D(*)0Kt and Bt & D(*)oTT+

0.6r

Y
o
Am

% osl LHCb

6 partially reconstructed GLW CP observables used to o4

constrain rP*Kg | oP*Kg and v 03]
02}
rP*Kg | OP*Kg match HFLAV GGSZ averages frxivis1207233) o

360—
3405—
R 3205
Future: improve precision by adding ADS modes 300
2801
260f-
2403—
220
2001

[°]

v within 10 of current LHCb combination yre 12 2016 087

SD*K

-lllllllllll[lllllllllllllllllllllll
0 20 40 60 80 100 120 140 160
[LHCb-PAPER-2017-021] 59 Y [°]



CP asymmetry in B> D¥K* decays

w, .t . _
2 " — ’
N {(1)88 LHCDb Preliminary i i )
S 900 B Wt W K- B D
= 800 L wet
8 700 S - - - -g u b > . c
vy 600
: 500 ¢ U
g §§§ Vit X Ver 0 X ) D, Voo X Vs /2 A2 . K-
2 100 ° °
5, .
~ (2)“ i ) o [T : Acp(t) _ P§0_>f—PBO—>f _ SfSln(Amt)—CfCOS(Amt)
_%- e | H, ' * ' 1 N P§0—>f +'po_s ¢ cosh(AI't/2) + Aar sinh(AI' ¢/2)
5300 5400 5500 5600 5700 5800
m(D*K*) [MeV/c?] « 0.8— |
= I
S < L ~ I
g 0.4 LHCb Preliminary - B
. Parameter Value 0.61
=
< Cf 0.735 = 0.142 + 0.048 i
AT 0.395 4+ 0.277 £0.122 04}
A?F 0.314 4+ 0.274 + 0.107 :
: : Sy —0.518 =2 0.202 = 0.073 0.2~
0.4 B 7 —0.496 £+ 0.197 = 0.071 -
L — : - contours hold 68%, 95% CL.
0 0.1 I S

[LHCB-CONF-2016-015]

Both decay amplitudes are O(A3)
— LARGE INTERFERENCE

3.60 evidence for CP violation in B% =& D*;K*

60
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| | ] I l | | I ] | | I
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100

C L
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Y combination

Most precise measurement of y [LHCb-CONF-2017-004]

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

]

Q
«Q

B*—>DK*, D—h3n/hh'n’

B

B'—DK", D—K'hh

B'—DK", D>KK/Kn/ nm

- All B" modes

Full LHCb Combination

B decay D decay Method Ref. Status since last
combination [JHEP 12 (2016) 087]
—» B" — DK+ D — hth- GLW 16] Updated to Run 1 +
2fb~" Run 2
BT — DK™ D — hth™ ADS 17] As before
BT — DK™ D — htr—ntnr~ GLW/ADS  [17] As before
BT — DK™ D — hth7" GLW/ADS 18] As before
BT — DK™ D — K2hth~ GGSZ 19] As before
BT - DK™ D— K)K*rm~  GLS 20] As before
—> B+ - D*K+ D = hth- GLW 16] New
—> B+ . DK** D — hth- GLW/ADS  [21] New
BT - DK ntn~ D — h*h™ GLW/ADS  [22] As before
B’ -+ DK™ D— Ktr~ ADS 23] As before
B°— DK*m~ D — hth™ GLW-Dalitz [24] As before
B° - DK*® D— K2t~ GGSZ 25] As before
e BY — DF K= Df— hth—nt  TD 26] Updated to 3fb™’

Run 1

Belle/BaBar sensitivity ~ 15°
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Measuring the B? meson oscillation frequency

Events / ( 1.4 MeV/c?)

Pull

Events / (0.147 ps)
SN
-

100

L
S

x10° L
LHCb —t— Data
— Total fit™
——- Signal ]
Comb. _

W

“

-0.5

[EPJC 76 (2016) 412]

BO— D u*vyX

I L ' 1 s l

Iower probablllty of wrong tag

1800

e
-

I
-

x10°

1850

1000
My . (MeV/c?]

:\‘

LHCb

—+ Data )
— Total fit -

f— (b)

L L L L i 2
L) I L LJ Ll L) l Ll L) Al L)

| higher probability of wrong-tag

i sl

AR =

—BYsignal — 15 |
Bl B" bkg. -

62

- Am¢=(505.0£2.1£1.0)ns™"

{ |ps]

Huge sample of semi-leptonic decays.
Main systematic from B* backgrounds.



Constraining penguin pollution

Acp(t) = IWEO—’f — oy _ Sy sin(Amt) — Cy cos(Am t) lgnore denominator for
- I‘§0—>f +Tpos  cosh(A't/2) + Aar sinh(Al't/2) ¢ Bo decays since Al ~ 0

Decay-time dependent CPV in B® =@ D*D- decays (b — ccd transitions) give

o o o . + -
complimentary information to sin2. . D" DS, vs Cpp T
0.8 . , ,

I T |
. BaBar

S phase shift due 7/ Belle
— — sin(2 ,3 AQb) to penguin “% Average

V1-C? 0.4 - ’
Belle result outside of physics region (5% + C2 < |) ,

— large penguin contribution!? i NN

0.4 F
-0.8 | 1 S
-1.2 -1 -08 -06 -04 -0.2 0 0.é2

Contours give -2A(In L) = Ax® = 1, corresponding to 60.7% CL for 2 dof
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Constraining penguin pollution

Acp(t) = IWEO—’f — oy _ Sy sin(Amt) — Cy cos(Am t) lgnore denominator for
- I‘§0—>f +1posy COSh(AP t/2) + Aar Sinh(AP t/2)4——— RO decays since Al ~ 0

Decay-time dependent CPV in B® =@ D*D- decays (b — ccd transitions) give

° ° ° ° + -
complimentary information to sin2p. .. D" DS, vs Cpp, NI
0.8 : T r T ] I
" BaBar
S . (2/3 Aqb) phase shift due , 7 Belle
— —sin t - | | LHCb
\/ = 02 O penguin 0a b s Avep;age i
Belle result outside of physics region (8 + C2< 1) | | do(
— large penguin contribution? 0 o G ey ]
S = —0.54 7915 (stat) £ 0.05 (syst) 5T 04t
C = 0.26 7577 (stat) = 0.02 (syst)
consistent with no e . l L
Penguin PO”Ution -1.2 -1 -08 -06 -04 -0.2 0 O.éZCP
[LHCb, PRL I |7 (20 I 6) 26 I 80'] Contours give -2A(In L) = Ax® = 1, corresponding to 39.3% CL for 2 dof
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Impact on new physics

| | I | I | ' | | I I LI D B |

NP’S B SM 3 excluded area has CL > 0.68 ' . __ xcluded area has CL > 0.68 —:

M12 o A _ é AT, &t & ‘ :

5 < &1 &t (KK) &t (Jyf )

- LA |

AS — |A3‘6z¢3 : ! / 1_— SM point —:

S Pt TS : ‘
ASM . l% :

‘NP in B, mixing - w/o ASL 2 NP in B, mixing - w/o A

SL

L1 1 I 11 1 1

| —

-2 -1 0 1 2 3 -2 -1 0 1 2

Re Aq Re A

w

Even given the various constraints that show consistency with the SM, NP still allowed at the 10% level
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Two complementary CP-odd observables

T = motion reversal operator
(= P for spinless particles)

Relative CP-even Relative CP-odd

“strong”’ phase “weak’ phase

Depends on interference of

ACP X a'ﬁa’g Sln(df o 55) SlH((b? o ¢§) T-even amplitudes

Depends on interference of

T-odd e 0 e o\ _.: € 0)
Gop X G107 COS(51 o 51) Sln(¢1 o 1) T-odd and T-even amplitudes

|

Even if strong phase difference is zero then still have sensitivity CPV

66 [G. Durieux, Y. Grossman, PRD 92 (2015) 07601 3]



A’ = pTTTT™ 1T phase space distributions

o SF =
= E :
KN - o :
% 500:. LHCb * A(C T>O) 3
- O .
: ok 4 K
e~ A++
= 300 -
= i
> 200 -
i3 ¥ :
100 * — 3
O —— ','..’h.a
1 2 3 4 5
m(pn~) [GeV/c?) m(pn-) [GeV/c?
vo 5
g OF
5, 350
2 300
p=>
o 250
=
=~ 200
3
5 150
-
= 100
50
0 1 2 3 s 3 4
m(z*m, ) [GeV/c?] m(m-x*, ) [GeVic?]

Events/( 160 MeV/c?) L0

[Nature Physics 13 391 (2017)]

m(n n

slow

) [GeV/c?]

m(n

) [GeV/c?]

slow

Background subtracted using sPlot. CP asymmetry not localised to any resonance.
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Search for baryon-number violation @ LHCb

om [MeV/c?]

45— ——— 1
40 s - OS data - - (under null hypothesis)

ey - g t— Pseudoexperiments -

35 « SS data = % -

Xy | - g 107 Data (A=0) E

30 LHCb — 8 -

25t 1 3. ‘

= w2 10 =

15 —; E "'-0-4. + -

10 E Z 107 Tttty 43

5 .. = :

| 1 3 10—4 R PR B IR T—

6 8 10 15

t [ps] Test statistic A

No evidence of BNV oscillations.
o < 0.08 ps'I @95% CL (using CLs method with pseudoexperiments).

o= 1/t — mixing lifetime > |3 ps.

[LHCb-PAPER-2017-023]
68



Strong CP violation!?

3 [PLB 764 (2017) 233]

o 40051(') I T JEL N | I B R R

) - _

% U LLHCh E

QCD Lagrangian could contain 0 i 300/ Run 2 (2015) =
term that would give rise to CP 2 250 N i
violation in strong interactions. S 2000 25 x 10¢ signal =
§ 150;— candidates! —;

nEDM measurements = 0 < 1010 100 e N m— -
[Phys.Atom. Nucl. 70 (2007) 349] = -
50F- E

SearCh fOr CPV n(‘) — Tl'+Tl" deca)’s 0 1181501 T 191001 | 1191501 ll 201001 -
o o . 2
in dipion mass spectrum of D*) — mrTn) [MeVie]

TTTT 1T decays.

B(n—ntn") <1.6 x 107

No signal so place upper limit. B(r — ntn) < 18 x 1077
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Charm mixing global fit

CPV allowed

R e L e e e S e R e

Parameter

No CPV

No direct CPV
in DCS decays

C PV -allowed

/70

0.46 1oy
0.62 + 0.08

+9.7
8.0 —11.2

0.348 19 00a

0.41 74"
0.61 -
4.8 135
0347+

- 0.07

0. 004
0.003

0.999 -
0.05 T
29 6 i24.1

0.02 =
—0.11 -

+0.014

-0.13
-(0.13

0.32 = 0.14
0.69 1507
15.2 1157

0.349 ¥ 503

—0.88 = 0.99
0.89 157
12,9137
31.7 1543

0.01 +0.14

—0.11 £0.13




Charm: direct and indirect CPV
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b-quark cross-section

.y P ———————— —~ 4500 p—————————— :
> 3000 LHCb 13 TeV 2 4000F- LHCb 13 TeV
= (a) = 3500 (b) ~.
~ 2 3000 /
% 2000 4:3 1500 / \
b-quark production cross-section 3z "® - /’ \
. 1000
in pp—bbX. 1000 AN
200 500 2N
Use semileptonic decays. 0800 Tss0 000 e T
m(K ) [MeV] In(/P/mm)
Use open-charm mass and IP o0
) ) ) = L LN
distribution to separate D= 3 80F —roNLL (b)=
_ Dominated by = 20E -
from-B and prompt e S 0p | + Data E
components. measurement S ;
T 50 =
x T 40 =
. =
S 0f =
o( 7/7TeV) = 72.0£0.3x 6.8ub < 20F
10f LHCb 13 TeV -
o(l3TeV) = 154.3£1.5x14.3ub N S S

[PRL 118, 052002 (2017)] -
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The b-quark: then and now

[FNAL-E-0288, PRL 39 (1977) 252]

t

Sg

’y-o (cm®/GeV/nucleon)
Ou

d'g
dmdy

v L

30)

P+ NUCLEUS = +ANY THING

o« pp
O T

IO
I1
!
h'
-39
0

012 6
m(GeV)

[LHCb, JHEP 1511 (2015) 103]
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Excellent mass resolution
from LHCDb’s tracking system
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