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Quark mixing in the Standard Model
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Imaginary component gives rise to matter-antimatter asymmetry (CP violation)



Why does antimatter matter?

Equal
amount of
matter and
antimatter

created

Afterglow Light

Inflatior

400,000 yrs.

" Dark Energy
Accelerated Expansion

Pattern Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

So where did all the antimatter go?

Today:
almost no
antimatter

in the
universe




Other reasons exist

Hierachy, naturaleness, etc.

Inconsistency between SM picture of CPV and
Big Bang comes directly from the quark
masses and cannot be explained away though.

Assume Big Bang picture 1is correct, there
must be sources of CPV outside the SM!



Potential NP is constrained by flavour

Hierachy, naturaleness, etc.

Inconsistency between SM picture of CPV and
Big Bang comes directly from the quark
masses and cannot be explained away though.

Assume Big Bang picture 1is correct, there
must be sources of CPV outside the SM!

For the purposes of this talk, “flavour
physics” really means “quark flavour
physics”, with apologies to neutrinos,
lepton flavour violation, etc.

Specifically measurements which tell us
about the matter-antimatter discrepancy.

Existing flavour measurements constrain
generic New Physics at the TeV scale,
competitive with direct searches.
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Tools of our trade
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B-factories : hermetic detectors, low background, mainly access B°%* and charm

Belle 1s being upgraded, Belle II aims to collect 50x the Belle dataset
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CDF/DO/ATLAS/CMS : hermetic detectors but hadronic environment, much higher backgrounds



LHCb : forward spectrometer for flavour physics at LHC
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NA62/KOTO: forward spectrometers for rare kaon decays



1. Flavour physics today
2. Flavour physics 1n 2030

3. How do we get there?






The unitarity triangle

Unitary matrix => 6 triangles 1in imaginary plane, one experimentally convenient



The apex of the triangle et

treatment available at www.utfit.orqg i
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Overconstraining the apex tests the consistency of the SM picture of CP Violation
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How do we measure y?

colour favoured colour suppressed
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doubly Cabibbo suppressed Cabibbo favoured

Interfering Vy, and V., decays to the same final state



What scales does y probe?

0y S O(1077)

Probe Anp for (N)MFV NP Ayp for gen. FV NP BB pairs
v from B — DKV A ~ O(10% TeV) A ~ O(10° TeV) ~ 1018
B — 112 A ~ O( TeV) A ~ O(30 TeV) ~ 1013
b— ssd A ~ O( TeV) A~O10® TeV)  ~ 1083
3 from B — J/Y K2 A ~ O(50 TeV) A ~ O(200 TeV) ~ 1012

K — K mixing® A > 0.4 TeV (6 TeV) A > 103% TeVv now

Zupan&Brod
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A decade of overachievement...
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FIG. 2: AE distributions (NB > 0.9) for [Kt7 " |p K~ (left
upper), [K~7nT|p K™ (right upper), [K" 7" |p7~ (left lower),
and [K~7n"|pm™t (right lower). The curves show the same

components as in Fig.
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FIG. 9: (color online). Projections on mgs {(a. b. ¢) and NN (d. e, f) of the fit results for DK~ (a, d), D}, oK~ (b,
e) and D, . K~ (c, f) WS decays, for samples enriched in signal with the requirements NN > 0.4 (mgs projections) or
5.2725 < mes < 5.2875 GeV/c® (NN projections). The points with error bars are data. The curves represent the fit projections
for signal plus background (solid), the sum of all background components (dashed). and ¢g background only (dotted).
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...and yin the LHC era

The “ADS” B->DK decay mode, total branching fraction 0(10-7)
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|l HCb and the B-factories combined

] Combined
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Unlike measurements of Y, all measurements of B or X have some “penguin pollution”.

At present compatible with +P+y=m => “consistency check” key for the HL era!
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Exclusive needs lattice input for form factors

Inclusive large backgrounds, HQE uncertainties
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One of the more famous historical tensions, but now in pretty good agreement.

Belle II upgrade will improve precision by an order of magnitude however!
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Bac k tO t h e a p e X Similar plots with Bayesian

treatment available at
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Continue to improve precision on all measurements to overconstrain the apex.

Progress in theory/lattice calculations critical to exploit experimental data.
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We all love dimuons
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And we all love loop diagrams




B—uu, the ne plus ultra of dimuons

Precise SM predictions due to
decay diagrams

& Br(Bg->pup) = (1.1 = 0.2) 10-1°
& Br(Bs->pp) = (3.5 + 0.2) 101

Buras et al, EPJ C72 (2012) 2172; see also PRL109 (2012) 041801
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The LHCb and CMS signals

LHCb: arXiv:1307.5024, PRL.111.101805 (2013)
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BY/BY.—puu, the golden ratio
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B—X.uu, the gift that keeps on giving
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Altmannshofer et al, JHEP 01 (2009) 019

g® = dimuon invariant mass”™2

Example observables : forward backward asymmetry
(sensitive to Ss), K*° longitudinal polarization...
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SO0 many observables, so little time
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We also love tensions

SM Predictions
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SM Predictions
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® at low "2, ratios P_, 565 =

v/ FL(1—FL)

15 20

largely free of FF uncertainties, while

SehSitiVitg to NP remains (Descotes-Genon, Hurth, Matias, Virto, arXiv:1303.57Q4)
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® at low "2, ratios P_, 565 =

v/ FL(1—FL)

SM Predictions
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2.80 global significance :
3 fb-! result coming soon!

largely free of FF uncertainties, while

15 20

SehSitiVitg to NP remains (Descotes-Genon, Hurth, Matias, Virto, arXiv:1303.57Q4)



But the tension has to be consistent

Fit the K'UU “anomaly” together with

B 683%CL

95.5% C.L B_)uu
99.7% C.L B->XsY, K'Y
B->XsUH inclusive

:'__—: Includes Low Recoil data

Only [1,6] bins

and interpret in terms of NP contributions to
the Wilson coefficients

Whatever you think of this specific fit, the
approach 1is clearly correct => we are looking
for a consistent pattern of deviations!



http://arxiv.org/abs/1307.5683
http://arxiv.org/abs/1307.5683

B.— ) /wTrTT and B,—J/WKK

CPV 1in interference of decay and mixing



PRD 87, 112010 (2013) Z
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ATLAS-CONF-2013-039
1208.2967v2
1109.3166v2

veryone gets in on the act...
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3 fb-1 B.—J/@1r11, hot off the press
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http://arxiv.org/pdf/1405.4140.pdf
http://arxiv.org/pdf/1405.4140.pdf

3 fb-1 B.—= @, hot off the press

S

S

Interference of decay and mixing
means predicted CPV in SM is ~0

Hence an excellent null test

Also experimentally “golden”, as

it 1s almost background free
like an honorary dimuon!

LHCb-PAPER-2014-026
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ummary of s status

1109.3166v2
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Another way of looking at mixing

-l
v
-l

Q|

BO u,c,t

CPV in mixing essentially O in SM

=> Measure using B-DUX decays
=> Another excellent null test




The As. anomaly...

o 0.02
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(SM, +0.0008)

Standard Model
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DO B —u'D; X

- % Central value from =
dimuon asymmetry

2004 002 0 0.02
dg|

DO results 3.60 away from the Standard Model...



http://arxiv.org/pdf/1310.0447v1.pdf
http://arxiv.org/pdf/1310.0447v1.pdf

...or the Standard Model?
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http://arxiv.org/pdf/1310.0447v1.pdf
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Charged Higgs contributions affect DTV and D*TV differently


http://arxiv.org/pdf/1303.0571v1.pdf
http://arxiv.org/pdf/1303.0571v1.pdf
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Challenging analysis, significant backgrounds even at B-factories


http://arxiv.org/pdf/1303.0571v1.pdf
http://arxiv.org/pdf/1303.0571v1.pdf

Taus are leptons too

T
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045 ——
o - Measurement R(D) R(D™)
Rk S Belle 2007 [13] — 0.44 + 0.08 + 0.08
o 03 BABAR 2008 [14] 0.42 £ 0.12 + 0.05  0.30 £ 0.06 %+ 0.02
— Belle 2009 [15]  0.59 & 0.14 + 0.08  0.47 £ 0.08 + 0.06
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Results 3.40 away from SM but also exclude type II 2HDM


http://arxiv.org/pdf/1303.0571v1.pdf
http://arxiv.org/pdf/1303.0571v1.pdf




Setting the scene

-7 A AN(p—in)
N
Verm = —A 1 — % AN? T 24 O(A")
AN (1 —p—in) —AN 1

First two gen. matrix real, so charm CPV highly suppressed in SM

Top mass >> mass of other quarks, NP preferentially couples to top



Overall picture of charm mixing,/CPV
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Constrains generic NP at ~103-10% TeV



TO p FB asym metry A. Jung, HC 2014

q t
00, NG
QO] T
q t
Ay =yt — yz "
—(TCOGEETY—>
! >mmm< e
—<—49999999

Both CDF and DO measure FB-asymmetries above SM, DO does not see enchancement at high m::

top
anti-top

Tevatron

top
anti-top

Cannot measure same quantity at LHC but related measurements compatible with SM



Top FB asymmetry s s

http://arxiv.or df/1211.1003v3.pdf
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Tension with SM greater for measurements of quark asymmetry than lepton asymmetry


http://arxiv.org/pdf/1405.0421v1.pdf
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Top FB asymmetry

Summary of the current situatior

A. Jung,

LHCP

2014

tt Ay Asymmetry (lepton+jets)

CDF 9.4 fb™
*
16.4 + 4.7 %
D0 9.7 fb™
—6® 10.6+3.0%

Lepton qn Asymmetry (lepton+jets and dileptons)

B D+E.H %

"T-2.6

+

CDF
—— 4.7 * 2.7 % DO
Lepton An Asymmetry (dileptons)
e —— 7.6 +8.2%
— 12.3 + 5.6 %

Bernreuther & Si, Phys.Rev., D86 (2012) 034026

In broad

0 5 10 15 20
Asymmetry, %

Summary of LHC A _ results at \'s =7 and 8 TeV

ATLAS Dileptons 7 TeV

[ATLAS-CONF-2012-057]

ATLAS Lepton+jets 7 TeV tej

[JHEP 02 (2014) 107]

CMS Dileptons 7 TeV

[JHEP 04 (2014) 191]

o

CMS Lepton+jets 7 TeV  weh

[Phys. Lett. B 717 (2012) 129]

CMS Lepton+jets 8 TeV g
[CMS PAS TOP-12-033]
Theory (7 TeV)
Theory (8 TeV)

[Phys. Rev. D 86, 034026 (2012)]
| |

(stat) (syst)
0.057£0.024 £ 0.015

0.006 + 0.010 (total)

-0.010+£ 0.017 £ 0.008

0.004 £ 0.010 £ 0.011

0.005+ 0.007 £ 0.006

0.0123 £ 0.0005
0.0111+ 0.0004

-0.2 0

Ac

0.2

0.4

agreement with SM, need NNLO OCD predictions to help resolve differences.
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T h e p hys i C S Of NA6 2 NA62 Technicdesgn report

Rare decay, (8.5 * 0.7)*10-!! in SM
Aim to measure with 10% experimental precision by collecting ~100 signal events




T h e p hys i C S O f N A6 2 NA62 Technica design report

2]
' K'—>r*no &
- c
a, -
@ o
- 5 © K —x*nly
n— : x + +.
2 K' it = f L LTV
q I{+ + A P
E —utvy . 3% L
M-ﬂmw-ﬂ“ﬂ'"r"'r" N | L

-0.15 -0.1 -0.05 0 0.05 01 015
2
ms... GeVe/c

Require 0(0.01%) pion-muon discrimination, O0(1l00ps) time-stamping in the trackers,

excellent vetoes for neutral particles



Constraint on the UT a2 Technical design xeport |
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Fantasizing abOut the future NA62 Technica design report
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Basically gives an independent measure of sin(2f)!






Latest crystal ball projections

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
(2010-12)  (2015-17) (2019-21)  (2024-26) (2028-30+)
ATLAS & CMS  25fb~!  100fb~'  300fb~ ! s 3000 b}
LHCDH 3fh~ 1 8 b1 23 b1 46 b1 100 b1
Belle 11 — 0.5ab-! 25ab”! 50 ab —

+NA62, 10% on BR(K*-»>mtvVv) roughly by end of Run II
+TLEP collecting 2*10!! Z-bbar by 20XX?
+KOTO observes K%movv by the end of Run II?

twiki.cern.ch/twiki



https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour
https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour

Some example signal rates

ATLAS/CMS HL-LHC (?)

LHCb upgrade 100fb-! (Multiply by 20 for ccbar)

LHCb 8 f£b-!

Belle II 50 ab-!

B-factories !
|

bbar
1%10° 51010 2%1012  2%1013 ~1015 “pairs

B-factories/Belle II should be scaled by ~10 compared to LHCb to account for
efficiencies, hermetic detectors, and a cleaner environment.

Effective size of ATLAS/CMS sample depends on their trigger evolution.



A few key observables
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Personal aside on complementarity

LHCb upgrade Belle II ATLAS/CMS
Rare B decays *k*k*k*%k*%k * % % **k %k %
Bs mixing * % % % % * *
Bd mixing * % * % k%%
Incl. processes (Xsy, ¥ K % %
Xs”, etc.)
b-baryon and B¢ physics *k k)% * %
Charm, charged final Yo & & & ok - & 5
states '
Charm, neutral final o % * % % % %
states
LFV (T2 Yy, M) * % * % % %% ?

Publicity plots are made with observables which are by definition common to
all experiments, therefore they hide the complementarity of the programme.



Personal aside on CMS
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If the CMS tracker performs like this in the HL-LHC era, and you read 1 MHz
into your HLT, CMS will be a heck of a flavour factory not only for Bs»>UM.

Even imagining that the B-physics hardware trigger was a pure prescale,
which it won’t be, CMS would have the same effective luminosity as LHCb.

Are there plans for charm physics with the CMS upgrade? If not, why not?



The impact on the UT, 2020

izoo: " NS E 0.2
=180 ¥ LHCb .18
! 160F- °0.16
m -
T 140— B- 0.14
c F HH
=120 0.12
=, L
100 0.1
m —
x 80 0.08
a r
© 60 0.06
40— 0.04
20— 0.02
: | | | | | | | | | | | | | | | | | | | | | | | | | | | I | |
%016 2018 2020 2022 2024 2026 2028 2030 0
Year
50
® S0F ® Belle |l S 14
T ¥E ¥ LHCb >
40 . 2 12
350 K HHU ° i
305
~ 8
25:—
201 6
15F .
~ 2
°E
0: 11 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 0

J.

Charles et al.

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Year

twiki.cern.ch/twiki

arxiv.or

ATLAS p_(u)> 6-11 GeV
ATLAS pT(u)> 11 GeV

LHCb (J/¥ ¢)
LHCD (¢ ¢)

> « O N

penguins

IIIIIIlIII|III|III|III|III|IIIIII|III

III|III|III|III|III|III|III|I

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Year
© Belle ll
v LHCDb
Gamma from

Trees

IIIIIIlIII|III|III|III|III|III|III|IIIIIII

2012 2014 2016 2018 2020 2022 2024 2026 2028 2030
Year

abs/1309.2293

1.5

1.0

~2020

1T
| excluded area has CL > 0.95

0.25 L L/l
0.05 010 0.5

‘ fitter

Stage |

|

0.20



https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour
https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour
http://arxiv.org/abs/1309.2293
http://arxiv.org/abs/1309.2293

The impact on the UT, 2030
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et’s add a bit of wishful thinking
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Let’s talk about practicalities



Charm, a window into the future...
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...of computing

< ) o Data >10% signal events
= 10 — Fit
O — Signal . . . .
S —— Rnd.m, imagine performing toy studies
o -~ D’—=Kn'n to evaluate fit biases!
= D! —K'K m*
— - - - Comb. bkg
>~ 10’ Must take advantage of future
R computing architecture
=
= Code parallelization key

10° e\ Also critical to enable

‘ progress in lattice QCD
Where charm goes, there beauty

_ 5 will follow soon enough.
S 0
aP

140 145
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I want to talk about something else though

Real-time data analysis

Advertising Business About Privacy & Terms Settings Use Google.com




Why do we need triggers at the LHC?

Input data rate of the LHCb

experiment = 1.5 TB/second
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Why do we need triggers at the LHC?

Input data rate of the LHCb This means about 15000 PB
experiment = 1.5 TB/second of data every year

Google was at ~7000 PB/year in 2008, so goodness knows where it is today...

AT&T networks

BBC iPlayer

Facebook

Twitter |
|

Data

3 PB 180 PB 2500 PB 11000 PB vear
NB : ATLAS/CMS about a bit more than one order of magnitude above LHCb
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It is mostly about the money

Facebook ~= 180 PB/year

Facebook spending on data
~= 600 M$S/year (circa 2011)

Scaled cost of triggerless storage of LHCb ~= 50 BS$/year

Real time event selection

Money

Nota bene : Even assuming infinite resources, transferring 1.5 TB/second from
the detectors to storage 1is not easy... although we are getting to the point
where it 1s possible (more on this later)

Nota bene 2 : Processing data is way cheaper than storing it



The traditional view of triggers

'

- = S

Proton

Parton
(quark, gluon)

+ Z) €
Particle 2

(\2\ Collisions at the LHC: summary

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (7x1012 eV)
Luminosity 1034cm-2s-1

Crossing rate 40 MHz

Collisionrate= 107-10°

New physics rate = .00001 Hz

Event selection:
1in10,000,000,000,000

P. Sphicas SSI 2006
Triggering July 2006
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Enter the MHz signal era
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More precision = real time analysis

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate
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And so on into the upgrade era

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
and full event rate building

LLT : 15-30 MHz output rate,
select high Etr/Pr (h*/u/e/y)

. Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

Run-by-run detector
calibration

8

Add offline precision particle identification
and track quality information to selections

<> <> >

2-10 GB/s rate to storage
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Charm signal purity from LHCb trigger
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Remember we said charm today == beauty tomorrow.

I hope you are getting scared about systematics.



Real time MVA is challenging

In the future the trigger/DAQ systems 1E
will perform almost all the event .g 3 2010 MB Data
reconstruction, detector calibration, tj i = cc MC10
and signal selection. s . - bb MC10
o 10715 = MB MC10
We need multivariate trigger algorithms O -
which are safe for real-time use and > N
robust against detector inefficiencies. - |
5
Have made a start on this at LHCb, but :10'25_
a lot of R&D still needed! g N
= |
©103¢
N |
0 0.5 1

BBD'T Response

See also LHCb-PUB-2011-002,003,016

http://arxiv.orq/abs/1310.8544
http://arxiv.org/abs/1211.3055
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Gligorov&Williams
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The rewards are great, however
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Ceterum censeo, flavour importante est

YES Need to measure flavour structure
to differentiate NP models

GPDs directly

FLAVOUR STUDIES

observe new REQUIRED

physics?

Flavour sets scale of NP and guides
design of future direct searches
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|l HCb and the B-factories combined

Combined
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Ultimate theory errorony
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Combining the individual measurements
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DO mix

ing and CPV
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Indirect CPV, Ar
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Indirect CPV, Ar
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Inclusive B trigger performance
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Including direct CPV into the picture
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The CKM matrix
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As a triangle




Experimental status through the years
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Experimental status through the years
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Experimental status through the years
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The CKM triangle “state of the art”...
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B—X.uu, the B sector
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B—X.uu, the B sector
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The many faces of y
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Combmmg the individual measurements

eADS/GLW 1 fb-! analysis
®GGSZ 3 fb-! analysis
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Combining the individual measurements
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What about the 2D likelihoods?
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The future

LHC era HL-LHC era
Run 1 Run 2 Run 3 Run 4 Run 5+
B(B®—ut 1) CMS > 100% 71% 47% 21%
B(BY—putu~) LHCDb 220% 110% 60% 40% 28%
) ATLAS 0.11 0.05-0.07  0.04-0.05 0.020
Os(Bs = J/¥9) e 0.05 0.025 0.013 0.009 0.006
- ¢, (B> ¢¢$)  LHCbH 018 0.12 0.04 0.026  0.017
LHCb 7° 4° 1.7° 1.1° 0.7°
! Belle IT - 11° 90 1.5° .
LHCb 34x107% 22x107* 09x10~* 0.5x 1074 0.3 x 10~
Ar(D” = KTK™) Belle 11 — 18 x 1074 4-6x107% 3-5x 104 —
) . LHCbH 10% 5% 2.8% 1.9% 1.3%
a Ars(K°017) e . 50% 7% 5% —
. ATLAS 23 x 10~° 4.1-7.2 x 107°
CMS 100 x 107° 27 x 107° 10 x 107
 tsqy ATLAS ... ... 78 x10™° . 1.3-2.5 x 107°



https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour
https://twiki.cern.ch/twiki/bin/view/ECFA/PhysicsGoalsPerformanceReachHeavyFlavour

The future, LHCb

Table 3: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the expected sensitivity |
given for the integrated luminosity accumulated by the end of LHC Run 1, by 2018 (assuming 5fb~" recorded during Ru
2) and for the LHCb Upgrade (50 fb_l). An estimate of the theoretical uncertainty is also given — this and the potenti:

sources of systematic uncertainty are discussed in the text.

Type Observable LHC Run1 LHCb 2018 LHCDb upgrade Theory
BY mixing 6s(B° — T é) (rad) 0.05 0.025 0.009 ~0.003
bs(BY = T £5(980)) (rad) 0.09 0.05 0.016 ~ 0.01
Ag(BY) (1073) 2.8 1.4 0.5 0.03
Gluonic ot (BY — ¢¢) (rad) 0.18 0.12 0.026 0.02
penguin ot (B — K*°K*%) (rad) 0.19 0.13 0.029 < 0.02
28 (B® — $K2) (rad) 0.30 0.20 0.04 0.02
Right-handed ot (BY — ¢y) 0.20 0.13 0.030 < 0.01
currents TH(BY — ¢y)/Tpo 5% 3.2% 0.8% 0.2 %
Electroweak  S3(BY — K*utu™:1 < ¢* < 6 GeV?/c?*) 0.04 0.020 0.007 0.02
penguin q5 Arp(BY — K*utu™) 10% 5% 1.9% ~ 7%
Af(Kptu—:1 < ¢ < 6GeVY ) 0.14 0.07 0.024 ~ (.02
BBt —- atutu™)/B(BT — Ktutu™) 14% 7% 2.4% ~ 10%
Higgs B(BY — ptp™) (1079) 1.0 0.5 0.19 0.3
penguin BB — utp™)/B(BY — putu™) 220% 110% 40% ~ 5%
Unitarity (B — D™ K™) (° 4° 1.1° negligible
triangle v(B? — DFK®) 17° 11° 2.4° negligible
angles B(BY — J/¢y K?) 1.7° 0.8° 0.31° negligible
Charm Ap(DY — KTK™) (107%) 3.4 2.2 0.5 —
CP violation AAcp (1073) 0.8 0.5 0.12 -




The future, Belle Il

Observable Belle 2006 SuperKEKB Leptonic/semileptonic B decays

(~0.5 ab™1) (5 ab™1) (50 ab~1) B(BT — 77v) 3.50 10% 3%

Hadronic b — s transitions B(BT — ptv) M <24Bsy 4.3 ab™! for 5o discovery
B(B* — Drv) - 8% 3%
28¢K0 0.22 0.073 0.029 B(B" — Drv) ] 0% L0%

Sy’ K0 0.11 0.038 0.020 LFV in 7 decays (U.L. at 90% C.L.)
AAWng 0.15 0.072 0.042 B(t — pn) [1077] 65 5 9
A¢¢K+ 0.17 0.05 0.014 B(r — ppp) [1077] 21 3 1
‘if ! (¢Ks) Dalitz 3.3° 1.5° Unitarity triangle parameters

Radiative/electroweak b — s transitions sin 2¢, 0.02(())’ 0.0l? 0.013
S0 0 0.32 0.10 0.03 22 E”)) 55 < ) - o g .

2 \PT 2 :
B(B — XS”)/) 13% 7% 6% ¢2 (pp) 62° < ¢2 < 107° 30 1.5°
ACP(B iXSW) 0.058 0.01 0.005 ¢2 (Combined) 20 5 1°
Cy from App(B — K*(T(7) - 11% 4% é3 (DK ®) (Dalitz mod. ind.) 20° 7° 20
Co from Apg(B — K*(1T/(7) - 13% 4% ¢3 (DK™)) (ADS+GLW) - 16° 5°
C7/Cy from App (B — K*(T07) . 5% ¢35 (D)) i 18° 60
Ry 0.07 0.02 ¢3 (combined) 6° 1.5°
B(BT — KTvv) It < 3 Ban 30% |Vup| (inclusive) 6% 5% 3%
B(BY — K*up) tt < 40 Bay 35% L‘Jr/;,:gi\ (exclusive) mlizo 12% (LQCD) 5% (LQqCAI)OB

S.Monteil Flavours



A forward spectrometer for the LHC
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with excellent tracking reso

X and Y resolution - offline, exactly 1 PV
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with excellent tracking resolution

# candidates / 0.2 ps

X and Y resolution - offline, exactly 1 PV
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LHCb’'s 1s uniquely able to make high precision
time-dependent Bs sector measurements
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and charged hadron separation
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The LHC environment

] 40 MHz bunch crossing rate

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

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive
selection algorithms

U2 U2 s U2




Trigger signatures

beamline S

B meson signatures :
Large child transverse momentum

Large child impact parameter or
vertex displacement

DiMuon candidate

“A B is the elephant of the particle zoo: it is very heavy and
lives a long time” -- T. Schietinger
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Real time event selection

Information gathering

(“reconstruction”) stage
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Real time event selection

Information gathering
(“reconstruction”) stage
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Real time event selection

Information gathering

(“reconstruction”) stage

Event selection stage
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Real time event selection

Information gathering

(“reconstruction”) stage

Event selection stage

126



Real time event selection

Information gathering
(“reconstruction”) stage

Event selection stage

Next reconstruction stage
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A topological decision tree trigger

e g HLT2 2-Body Topo
'¢¢" measured
N 400
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e ®
RN £
¢" 66
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R 200
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A topological decision tree trigger

add momentum

d
400 ]
—— correcte d

1

o 9 / 9 / S 10
Mecorrected — \/m T ‘p Tmissing‘ T |meissing| mass (GeV)
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What has this enabled LHCb to produce?

GLW/ADS in B-DK,Dmr with D-hh
ADS in B-DK,Dm with D-hhhh
GGSZ in B-DK with D-Kshh

GLW in B-DK?*

GLW in B-Dhhh

Frequentist Y combination

Time dependent CPV 1in Bs->DsK
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What has this enabled LHCb to produce?

GLW/ADS in B-DK,Dmr with D-hh
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Aside on the CKM matrix structure

Bigger box == stronger coupling

(not to scale)
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Observables & physics parameters

B* Q s.

J 11*}[
colour favoured colour suppressed

S — 24
Cf,-, K =
D¢ 4 D° < S K-

doubly Cabibbo suppressed Cabibbo favoured
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Observables & physics parameters

K

Ry /r

Ri¢/x = R}
AFav

AFav

AKK _ grm

KK  jA7nw
Aﬂ' T A’ﬂ'
RADS
AADS
ADS
R

ADS
A7r

1+ (rprp)® + 2rprpcos(dp — dp) cosy

R

1+ (rgkrp)? + 2rgrpcos(0; — dp) cosvy
R 1 +rg?% + 2rg cosdg cos~y

. T 2 T T

L+ rR7 4 2rf cos 0 cosy

2rprp sin(dp — dp) sin~y
1+ (rgrp)? +rprpcos(dp — dp) cos~y
2r%rpsin(éf — 0p) sinvy
1+ (rkrp)? + rkrpcos(6% — dp) cos~y
2rp sindp sin vy

1 +rg2+rgcosdpcos~y
v . T .
2r5sin oy siny

1+ r%? + 77 cos 75 cosy
rg? +rp? + 2rgrp cos(dp + dp) cos~y
1+ (rprp)? + 2rprpcos(dp — dp) cos~y
2rprp sin(dp + d0p) sin~y
rg? +rp?+2rgrpcos(dp + dp) cos~y

7""[;2 +rp? + 2r5rp cos(0f + 0p ) cosy
1+ (rErp)? + 2r5rp cos(0% — dp) cosy

2rgrpsin(oy + 0p) siny
rgz +rp? + 2r%rp cos(6% + dp) cosy
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Observables & physics parameters

rs,0s are the amplitude ratio and relative K

RK T

strong phase of the interfering B decays /
RS = RiZ,

AFav

AFav

AKK — ATT

KK  jA7nw
AKK — g
RADS
AADS

ADS
R!

ADS
AT(’

R 1+ (rprp)? + 2rgrpcos(dg — dp) cos~y
1+ (rgrp)? + 2rgrpcos(0 — dp) cosvy
R 1 +rg?% + 2rg cosdg cos~y
: T 2 T , ST ,
L+ rR7 4 2rf cos 0 cosy

2rprp sin(dp — dp) sin~y
1+ (rprp)? +rprpcos(dp — dp) cos~y
2r%rp sin(éf — dp) siny
1+ (rgrp)? + rirp cos(6% — dp) cos~y
21 Sin 0 g Sin 7y

1 +rg2+rgcosdpcos~y
T A3y T A3y /
2r7 sindp sin vy

1 +r%% + 77 cos 5, cosy
rg? +rp? + 2rgrp cos(dp + dp) cos~y
1+ (rprp)? + 2rprpcos(dp — dp) cos~y
2rprp sin(dp + d0p) sin~y
rg? +rp? + 2rprpcos(dp + dp) cosy

7“7[;2 +1rp? + 2rkrp cos(6F + dp) cosy
1+ (rgrp)? + 2rgrp cos(0f — dp) cos~y

2rgrpsin(oy + 0p) siny

7“}{32 +rp? + 2r%rp cos(6% + dp) cosy
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Observables & physics parameters

. . . ’ Py » 2 pos > ~ ~ A~y
rs,0s are the amplitude ratio and relative Rﬁ';r _ p it (rBrp)° + 2rprpcos(dp — dp) cosy
. . ' ™ " - L [ X 2 L . . . - A
strong phase of the interfering B decays 1+ (rgrp)* + 2rgrp cos(0p — 0p) cos
RKK _ ptr _  p 1 4+ 7rp* + 2rp cosdp cos -y
. «q K/m — "VK/m T - rT2 1L OnT 068 8T oS~
rp,Op are hadronic parameters describing 1+ 752 4 27 cos 6, cos
the D°»Km(nK) decays AFav  _ 2rprpsin(dp — dp) sin -y
1+ (rprp)? +rprpcos(dp — dp) cos~y
. . . T oo A (AT SN
rp is the amplitude ratio of the CF to AFav  _ 2rgrpsin(dy — 0p) siny
ﬂ- - \ N -
DCS D° decays L+ (rgrp)? +rgrp cos(df — dp) cosy
AKK _ gnm _ 21 Sin 0 g Sin 7y
B o e 2 o . o~
Op is the relative strong phase between 1+7§ W+.r357c:oks.53 COS "
T » S111 S1I1 7Y
the CF and DCS decays ABKK — grm = B S Op S
T 2 T KT )
1 +7rE° +r§cosoycosy
c 2 a2 N . A
Both are taken from CLEO measurements RADS  _ rg” +rp” + 2rprpcos(dp + dp) cos

1+ (7*B7~D)2 + 2rprp COS(5B _ 5D) COS
AADS 2rprp sin(dp + d0p) sin~y

2 - -
RADS rg” + rp? + 2r5rp cos(0f + 0p) cosy
'n' 1+ (rkrp)2 + 2rrp cos(6% — 0p) cosy
AADS  _ 2rgrpsin(dy + dp) sinvy
h -

rn? +rp2 4+ 2r%rp cos(d% + 6p) cosy
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Observables & physics parameters

rg,0s are the amplitude ratio and relative RET
strong phase of the interfering B decays i
REE — Rprm

rp,Op are hadronic parameters describing Y Y
the D%>Km(nK) decays AFav
rp is the amplitude ratio of the CF to AFav

DCS D° decays

Op is the relative strong phase between

the CF and DCS decays ABE — AT
Both are taken from CLEO measurements RADS

Notice that ADS asymmetries are enhanced
by the absence of a “1 +” term in the
denominator compared to the GLW ones RAPS

ADS
A‘rr

R 1+ (rprp)? + 2rprpcos(ép — dp) cos~y

1+ (rErp)? + 2r%rp cos(6% — dp) cos 7y
P 1 +7rp* + 2rp cosdp cos -y
] w2 | 0T L ST Y
L+ 1rp 2175 COS 075 COS A

2rprp sin(dp — dp) sin~y

1+ (rgrp)? +rerpcos(dg — 0p) cos~
2r%rp sin(éf — dp) siny

1+ (rkrp)? + rkrpcos(6% — dp) cos~y

2rpsindy sinvy

1+ 7% + 1% cos I cosy
rp? +rp?+2rgrpcos(dp + dp) cos~y
1+ (rgrp)2 + 2rprpcos(dp — 0p) cos~y
2rprp sin(dp + dp) sin~y

rg? +rp? + 2rgrpcos(dp + dp) cosy

r5° +rp°+2rgrpcos(dp + dp) cosy
1+ C"?;”'D)Q + 2rgrp 008(5?3 — 0p) COS 7y

2rgrpsin(oy + 0p) siny

7'}’32 +rp? + 2rrp cos(0f + 0p) cosy
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The Cabbibo-favoured signals

;; 400 T %
> - LHCb | , LHCb
s 300 —
V@) _ i _
7 200§ B (K] K*
S D }
3 10062
o wwww‘ |
| ——— S a— |
4000 LHCD
' B+ K+ _ +
20003 —lk T,
0 5200 5400 5600 5200 5400 5600 -

m(Dh*) MeV/c2)
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The singly Cabbibo-Suppressed signals

Events / ( 5 MeV/c?)

Events / ( 5 MeV/c?)

80— — —
60—
40}
20 |
800} # 1 A _
i 4 LHCb IR LHCb
| ) - '
4004 | B-K'K)n B*>[K'K] n* -
2005 — -
O==55%00 5400 500 5200
m(Dh™) (MeV/c?)
30— —
o LHCb -+ LHCb
20 Il B EH FH H E B E E E E N =B =EH =B = ! Il B EH FH H E B E E E E N =B =EH =B = :
B —[rn'n] K B '—>[n*n] KV
i\
il iy
LHCb LHCb
200 —
; B —[n'n] w B+%[TE+7F]D7IZ+
100F; .
0™ 5400 5600 5400 5600
m(Dh*) MeV/c?)

KK and nmm show similar-sized CP
asymmetries, in the same direction

0.145 £ 0.032 = 0.010

KK T
Acpy =< A, A > =

Branching fraction ratios
consistent with CF D? decay mode

KK T
< RK/W’ 'K/ >

- 1.007 + 0.038 + 0.012
REP
'K/

Ropy =
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The ADS signals

Events / (5 MeV/c?)

m(Dh*) (MeV/c?)

The Kaon mode shows a large CP
asymmetery

R. — R~
) = K ﬁ — —0.520 + 0.150 &+ 0.021
Ry + Rj;

Aaps(k

And there 1s also a hint of
something in the pion mode!

R: — R
‘4A“S“”::_Ri 1;; —  0.1426 4+ 0.0621 £ 0.0110
x T Lig

ADS modes established at >50 significance

Combining all two body modes, direct CPV is observed at 5.80 significance

LHCb-PAPER-2012-001 gl



What has this enabled us to produce?

ADS in B-DK,Dmr with D-hhhh
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Observables & physics parameters

['(B*— D(K*nTn"n 7 )K*) x 1+ (rp 7*53” + 27,37,15% cos(0p — 553” + ),

['(B~— DK™= :7r+7r_)K‘ ) X TB + ( 7"53” 4 2-7"37'537r cos(0p + 5K3” + ),

Il

Same formalism as for the two-body case, except for the coherence
factor Rk3r. This 1is necessary because the D? decay is a sum of
amplitudes varying across the Dalitz plot; when we perform an analysis

integrating over these amplitudes, we lose sensitivity from the way in
which they interfere.

Rx3r has been measured at CLEO and is small (~0.33) which indicates that
these modes have a smaller sensitivity to Y when treated in this

integrated manner than the two-body modes. However, they can still
provide a good constraint on rs.

LHCb-PAPER-2012-055 gk



The Cabbibo-favoured signals

Events / ( 10 MeV/c?)
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The ADS signals
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The ADS signals

Once again, indications of
CP asymmetries in both the
Kaon and the Pion modes

(10 MeV/c?)
%

-

Events /

And again, going in the same
direction as for the two-
body modes.

(R — RIS (R 4 RS
—0.42 £+ 0.22
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+0.13 £ 0.10,

REsn

1 n
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ADS modes established at >50 significance!
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What has this enabled LHCb to produce?

GGSZ in B-»DK with D-Kgshh
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Observables & physics parameters

% [
L 3 Bt
S
2.5
E
2F
1.5F
1
0.5f . N
:Toy simulation
l-llll lllllllllllllllllllllllllll
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m?2 (GeV?/c*)
W f
T 9 B-
o [
2.5
E T
2
1.5F
1:_ {:‘3\{?
0.5 SRy
F Toy simulation
% 05 1 15 2 25 3
m? (GeV?/c")

Here the decay chain is B-DYK, with D%%sKsmm/KsKK

The D° decays proceed through many interfering amplitudes,

some of which are Cabbibo-favoured, some singly Cabbibo-
suppressed, and some doubly Cabbibo-suppressed

You are effectively doing a simultaneous ADS/GLW
analysis, as long as you understand how the amplitudes
and their phases vary across the Dalitz plot.
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Observables & physics parameters

m2 (GeV</c?)

(\®)
1 | E—

o
T

e P Y N NG V. T e ) N oo

R PR S TR N TR Y T M

1 1.2 1.4 1.6 1.8
2 2, 4
m’ (GeV7/c’)

IBin number]

IBin number]

Here the decay chain is B-DYK, with D%%sKsmm/KsKK

The D° decays proceed through many interfering amplitudes,
some of which are Cabbibo-favoured, some singly Cabbibo-
suppressed, and some doubly Cabbibo-suppressed

You are effectively doing a simultaneous ADS/GLW
analysis, as long as you understand how the amplitudes
and their phases vary across the Dalitz plot.

“Model-independent” : Bin the Dalitz plot and fit for
yvield of B* and B- in each bin of the Dalitz plot,
plugging in the strong phase in each bin from a CLEO
measurement.

2 2
N:i - nB* [K—i T (X+ T .V+)K+i T 2\/K+iK—i ('x+C+i o .V+S+i):|

X, =15C08(0, £¥),y, =1, SIN(0, + V)

ci,si are the CLEO inputs

Ki are the yields of tagged D° decays in each bin

LHCb-PAPER-2012-027 X



Kstrt and KsKK signals for 1 fb-1

Entries / 15 MeV/c?

Entries / 15 MeV/c?
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Dalitz distributions for 1 fb-!
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X+ y*for 1 fb-1

X, =1,C08(0, £7),y, =1y SIN(0, = V)
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Largest systematic arises from the assumption of no CPV in the control mode Dnm
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Dalitz distributions for 2 fb-!
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x* y*for 2 fb-!

X, =1,C08(0, £7),y, =1, SIN(0, + V)
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CLEO inputs
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GLW/ADS 2D plots
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GLW/ADS 2D plots
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DsK charm signals
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GGSZ asymmetries per bin 1fb-1
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GGSZ only extractions 1fb-!
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GLW/ADS full results
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—0.0001 =

- 0.0036 =

- 0.0095

0.0044 -
0.148 +
0.135 +
—0.020 £
—0.001 &
0.0073 -

- 0.0144 -

- 0.0174

0.037 £ 0.010
0.066 £ 0.010
0.009 £+ 0.012
0.017 £ 0.010

- 0.0023 -

- 0.0004

0.0232 -

- 0.0034 -

- 0.0007

0.00469
0.00352

+ 0.00038 =
+ 0.00033 =

- 0.00008
- 0.00007.

Table 2:
ables.

Systematic uncertainties on the observ-
PID refers to the fixed efficiency of the

DLL g cut on the bachelor track. PDF's refers to
the variations of the fixed shapes in the fit. “Sim”
refers to the use of simulation to estimate relative
efficiencies of the signal modes which includes the
branching fraction estimates of the Ag background.
Ajinstr. quantifies the uncertainty on the production,
interaction and detection asymmetries.

x10™2 PID PDFs Sim  Ainstr. | Total
RK7 . 1.4 0.9 0.8 0 1.8
REN. 1.3 0.8 0.9 0 1.8
) 1.3 0.6 0.8 0 1.7
AE™ 0 1.0 0 9.4 9.5
AR 0.2 4.1 0 16.9 17.4
ARKE 1.6 1.3 0.5 9.5 9.7
o 1.9 2.3 0 9.0 9.5
AEREK 0.1 6.6 0 9.5 11.6
AT 0.1 0.4 0 9.9 9.9
Ry 0.2 0.4 0 0.1 0.4
R 0.4 0.5 0 0.1 0.7
R 0.01  0.03 0 0.07 | 0.08
R+ 0.01  0.03 0 0.07 | 0.07
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Table 2: Systematic uncertainties on the observables. PID refers to the fixed efficiency for
the bachelor DLLk requirement which is determined using the D** calibration sample.
PDF's refers to the variations of the fixed shapes in the fit. Sim refers to the use of
simulation to estimate relative efficiencies of the signal modes. A;.sr. quantifies the
uncertainty on the production, interaction and detection asymmetries.

x1072 PID PDFs Sim A;,, | Total
Rgm L7 12 15 00 | 26
A3 02 13 01 99 | 10.0
AR3™ 06 44 03 171 | 17.7
RE3™ 04 07 01 01 | 08
R°™T 04 09 02 01 | 10
RE3™= 002 009 001 006 | 0.11
RE3™T 004 008 002 0.06 | 0.11
RgIT = 00771 + 0.0017 =+ 0.0026
A3 = 0020 + 0.020 =+ 0.018
AK3 = _0.006 + 0.005 =+ 0.010
RE*™ = 00072 * 00036 + 0.0008
RE*™T = 00175 T 0003+ 0.0010
RE3™= — 0.00417 T §oo0s5 = 0.00011
RE3~+ = 0.00321 © 299048 4 (0.00011

LHCb-CONF-2012-030 ¥y



GGSZ full results 1fb-1

Table 3: Results for z-

_and -

_ from the fits to the data in the case when both D —

Klntn~ and D — K?K*K~ are considered and when only the D — K77~ final state
is included. The first, second, and third uncertainties are the statistical, the experimental
systematic, and the error associated with the precision of the strong-phase parameters,
respectively. The correlation coeflicients are calculated including all sources of uncertainty
(the values in parentheses correspond to the case where only the statistical uncertainties

are considered).

Parameter All data D — KJntn~ alone

r_ [x107% 00+43+154+06 1.64+48+1.440.8
y_ [x107% 2.7 £52x08x2.3 1.4+541+08x24
corr(z_,y_) —0.10 (—0.11) —0.12 (—0.12)
vy [x107%] | =103 +£45+£18+14 —-86+£54+1.7+1.6
Yy [x107%] | —0.94£37£08+£3.0 —-03£37£09+£27
corr(r4,y4) 0.22 (0.17) 0.20 (0.17)
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