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Why CP violation?

Luminosity prospects

CP violation in the beauty system (¢

CP violation in the charm system (|¢/p|, Ar)

Most projections from
[LHCb-PUB-2014-040
ATL-PHYS-PUB-2013-010]

2/40



SEARCHING FOR NEW PHYSICS

DIRECT INDIRECT
Cannot produce particles Higher energy particles can
with mc? > E appear virtually in quantum loops

— flavour physics

R S

B WNP? W+ B

S
History: top quark mass predicted
by quark mixing
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CP VIOLATION IN THE STANDARD MODEL

Vud Vs Vb 1—)\%/2 A AN (p — i)
Verm = | Ved Ves Ve | = Y 1-)2%/2 AN2 +O(\)
Vid Vis Vi AN (1—p—in) —AN 1

‘Wolfenstein parameterisation

ciudad area s CL> 095

m 3 generations + 1 phase — 770 is
only source of CP violation in SM.

m CKM picture confirmed up to ~ 20%.

= Couplings show strong hierarchy not
seen in lepton sector
= “SM flavour puzzle’

» New Physics should have flavour structure similar to SM. . .
m ...or the NP scale is very very large (~ 100TeV) = “NP flavour puzzle’

= Need more precision measurements to look for small deviations. |



PROJECTED LUMINOSITY
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2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
LS 4 Run5 LS5 Vour
LHC era HL-LHC era

JLadt 2010-12  2015-18  2020-22 | 2025-28  2030++
(Run-1)  (Run-2)  (Run-3) | (Run-4) (Run-5)

ATLAS, CMS | 25fb—t  100fb—1 300fb~! — 3000 fb— 1
LHCb 3fb~1! 8fb1 23fb=! | 46fb=!  100fb~!

u o (bb) ~ doubles from 7 — 14 TeV.
LHCDb will be upgraded after Run-2.
» ATLAS, CMS phase-2 upgrades after Run-3.

m Belle-II starts to make an impact ~ 2018-19.
= Important competition /complementarity with LHC(b). 5/40



LHCB UPGRADE (INSTALLED AFTER RUN-2)

®  Aim: significant increase in event statistics.

w Increase £ to 2 x 1033 cm—2s~ 1.

Improve detector readout from 1MHz — 40MHz.
Use full software trigger.

= Will have big impact for hadronic decays
(e.g., 10x charm).

| R

nd Onlie

Tochnical Design Report Tochnical Design Report

» Framework TDR, CERN-LHCC-2012-007

= Approved upgrade TDRs for VELO, RICH, Tracker,

Trigger (computing to come).

design 2012
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CP VIOLATION + MESON MIXING

Decay: |A7/As| #1

Mixing: |q/p| # 1

0
|Miy) = plM°) +q|M)

Interference between mixing and B i» f
decay: )
A
¢ =arg(\f) =arg (25L) #0 \ /
d (3 Ay ) a/p Ag

o Tagged mixed

o Tagged unmixed
Fit mixed

-+ Fit unmixed

400 = Mixing observables:
Am = (mg —myp)

I'= (FL + FH)/2
ATl'=T; -T'yg

candidates / (0.1 ps)

200

mg = 17.768 £ 0.025 ps~

0 1 2 3 4
decay time [ps] 7/40




MEASURING ¢, USING BY — Jip ¢

$ so00f LHCb 1

o Jpp = ptpT, 9= KTK™ g - 1
» Time-dependent tagged analyses. 3 10000 Nuro ~ 06k h
= BY — Jhb¢, BO = Jppmta— are = i g et
P — V'V decays so use angular % [ {om) ~ 7.0 eE_
information to disentangle CP-odd T 5000 -
and CP-even components. -§ [ ]

= Measure ¢s, Ams, s, Alg, [Ag|. .. L o7 |

o =1 Y=l

[this makes Bg — J/Y ¢ special]
mYY K*K) [MeV/c?

- ¢ SM VoV _
b_ Ve t Vis s I/ (z)S = —2arg (_#Vt*) = _2ﬁs
- ‘/cb s
SM
B Swe Swe Bl oa ‘| ¢s = —0.0365 £ 0.0012rad
: Vi [CKMFitter]
Vis Vi b

@
]
@
LY

penguin contributions - more later

¢ | (f) Assuming we ignore sub-leading
S

¢miw =2 arg(vtbv;;ks)
¢dec = a'rg(VCbV:s)
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MEASURING ¢, USING BY — Jip ¢

$ so00f LHCb
= J s ptpT, ¢ KTK™ g -
» Time-dependent tagged analyses. 3 10000 Nuro ~ 06k h
= BY — Jhb¢, BO = Jppmta— are = r g et
P — V'V decays so use angular % r {om) ~ 7.0 eE_
information to disentangle CP-odd T 5000 -
and CP-even components. -§ [
= Measure ¢s, Ams, s, Alg, [Ag|. .. I
o =1 Y=l

[this makes Bg — J/Y ¢ special]

y
.
K- N
©
/ - Oy \<>/
O KYK- B it z
K+ N
o
Exp Nsig (o) [fs] Tagging power
LHCb (3fb~ 1) 96k ~43 =D~T73% ~3.0%
CMS (20fb~1) 49k ~70 =D~46% ~1.0%

ATLAS (4.9fb~1) 22k ~100=D~21% ~ 1.5% 9/40



JAN s GLOBAL COMBINATION

= Expect o(¢s)"MCP ~ 0.010 rad after LHCb upgrade [LHCb-PUB-2014-040]

CDF 9.6 fb™"

D@ 8 fb~

CMS

20" 68% CL contours
(Alog £ =1.15)

HFAG

ATLAS 4.9 fb™"

COMBIN

ON

¢s = —0.015 + 0.035rad
AT's = 0.081£0.006 ps—!

0.08 = New physics not a
large effect
= need to control SM
0.06 effects (penguins).
-04 -0.2 0.0 0.2 O._4
$£° [rad]

Mode o(¢ps)[rad] Ref. Exp

Bg — Jpé —0.058 £ 0.049 + 0.006  PRL 114 (2015) 041801 LHCb (3fb~ 1)

B8 — J/bé —0.030 £ 0.110 + 0.030 ~ CMS-PAC-BPH-13-012 CMS (20fb 1)

BS — J/bé +0.120 £+ 0.250 + 0.050  PRD 90 (2014) 052007 ATLAS (4.9fb~ 1)

BS — Jprtr +0.070 £+ 0.068 + 0.008 ~ PLB 736 (2014) LHCb (3fb™1)

BY - DD +0.020 £ 0.170 4 0.020 ~ PRL 113, (2014) 211801  LHCb (3fb~ 1)
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ATLAS PROSPECTS FOR B° e 2010

@ e T T T T T 4

o E 3

= o018 e ATLAS2012 qu>= 20 |

2 o160 —— IBLLayout, <u>= 60

014 —— IMKLayout, <u>=200

n 0'(¢3.) dependent on Ngig, oy, flavour 012 3 ATLAS simulation E

tagging. 015 Preliminary E

n Upgraded inner detector (IBL in Run-2, 0.0 E

ITK for HL-LHC) improves decay time 0.06)- E

resolution by 30% w.r.t. Run-1. 0.04 :
0.02(

m Higher pr improves o; and signal purity e
(but lower lower efficiency). % 20 50 80

BY) [GeV.
= Small (14%) increase in o in Run-2 as a (B, [Gev]

‘AA‘..?q:x‘Oivvvvvvv

function of nPV, but stable > 40. s A A AN A A e
oim 0.18 —e— ATLAS 2012 <> = 20 3

a . } = c% 0.16; 4+ IBLLayout 11,11 <u>= 60 é

E — = ITK Layout 11,11 <u> = 200 E

| Scrip Dotector 014: E

H I I ‘ | 0.121 ATLAS simulation E

5@ ERREE w”_‘ Preliminary i

ATLAS Today Tracker in HL-LHC ™ E

10 20 30 40 50 60 70 80 90 100
Number of reconstructed PV1 / 10



CP VIOLATION IN CHARMLESS BY DECAYS tm s cow osaon

Candidates / (4.6 Med)

Pull

s BY — ¢¢: b — s penguin decays sensitive

to NP in the loops.

® ¢ — KK: 5 different polarisation
amplitudes = angular analysis.

» ¢s =—0.17£0.15 £ 0.03 rad.

= |A] =1.044£0.07+0.03 = no direct CPV.

F y LHCb
F ~ 4k signa o1
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d 5 . ‘ ‘
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3 bt hﬂi Eeht it *H & $ ﬂlu Hx
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SM: |¢s| < 0.02rad

w+

o
o
o
~l
ol

wl

LHCb Simulation

-»-Upgrade,\'s = 14 TeV

--Current,\'s =7 TeV
Current o4 ~ 46fs = D ~ 0.7

Upgrade o¢ ~ 37f5 = D ~ 0.8
-

-100 0

100
B! © diff. [fs]
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PROSPECTS FOR AT HL-LHC

g o E ]

— 014 B - qxpLH:Ch ...... —]

ed - M l

I~ m—t— B, - JYQATLAS (11+11 GeV) -

g 0.12F —8— B0 . JYQATLAS(6+6GeV) ......—]

12 o —e— B - JymLHCh 3

S [ —e— B - JygLHCh -
5 T e e P

i — = SM uppe'limiton|q)s|B: ) =
008_ — = M () BY - I ]

\ Tripit o {ATLPHYS-PUB-2013-010]
[LHCb-PUB-20]14-040]]

006 N

o .\k'\\\“i\\\

.

0.02F ————— -
0 2020 T 203
Y ear

m ATLAS sensitivities using toy-MC using 2011 analysis with fully simulated signal.
Background from 2012 data sidebands.
= Strong dependence on o(¢s) on muon pr thresholds in ATLAS trigger:
B Run-2/3: 6+6 GeV (nominal, assuming basic L1-topo usage) or 11+11 GeV

(pessimistic = X7 fewer events)
m HL-LHC: 11411 GeV 13 /40



I d‘ I .
‘ Penguin-to-tree
BY ‘ m suppression:
2
e= s =005
‘ hth- ‘ Bth- us
measured __
</>q — ¢q aF 6Penguin = 5New Physics
Difficult-to-calculate & 1400 pr——— T — T ——
non-perturbative hadronic effects E r LHCb - E;ta :
could lead to big enhancement. o e R Signal E
< o | Back d :
Measure dpenguin Using decays % 1000 . p(a;;o?roun =
where penguin/tree ratio is g ' (1% [ T 1,(500) -
enhanced £ 800 —m £,(1270) -
: g o --- o(782) :
[Faller et al. arXiv:0810.4248, De 8 600 [ p(1450) -
Bruyn & Fleischer, arXiv:1412.6834] C Kg — p(1700) -
Use SU(3) relations to link B? and - [PRD 90, 012003 (2014)] =
BO (broken at level of 20-30%). C :
|op| < 1.8° E S E

c.f. o(¢s) = £2.0°, o(¢g) = £1.4°

CONTROLLING PENGUIN POLLUTION IN ¢q

m(m) [GeV]
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CP VIOLATION IN B? — J/i) K?

Q T T T T
OPAL | 320+ 18 +050
g LHCb EPJ C5,379 (1998) ‘ i
E [arXiv:1503.07089] ALEPH | ! ) 084+ 98 +0.16
2 PLB 492,259 (2000) ' ' 1
CDF i 079+ 341 +0.16
= + PRD 61, 072005 (2000) L ' o
% BaBar . 0.69 +0.03 + 0.01
5] PRD 79, 072009 (2009) :
Belle : 0.67 +£0.02 +0.01
c b PRL 108, 171802 (2012) |
= i — N 0.731 +0.035 + 0.020
Acp(t) = SJ/TIJ KS sin(Amgt) CJ/¢ K(S) cos(Amgt) :{Tflb W +0035+
E 3 Average | 0.686 +0.018
04 5 10 1s o :
¢ (PS) -1 0 1 2 3
Spocs
SJ/”J)K(S) ~ sin 23
0.7
B —— . —
SJ/'/) Kg = 40.731 + 0.035 £ 0.020 ; : AmA m, £ \ % ]
_ 06 o | g —
CJ/V) Kg = —0.038 £ 0.032 + 0.005 g 3 y \5\?""'-2‘"5 E
os g ‘ s
2 et 3
0.4 g —
= Consistent with world = s B = B
average and similar precision E R o \
to B-factories. 02 ; \1\
3 \\=|
= HL-LHC: expect ot : ) A
. . o %
1 L Il Il
U(SJ/@L’ Ké’) ~ 0'005’ similar %004 0.2 0.0 0.2 04 0.6 08 10
from Belle-II. P
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0

CP VIOLATION IN By MIXING (s = ria® & alE%

Ax* =1 contours

I'B—-B—f)-T'(B—B—f)

)

0 = aSl = — — —
2 I'B—B— f)+I'(B— B—f)
= 4
S~ -00ur ) ‘ _ 1—1lqa/p|
02 - ing! =1
2 i) St‘ r 5 Spring'14] 1+ |q/p|4
°¥ g 2 )
<+ = Z
= 00z 3 - l [Lenz arXiv:1205.1444] - tiny in SM
B < BABAR £ (2014) —m— | w0 — (41 0.6) x 104
= S LHCb DI"}hX (2014) —&— s = (=4 : .
=R a DO DX | — A a = (+1.9 4 0.3) x 10~
—o03l BABAR Dy —&—
‘ BABAR ¢¢ (old) - - ,
Belle ¢¢ a : T
elle 5 a 25 \
~002  -00T 0.0 oor x 2 \ — LHCb
Aqp(B ]
CP( ) "’< 2
<
5]

ag = [—0.06 £ 0.50 £ 0.36]% (LHCb, 1fb~') 15
a? = [—0.02£0.19 £ 0.30]% (LHCb, 3fb™1)

S
ya

1
[PLB 728 (2014) 607, PRL 114 (2014) 041601] \\
m ~ 30 tension with SM from DO not 05 T
confirmed or excluded by LHCb. 0
2020 2030
Y ear
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NEW PHYSICS PROSPECTS J. :T AL. PRD 89, 033016 (2014)]

= Assume that NP only enters BY and BY mixing: Miiés = (Mfés)SM(l + hg se2i0ds).

-val
P,

0.5 - -
2013 1R : 2023 ]
— 0.8 04 — — X
— NP < 30% SM E 07 NP < 5% SM E 07
) - Hos 0a- - Hos
= h E s & E 05
E 04 02— { 0.4
,,,,, - 03 ] 0.3
- o2 - Moz
E 0.1 0.1
05 0o n‘z n‘:« n‘a 05 00
hd hd
Couplings NP loop |Scales (in TeV) probed by
order |Bg mixing| B, mixing
~ \Cu\ (4_5 Tev)2 |Cij| = |Vas V55| [ tree level 17 19
Vi P\ A (CKM-like) |omeloop| 1.4 15
|Cijl=1 |tree level| 2 x 10% 5 x 10?
(no hierarchy) | one loop | 2 x 10? 40
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TREE-LEVEL MEASUREMENT OF Y

L A A Y B A S
sl e s L » 035 &

b i

\;“

P

@ LHCb only
B->D(Km)K rure LHCb and Belle |

B->D(K3m)K :l
B,D(Kn)p

EHS IS '*‘g 4 B->D(Km)K " B->D(Km)K*

f \ g B,DK " B>D(KI) 1t
ME - D(KK) D(KK)

C : ” y B->D(KK)K* B->D(KK)K

+ % v (m-}%a%zjnnﬁz B->D(KK) it
s OO . 1.1 BRY N

G0 05 00 05 1.0 15 20 B->D{mm)k
[ B->D(K,hh)K
BOD(K*KK  B-5p(4n)k
n Least well known of the CKM angles.
= Small theoretical uncertainty on the tree level diagrams — no NP contributions
= Use interference between B¥ — DOK* DO — f decay amplitudes
= Time-independent B — D°K* and B® — DK*
® ...or time-dependent BY — DI K (v + f) )
18 /40



Y COMBINATION L T

ached et s OL> 035
¥ o

(o)

= Best precision comes from combining
many independent decay modes. 0.5

= Run-1 dataset: o(y) ~ 7°.

[EFEINITES IFENETININ AN ATRTR

AL L B L B L BB

1= o0
m 2025: opucb(Y) ~ oBelle—11(7) < 1°.
Osyst < 1°.
-0.5
m Theoretical uncertainties < 1° Y& (o) & |V, [PRD 89, 033016 (201&)
(D mixing, K mixing, CPV in D decays). ’ ]
1.0 (o) -
¥ ]
Y S I I R I,
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
) 1r T T T T ] P
Q LHCb | )
— 08k Preliminary | [arXiv:1301.2033]
8F 1
: 13
0.6F 4 Tosf
[ i L Belle
04l ] 0.6
F 1 04}
02+ _ +9 5 _ +15
B 7=("210)° ] o2l 7= (68T1,)°
of
60 70 80 9 100 110 00 20 40 60 80 100 120 140 160 180

Y [°] ¥ (degree)
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7 COMBINATION U] Y

r v { ]

1ok () = -

= Best precision comes from combining E LHCb upgrade 50 fb%]
many independent decay modes. 05 - [Vl Belle-IT 50 ab—!

= Run-1 dataset: o(y) ~ 7°.
= 2025: opucb(Y) ~ OBelle—11(7) < 1°.

Osyst < 1°. E E
e . L. o5 Y&Y() & [V, -
» Theoretical uncertainties < 1° r [PRD 89, 033016 (2014]]
(D mixing, K mixing, CPV in D decays). r ’ ]
1.0 - (o) b
. oy 1
= Fa i T 1 . o b e b b b ]
_§’ 14F . 1 e 05 0.0 0.5 1.0 15 2.0
— F —e— LHCh (B — DK™ ] [
= 12F ]
% F \ —e— Bdlle(Il) (8 ~ DKonly)
10F \ .
8f ] .
r \ \ nppt from private comm.
6 \ +=LHCb-PUB-2014-040]
4F L .
2t R ]
0 o ] ] T ]

<
g
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EXCLUSIVE |V,|

18000 : , : . : .
) I I Combinatorial
; 15000 ™ Mis-identified LHCb Inclusive ——e—— PG 201
) [ EmDpuv
p= [ mnATuv
© 12000 mmAiuv
° F N'uv Exclusive s
< 9000f WEpuT (B—mlv) e s e
5] o
= E < 3.50
g 6000F LHCb
C 0
S 3000f oo
© F |Vup| = (3.27 £0.15 £ 0.17 £ 0.06) x 1073
,9000 4000 5000 0.0025 0.003 0.0035 0.004 0.0045 0.005
Corrected pu~ mass [MeV/c?] V!
m Syst. limited from Lattice QCD calc. of "—igc v,V Exc. had-tag)
Ay form-factor (more precise at high ¢2). 2 H - iy
= Ay — puv has different dependence on 10p> < (! teptonic)
right-handed currents (eg), but
combination starts to disfavour
interpretation of RHC.
= Future: measurement using BY — Kpuv . \\‘_
(difficult at Belle-II?) 2
Private comm.
s o(|Vus|) ~ 2 — 3% at Belle-II. Also Bellell | Projection
improve normalisation mode B(A. — pK). ' 1 10

Integrated Luminosity [ab™] 21 /40



DIRECT CP VIOLATION IN B?S) MESON DECAYS

m Arises from interfering amplitudes

with different weak and strong phases. F(E?s) =) =1 B? )= f)
= B° mode more precise than and Acp = — — o
compatible with B-factories. F(B(S) -+ I‘(B(s) - f)

= BY mode: first observation!

o0t _mma 1fb-1 only
3000 [
& 2000
o
B [ o _—
2 10 7~) = —0.080 £ 0.007 + 0.003
2
g After correcting for production
3 a0 and detection asymmetries
-3
8 mT) =0.27 +0.04 £ 0.01
200

055353 55 56 57 T 55 56 57 58 |PRL 110 (2013) 221601]

Kt invariant mass [GeV/c?] K 7t invariant mass [GeV/c?]
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THE “K7m PUZZLE”

AAcp = Acp(BT — K+‘n'0) — ACP(BO — Kt77)=0.1240.02

= Naively expect direct CP asym. to be the same. NP in electroweak penguin loop?
= Need isospin analysis to understand what is going on.
s Bt — K170 challenging at LHCb (no secondary vertex + photons in final state).

T T T T T T T

= 5299233

LHCb 0=99%38

Preliminary N, Comb. = 265 %49
N, Low-mass = 424 £ 52

Ny= 72£26

Nuig = 72+ 26

7° momentum 4

b
, B"momentum

Events /(110 MeV/& )

[LHCb-CONF32015-001]

i P P P T A

0 T T —— L
F S
= [Py - i B S ]
. MT-DOCA M(K %) [MeV/ct]
Primary SEr——T A e A T
vertex £ i

-54400 4600 4800 5000 5200 5400 5600 5800
»  Improvements and future prospects:

® Dedicated trigger (x3 — 5), increase in o (bb) (x2), offline analysis (x5).
=~ 1000 events per fb~1 ( = 10% measurements, competitive with current
B-factory samples).
m Expect Belle-II to make significant improvements here (including B® — K%70).
23 /40



DY MIXING AND CP VIOLATION

D1 5) = p|D°) % q|D") z=Am/T y=AT/@D)

= Mixing in charm sector is small (|z], |y| < O(1072))

: : : dir — |Af| —[AgI?
m Direct CP violation when A¢p = A2 A2 #0

= Indirect CP violation when ABS = |¢/p|*> — 1 # 0,
= are(14L
¢ - arg(pzf) 7é 077T

A
,"Do
» Huge charm samples at the LHC from /‘\1"{ s
different sources:
Prompt charm ;'DO

Semileptonic b-hadron decays

24 /40



DY MIXING AND CP VIOLATION

DO

DO

» Mixing in charm sector dominated by long distance effects = v. small CPV expected

m First > 50 observation of charm mixing made by LHCb [PRL 110 (2013) 101802].

® right-sign: D** — DOzt — (K~ 71)xT (Cabibbo favoured, mixing+DCS - 54M
events)

m wrongsign: D*t — DOt — (Kt~ )7t (DCS, mixing+CF - 0.23M events)

R(t) = J=(f) ~ Rp + VRpy' £ + (@2 +y2)(£)?

mix 5 DCS E
x
RS K n*
-
CF ER — CPVallowed '
[ Nodirect CPV !
mix 5 CF Ac e - 1
o e
Y < 02F { n Wic
WS K g {vlu - 1 " 2o
< 0 IT T 1 -0 1 N3c
N {!T* } 1 40
D = 02 Y S R YV PO IO IO P Y. F-11
cS ,. 06-04-02 ¢ 0204 0608 1 12
0 2 4 6 1 X (%)

e 25/ 40



INDIRECT CP VIOLATION (D° — K

A = (D’ —hth=)—7(D°—h*h™)
L = B =hth )+ (DO—htho)

( le/2

d”)y cos ¢ — xsin ¢

m Distinguish CP violation in charm mixing from that in decay.
= CP violation in mixing (O(10~%) in SM)
[Ar(KTK~) — Ar(ntn~)] # 0 = CP violation in decay

Ar #0

Tagging method | Ap(KTK~) x 1073

Ap(rt7n~) x 1073 Ref.

Arg(a/p) [deg.]

Prompt D*’s —0.35+0.62+0.12
Semileptonic B’s | —1.34 +0.77 £ 0.30

Wic
H2e
60~ w30
L n gu
40 .
201
o
-2~
—ag-
L L | 1 1

o
o
o
@
]
-
»
-
o

+0.33+1.06£0.14 1fb~ T [PRL 112 (2014) 04180
—0.92+1.45+0.29 3fb~! [JHEP 04 (2015) 043]

L

o(A ) x 10

35
3
25
2
15
1
0.5
0

.

—— LHCb (D° ~ K*K?)

4

Systematics.cancel in

the asymmetry ~ O(10~%)

M~

[LHCb-PUB-2014-040]
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< | I WA+ LHCb extrapolation, LHC ruh 1 |
e s . 1 WA + LHCb extrapolation, LHC run 2
m Scale sensitivities with v/ N. 0.2 == WA + LHCb extrapolation, LHC run 3 -
. —= WA + LHCb extrapolation, LHC run 4 i
® Assumes scaling of

systematic uncertainties.
B Ignores analysis 0
improvements. L

» LHCb-upgrade will improve

hadronic e¢ig by factor 2 (removal ~02 B

of E1 cuts and improvements in L |
tracking efficiency). - R
= Will be able to probe SM-level -0 || contours bold 68%. 95% CL | ) | ) ]
CP violation. '1(1).8 09 1 1.1 12
lg/pl
LHC era HL-LHC era
JLdt Run-1 Run-2 Run-3 Run-4 Run-5
(2010-12)  (2015-18)  (2020-22) | (2025-28)  (2030++)
T [1073] 1.22 0.92 0.42 0.25 0.18
y [1073] 0.53 0.37 0.15 0.09 0.06
lg/p| [1073] 59 44 20 12 8
¢ [mrad] 89 70 33 20 14

Mixing and indirect CP violation sensitivities
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SUMM

= Higher precision CP violation measurements probe TeV scales, beyond
reach of direct measurements.

= Significant progress has been made, CKM holding strong.

= Detailed CP violation programme from LHCb, ATLAS, CMS covering
HL-LHC era.

B Many many more observables not discussed today.
® Competition/complementarity with Belle-II from ~ 2018.

1= O] =
1 Sumnr;rﬂ amy - X | ¥ Jtowew
am, | T XX | S
SM fit A
05

UTﬁt
N L moderate
e d L future

1= SM fit

..|,,,,|7,, T PR V) A SRR B
05 1 -1 0.5 0 0.5 1

) P os/a0




SENSITIVITY PROSPECTS LHCb-PUB-2014-040

Type Observable LHC Run 1 LHCb 2018 LHCb upgrade Theory
BY mixing 0.(B = J}69) (rad) 0.049 0.025 0.009 ~ 0.003
64(B° = JJt £o(980)) (rad) 0.068 0.035 0.012 ~0.01
Aq(BY) (1073) 28 14 0.5 0.03
Gluonic ¢ (BY — ¢¢) (rad) 0.15 0.10 0.018 0.02
penguin ¢<8(BY — K*°K*) (rad) 0.19 0.13 0.023 <0.02
26 (B° — $KY) (rad) 0.30 0.20 0.036 0.02
Right-handed #F(BY > ¢7) (rad) 0.20 0.13 0.025 <001
currents 8B = ¢v) /7m0 5% 3.2% 0.6% 02%
Electroweak  S3(B” — K*%u¥p=;1 < ¢ < 6GeV?/cY) 0.04 0.020 0.007 0.02
penguin ¢2 App(B® — K*utp™) 10% 5% 1.9% ~ %
A(Kptp=;1 < g% < 6GeVZ/ct) 0.09 0.05 0.017 ~0.02
B(B* —» ntptp)/B(BY = Ktyutp) 14% % 2.4% ~ 10%
Higes BB — utp ) (1079 1.0 05 0.19 03
penguin B(B® = ptp~)/B(BY — ptu~) 220% 110% 40% ~5%
Unitarity +(B = DOK®) 7 IO 0.9° negligible
triangle ¥(B? - DFK#) 17° 11° 2.0° negligible
angles B(B° = J/Y KY) 1.7° 0.8° 0.31° negligible
Charm A (D' = KTK ) (1009 34 22 0.4 -
CP violation AAcp (107%) 0.8 0.5 0.1 -

= Before upgrade.
m After upgrade.

m Current theory uncertainty.
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POLARISATION_DEPENDENT ¢5? [PRL 114 (2015) 041801]

» Relax assumption that A\ = Uf%%? is same for all JAp KTK~
polarisation states.
# Measure A = |)\f|e_i¢£,f € (0,L,],S)
m Penguin pollution and/or CPV could be different for each state, f

[Bhattacharya, Datta, Int. J. Mod, Phys. A28(2013) 1350063].

A Parameter Value

™ IA0] 1.012 £ 0.058 + 0.013

Al IM/XO| 1.02 +0.12 4+0.05

1 /40

I 3166+ Sevave VTN 0.97 £0.16 +0.01

B? |AS /X0 0.86 +0.12 +0.04
¢? [rad) —0.045 + 0.053 + 0.007
Pmin__ I'— 40 [rad]  —0.018 4 0.043 % 0.009
B ¢t — 40 [rad]  —0.014 + 0.035 + 0.006

¢S — ¢Y [rad] 0.015 £ 0.061 = 0.021

m Everything compatible with no polarisation dependence.
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MEASUREMENT OF 7 FROM B — DK

/DOKi%jD

GLW /ADS: f is CP eigenstate fKi
(D0 — K+K—,ntn—) Qe.‘”s !
B Large rate, small interference. +
H PLB 712 (2012) 203 D K

ADS: f is common final state
(D° - K*nF KEnFata—)
B Lower rate, larger interference.
B PLB 723 (2013) 44

’

Bk K

Events/ (10 MeV/c?)
e

LHCb

GGSZ: f is common final state
(D° —» KIKTK—,K3ntn™)

B Requires Dalitz analysis. . A
B JHEP 10 (2014) 097 mDI) [MeV/ct]

GLS: f = KK~
B PLB 733 (2014) 36
GLW/ADS: B® — DK*, D — hh
B PRD 90 (2014) 112002 !

BSRK R

LHCb preliminary

LHCb preliminary
JLd=20%"

JLdi=200"

[GeV¥ ]

m? [GeV¥/ ']

e
[N
=i

or Ebe CONF-20

2 3 2 3
m? [GeV ¢t m? [GeV¥ et
= Modes have different b — u and b — ¢ amplitude ratios so different sensitivity to ~.
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¥ AND ¢3 FROM CHARMLESS 2-BODY DECAYS

» Determine ~ and ¢ using B® — nt7~, B — 7070, BY - 7%70 B0 Kt K~
[PLB 459 (1999) 306, JHEP 10 (2012) 029]

= Use isospin and U-spin symmetries, accounting for non-factorisable U-spin breaking
effects (k).

v=(635T72)° OR ¢, = —0.127%12 rad

180

YI°l

. 5 1f
160 (a) E [ (b
140F & o5
120F '

100[-

80

o
o o
I

60F
40FpPLB 741 (2015) 1] -1
201
okt I 1 I 1 15 I I 1 |
0 0.2 04 06 08 1 (] 02 0.4 06 038 1

A

K

» Consistent with tree-level measurement of v and (separately) consistent with ¢ from
b — ccs (potentially competitive measurement).
» Needs to be updated with 3fb~1.
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¥ AND ¢3 FROM CHARMLESS 2-BODY DECAYS

68%  95%
Analysis A with K=0.5 — 11— [56°, 70°] (49", 82°]
Analysis C with k=0.5 H T+ [57°, 719 [52°, 827]
LHCb tree-level L I N | [55°, 79°] [dde, 90°]
UTit tree-level world average — 1 (639, 77°) (567, 84°]
CKMiitter tree-level world average [ N ] [59°, 76°] [51°, 83
UTit full fit HTH [67°, 74] [63°, 77°]
CKMiitter ful fit —h [67°, 7171 [61°, 727
L L " 1 L 1
40 60 80 100
T[]
68% 95%
Analysis B with k=0.5 ] 1 }— [-0.28, 0.02] [-0.44,0.17]
Analysis D with K=0.5 ] T} [-0.28, 0.02] [-0.44,0.17]
LHCb ¢ from b—»c5s (1.0fb") [ N [-0.06, 0.08] [-0.13, 0.15]
Uit full fit 1 -0.0375 +0.0015
CKMiitter full fit 1 -0.0368 * 0,501
PN I ERE N B |
- 0.2
-2p; [rad]
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EXCLUSIVE |Vy|

» Long-standing discrepancy between inclusive and exclusive determinations of |V].
» Large production of A baryons at LHC. Cleaner than B — wlv due to protons in

final state.
o 18000 T T
Q I I Combinatorial
d ; 15000 0 Mis-identified LHCb
Q [ EmDpuv
A u p= [ EnATuv
b p % 12000 mm Ac wv
b Vb u = v
2 9000 |-
. :
© = 6000
w- RN
@] 3000 |-
Uy

Corrected pu~ mass [MeV/cz]

» First observation of Ay — puv,!
= Normalise to the V,;, decay, A, — Acur and use world average |V,p| value.

|Vub|2 — B(Ab_ﬂ)'u'u)q2>15 GeV
Vel B(Ap—=Acp) 257 qov F
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EXCLUSIVE |V

u Syst. limited from Lattice QCD calc. of A, form-factor (more precise at high ¢2).

s Ay — ppv has different dependence on right-handed currents (eg), but combination
starts to disfavour interpretation of RHC.

W Is effect of RHC accounted for in experimental efficiencies for B — wlv and B — X, lv?.

T T T T
o 8 T T T
o
Inclusive ——e—— PDG2014 — B inclusive
x 7 I B—nlv
) [ A,—puv (LHCb)
'_]>= 6 [57] combined
Exclusive oo =
(B—mlv) T s
< 3.50
LHCb
(A=pwv)
[Vip| = (3.27 % 0.15 £ 0.17 £ 0.06) x 10~3
0.0025 0.003 0.0035 0.004 0.0045 0.005 _20_4‘ ' ‘_0.2' — 0 — ‘0_2 — 0.4
IV, | &

= Future: can make other measurement using BY — Kuv (difficult at Belle-11?)

n o(|Vius|) ~ 2 —3% at Belle-II. Also improve B(A. — pKm) for normalisation mode

(Ap = Acpv).
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EXCLUSIVE |V,|

o 18000 = ot T ” T . . . .
] r ombinator:
S 1s000f. 9 Mis-identified LHCb )
9 I mmDpuv Inclusive — e G201
= Eorn Aty
o 12000 ALY
< : Nuv Exclusi —_—— DG 2014
> __ v Xclusive arXiv:1501.
§ 9000 F (B—)ﬂ;]v) e arXiv:1503.07839 (BNALIMILC)
15} £
< 6000 ——+— 3.50
g F LHCb
& 3000F (A—puv)
s |Vub| (327i015i017i006)x10—3

0 0025 0 003 0 0035 0. 004 0 0045 0 005
Corrected py~ mass [MeV/cZ] V.|
ub

= Syst. limited from Lattice QCD calc. of a
Ay form-factor (more precise at high ¢2). u

» Ay — puv has different dependence on
right-handed currents (egr ), but w
combination starts to disfavour
interpretation of RHC.

= Future: can make other measurement using BY — Kuv (difficult at Belle-11?)
m o(|Vup|) ~ 2 — 3% at Belle-II. Also improve B(A. — pK) for normalisation mode

(Ap = Acprv).
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IMPACT OF |Vi;| ON UNITARITY TRIANGLE

Inclusive [Vyp| B (HFAG 2014)

m LHCb |Vy| result consistent with world average value of sin 2.
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ATLAS PROSPECTS FOR BY — J/¢$: TRIGGERS

= Muon pr thresholds in trigger:

B Run-2/3: 6+6 GeV (nominal, assuming basic L1-topo usage) or 11+11 GeV
(pessimistic = x7 fewer events)

» HL-LHC: 11411 GeV

2011 2012 2015-17 2019-21 | 2023-30+
Detector current | current IBL IBL ITK
Average interactions per BX <u> 6-12 21 60 60 200
Luminosity, fb™! 49 20 100 250 3000
Di-p trigger pr thresholds, GeV 4 -4(6) 4-6 6-6 11-11 11-11 11-11
Signal events per fb~! 4400 4320 3280 460 460 330
Signal events 22000 | 86400 | 327900 | 45500 | 114000 | 810000
Total events in analysis 130 000 | 550 000 | 1 874 000 | 284 000 | 758 000 | 6 461 000

| MC 6(9y) (stat.), rad 0.25 0.12 0.054 0.10 0.064 0.022 |

» Sensitivities using toy-MC using 2011 analysis with fully simulated signal and
background from 2012 data sidebands.

» Expected developments should improve sensitivity further:

m Flavour tagging and multi-dimensional fit from 8 TeV (2012) analysis.
m Ll-topo trigger — some Run-2 data expected to be collected with triggers using

lower pr thresholds (4-6 GeV).
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m In future, use other channels:

= =
£ oy = B (25)¢
%w 0.o4i u BY — Jhpn
By i B = By Jee)s
0osF ® B) - JWKTK~ (high
E T~ K+ K~ mass)
0,025 ——
0.02F g i \\0 A m Control of penguins essential!
st B9 = SO+ BY = JJ0Th T w BY = Jp KD,
oo1F B) = JWK*,
0.005E BO - J/’lj) po
E [NPB 873 (2013) 275-292,
% T . PRD 86 (2012) 071102]
L(Run-1) fb
¢s error Run 1 Run 2 Upgrade Theory
(rad) (2010-12)  (2015-18)  (2019-77)
3fbL 8fb~1 50 fb~1
BY - JWKTK— 0.049 0.025 0.009 ~ 0.003
BY — Jhprtn— 0.068 0.035 0.012 ~ 0.01
BY — ¢¢ 0.15 0.10 0.018 < 0.02

m Upgraded detector will be read out at 40MHz.
m Factor-10 increase signal yields.

= Existing design will saturate at higher luminosities. 39/40



LHCB TRIGGER

LHCb 2015 Trigger Diagram

i ) LHCb Upgrade Trigger Diagram
40 MHz bunch crossing rate 30 MHz inelastic event rate
‘U' O O Q Uv ‘O’ (full rate event building)

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

‘50’.:‘"' el s ‘ST‘:‘"' DDLU LSO/kHE [ Full event reconstruction, inclusive and ]

: Software High Level Trigger .

H/pp e/y L e/y

L}
L

Software High Level Trigger

Software High Level Trigger

Run-by-run detector

[ Partial event reconstruction, select
calibration

displaced tracks/vertices and dimuons

Buffer events to disk, perform online

29000 Logical CPU cores s to di
detector calibration and alignment

Offline reconstruction tuned to trigger |
time constraints

[Add offline precision particle identification
and track quality information to selections

Mixture of ex ive and inclusive
selectlon all ornhms

2-5 GB/s rate to storage
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