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1. Introduction

Summary of 2016
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Summary of 20
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1. Introduction

Don’t despair!
CAMBRIDGE

» Direct NP discovery by ATLAS/CMS is still possible
» Flavour sector provides another window of opportunity

6 Q- _ ..
AlTeVl o) ~ 2], 4q;] ® [a:T P g5) 2 (A=1TeV)
10° - 1y
10° + KoY 2 ~ exp(ionp) 102}
: ez
10° 1076 ¢
102 105 ¢ N
10, iy crv
i 10712
KO_K0 pO_p® pBO_B° BB, k9-g0 pO-p® BO-BO Bs-B;

» Today | will discuss looking for new sources of CPV by constraining CKM angle

» Mainly focused towards LHCb's searches
> Also include information from Belle and BaBar for HFAG / CKM / PDG world average
> With some future prospects from Belle || and LHCb
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1. Introduction

How does a matter dominated universe arise?

UNIVERSITY OF
CAMBRIDGE

» We live in a matter (and photon) dominated universe

» CP violation is a crucial ingredient to this problem

» CPV in the SM (~ 1072°) does not nearly account for the observed baryon-photon
ratio (~ 10719)
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2. CP violation and the CKM matrix

CKM matrix

UNIVERSITY OF
CAMBRIDGE

> In the SM quarks can change flavour by emission of a W¥ boson
» Quark mixing in the SM is described by the 3 x 3 unitary CKM matrix

CKM matrix
d ! Vud Vus Vub d
S ! Vcd Vcs Vcb . S
b Vie Vis Vb b
flavour mass
eigenstates

eigenstates

> The matrix elements determine the transition probability

£ . §
Nv P r— N\/
9 ! 93 %
~ + -
~ ~
» Parameterised by three mixing angles (612, 613, 623) and a CP violating phase (§)
Matthew Kenzie (Cambridge)
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2. CP violation and the CKM matrix

IVERSITY OF

CKM matrix R
CAMBRIDGE

» The CKM matrix exhibits a clear hierachy, sin(613) << sin(f23) << sin(f12) << 1, so
often expressed in Wolfenstein parameterisation (A, A, p, 1)

Wolfenstein parametrisation

Vid Vs Vb 1-)2%)2 A AX3(p — in)
V= Vg Vo Vo |= Y 1-X2/2 AN? +O(\Y
Vie Vis Vi AN (1 —p—in) —AN 1

» Hierachy gives very distinctive behaviour to the flavour sector of the SM which

gives strong constraints on NP
» CKM matrix gives the only source of CP violation in the SM (m, = 0gcp = 0)

Unitarity gives a triangle in the complex plane I‘M

Viud Vs + Vea Vip + Via Vi = 0
Vi V) Via Vi

ud Lib+1+ td tfzo
Vcd vcb Vcd Vcb

> Area corresponds to total CPV in SM

» SM implies that o + 8 + v = 180° (0.0\ Rﬂ (400)
Measuring the CKM angle ~
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2. CP violation and the CKM matrix

CKM picture is now well verified

CAMBRIDGE

> Any discrepancies would be of great importance
» CKM angle « is the least well known constraint
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CKM picture is now well verified

UNIVERSITY OF
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2. CP violation and the CKM matrix

CKM picture is now well verified

UNIVERSITY OF
CAMBRIDGE

» Any discrepancies would be of great importance
» CKM angle « is the least well known constraint
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The Ultimate Test

2. CP violation and the CKM matrix

> ~ is an excellent probe of new physics
> Not just via direct / indirect disagreement but many constraints from new physics in
neutral mixing require input of ~y

“The nightmare” - [arX

iv:0710.3799]

“The dream” - [arXiv:1110.3920]
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2. CP violation and the CKM matrix

The Ultimate Test

UNIVERSITY OF
CAMBRIDGE

» LHCb expected precision in 2019 (end of Run 2) ~ 43-4°
» LHCb expected precision in 2024 (end of Run 3) ~ +1.5°
> Belle Il expected precision in 2023 (end of Run) ~ +1.5°
» LHCb expected precision in 2029 (end of Run 4) < 1°
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2. CP violation and the CKM matrix

CP violation

UNIVERSITY OF
CAMBRIDGE

» CKM matrix is the only place in the SM with CP violation (m, = fgcp = 0)

» Given CPV in SM is ten orders of magnitude to small to explain baryon-photon ratio

» New sources of CP violation would be a clear indiction of NP

THE MIRRAR DID NOT S£€M T
BE OPERATING PROPERLY.

N R
‘d"\‘\s\

=N

%
.'/I

LHCb - [PRD 90 (2014) 112004]
B- > K"K n~ Bt > KtK n™
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8 300 CP Combinatorial {
= Bg—4-body
3250 =) —Br-4-body
2200 - B KKK
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B 50F X
g 0 A B L bbbl
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v
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2. CP violation and the CKM matrix

CPV recap

>

UNIVERSITY OF
CAMBRIDGE

Phenomenology of quark mixing — neutral meson osciallation

By, = qB®+ gqB® and B =pB° —qB® where p’+¢*°=1 (1)

» Define decay amplitudes to final state f as
Ar=T(B—f), A=T(B—f), AA=T(B—f), Ai=T(B—f) (2
» For any hadron carrying conserved quantum numbers (any charged meson and all
baryons) then B and B cannot decay to same final state
> Only possible manifestiation of CPV is:
> CPV in decay: |Af| # |Af]
>

For neutral mesons (consider f as a CP eigenstate) define A\r =

» CPV in decay: |As/A¢| # 1 (as for charged mesons)
> CPV in mixing: |q/p| # 1
» CPV in mixing/decay interference: arg(\r) # 0

qAr
p Ar

Summary of observed CPV effects - [arXiv:1607.06746]

K* K* A D° DT Df A B° BT B M
Mixing v - - X = = = X = X =
Mixing/Decay Int. v - - X - - - 4 - X =
Decay v X X X X X X v v v X
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3. The LHCb Experiment
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© The LHCb Experiment
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Lo

The LHCb Experiment 21/77

LHC, CERN, Geneva

UNIVERSITY OF
CAMBRIDGE
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3. The LHCb Experiment

UNIVERSITY OF

LHCb Detector i

> A single arm forward spectrometer
LHCb Detector .
Weight: 5,600 tonnes EIeCtr,omagnet'C
Heignt: 10m Calorimeter
gth: 20 m

Vertex
Locator

Tracking 7

Station . uon

Dipole - Hadronic Stations

Magnet Tracking Calorimeter
Stations
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3. The LHCb Experiment

LHCb Detector

UNIVERSITY OF
CAMBRIDGE

v

A single arm forward spectrometer

v

A factory for beauty and charm decays

v

Acceptance range 2 < n <5 LHCb MC

100K bb pairs produced per second (10*x B s=7TeV
factories)

o(bb) = 284 £+ 54ub
o(cc) ~ 20 x o (bb)

v

v

v

LHCb performance paper - [arXiv:1412.6352]

> |P resolution ~ 20pm

» p resolution ~ 0.5%

> T resolution &~ 45 fs

> Calorimeter ID for v, e, 0
Particle ID e(K) ~ 95% with 5% 7 — K mis-id
Muons e(u) ~ 97% with (1 — 3)%7m — p mis-idJ

v

v
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3. The LHCb Experiment

LHCb Trigger

LHCb 2015 Trigger Diagram

40 MHz bu crossing rate

» The detector is complimented with an incredibly L1 L L}
sophisticated and versatile trigger system Lo Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

> Allow detector alignment and calibration in real
time! 450 kHz 400 kHz 150 kHz

» In turn means online and offline reconstruction g = 0 = Ey=

are identical ................................... .

> Allows performlng of many analyses online Partial event reconstruction, select
displaced tracks/vertices and dimuons

> Allows high readout rate :

» High efficiency for a broad range of topics Buffer events to disk, perform online
detector calibration and alignment

> Larger gains expected in the future (full software -
readout)

of inclusive and exclusive triggers

4 I+
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4. CKM angle ~

4. CKM angle ~
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Q CKM angle v
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4. CKM angle ~

UNIVERSITY OF
CAMBRIDGE

Measuring ~

> ~ is the phase between V), V.4 and V7, V.4
> Require interference between b — cW and b — uW to access it
No dependence on CKM elements involving the top v =arg (_ Vudvfb)
Can be measured using tree level B decays
Makes it a benchmark of the SM (no loops)

vvyy

u " . + o o+
> The “textbook” caseis B — D "K™:
> Transitions themselves have different final states (D° and D?)
> Interference occurs when D? and D° decay to the same final state f

Reconstruct the D°/DO in a final state accesible to both to acheieve interference

» The crucial feature of these (and similar) decays is that the D° can be
reconstructed in several different final states
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4. CKM angle ~

~ from theory

>

UNIVERSITY OF
CAMBRIDGE

Vg Vi
=arg|— 7
v g ( VCdV:ZJ J
v is known very well

Can be determined entirely from tree decays

> Unique property among all CP violation parameters
» Hadronic parameters can be determined from data

v

v

Neglible theoretical uncertainty (Zupan and Brod 2013)

Theory uncertainty on ~y
57v/v = O(1077) - [arXiv:1308.5663] J

> ~ can probe for new physics at extrememly high energy scales (Zupan)

> (N)MFV new physics scenarios: ~ O(10%) TeV
> gen. FV new physics scenarios: ~ O(10%) TeV

v

NP contributions to Ci» can cause sizeable shifts (O(4°)) in v
(Brod, Lenz et. al 2014) - [arXiv:1412.1446]
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4. CKM angle ~

~ from experiment

UNIVERSITY OF
CAMBRIDGE

> v is NOT known very well
> It is quite challenging to measure

> The decay rates are small

Branching ratio for suppressed v mode
BR(B~ — DK~,D — mK) ~ 2 x 1077 J

» Small interference effect typically ~ 10%

» Fully hadronic decays - hard to trigger on

» Many channels have a K in the final state - low efficiency

» Many channels have a 7 in the final state - very hard at LHCb

» Many different decay channels, many observables and many hadronic unknowns make
it statistically challenging
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4. CKM angle ~

Methods to measure ~y

UNIVERSITY OF
CAMBRIDGE

» GLW method

> CP eigenstates e.g. D — KK > [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) > [Phys. Lett. B265 (1991) 172]
» ADS method
» CF or DCS decays e.g. D — K7 » [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) > [Phys. Rev. Lett. 78 (1997) 3257]

» GGSZ method

» 3-body final states e.g. D — Komrm

- > [Phys. Rev. D68 (2003) 054018
» Giri, Grossman, Soffer, Zupan (2003)
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4. CKM angle ~

Methods to measure ~y

UNIVERSITY OF
CAMBRIDGE

Reconstruct the D°/D° in a final state accesible to both to acheieve interference
L, T
e e/ \
B D
i§g & o
" 2> TP —7

> GLW method
> CP eigenstates e.g. D — KK [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) > [Phys. Lett. B265 (1991) 172]
» ADS method
» CF or DCS decays e.g. D — K
» Atwood, Dunietz, Soni (1997,2001)
» GGSZ method
» 3-body final states e.g. D — Kdmm
» Giri, Grossman, Soffer, Zupan (2003)
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4. CKM angle ~

~ with CP eigenstates (GLW)

U
CAMBRIDGE

(=)
» Use the BT — D°K* case as an example:

> Consider only D decays to CP eigenstates, fcp
> Favoured: b —c with strong phase dr and weak phase ¢f
> Supressed: b —u with strong phase ds and weak phase ¢g

Favoured: Supressed:

B~ D~ [flp K-

u u u

=

Subsequent amplitude to final state fcp is:

Af = |F|ei(5F—¢F) + |S|ei(5s—¢s) (3)
Af = |F|ef(5F+d>F) + |5|ei(5s+d>s) (4)

because strong phases (§) don’t change sign under CP while weak phases (¢) do

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle ~



4. CKM angle ~

~ with CP eigenstates (GLW)

(experimental observable)

_ 2|F||5|Sin(5,c—és)sin(¢F_¢5)
|F2+ |S|2 + 2|F||S]| cos(dF — ds) cos(pr — ¢s)

Choose rg = % (so that r < 1) and use strong phase difference dg = 6 — s

v is the weak phase difference ¢r — ¢s
Subsequently the CP asymmetry becomes

vvyy

GLW CP asymmetry

_ +2rg sin(dg) sin(7)
" 1+ r} £ 2rgcos(dg) cos(v)

Acp

v

The +(—) sign corresponds to CP-even (-odd) final states

Note that rg and dg (ratio and strong phase difference of favoured and supressed
modes) are different for each B decay

» The value of ~ is shared by all such decays

v
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4. CKM angle ~

An example GLW analysis

'AMBRIDGE
> GLW analysis of BYf — DK® with D — K* K™ - [arXiv:1603.08993]
» CP asymmetry can be seen by eye
~ 400 — ; ; ; ; -
I SRR | B ——— [0 o U S — . LHCb
S 300 — —
= _ i
2
= 2001 BSK'K LK T B*S[K'K K" ]
5 100 . i
>
m t R 1 A ]
5100 5200 5300 5400 5500 5100 5200 5300 5400 5500
m(DI") [MeV/c?]

GLW asymmetry for B¥ — DK* and D — KtK~

M(B~ — [K*K oK) —T(B* = [K*K |pK™")
TT(B- = [KTK oK)+ (BT — [KTK |oK™)
= 0.087 + 0.020 + 0.008

DK,KK __
Adp

~ 40 from zero )
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4. CKM angle ~

UNIVERSITY OF
CAMBRIDGE

An example GLW analysis

» Same story with the B¥ — DK* and D — ™~

> CP asymmetry can be seen by eye

LHCb LHCb

._.
@
S
I
]
I

B*>lnm ] K*
50

Events / ( 10 MeV/c?)

5400 5500
m(Dh") [MeV/c?]

5 AP

5300 5400 5500

5100 5200 5100

GLW asymmetry for B¥ — DK* and D — KtK~
ADK.m _ B~ = [nn oK )=T(BT — [x7n |pK")

P T (B~ = [rtr]pK-) + T(BT — [nt7n—]poK™T)
= 0.128 +0.037 £ 0.012

~ 30 from zero

4
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4. CKM angle ~

~ with CF and DCS decays (ADS)

UNIVERSITY OF
CAMBRIDGE

» A 2-body D decay to final state f accesible to both D° and D° can be
» Cabibbo-favoured (CF) - D =7~ K+
» Doubly-Cabibbo-supressed (DCS) - D° —7— K+
> Introduces 2 new hadronic parameters:
> rp - ratio of magnitudes for D® and D° decay to f
> §p - relative phase for D® and D° decay to f
> Leads to an additional (modified) asymmetry defintion and an additional ratio

observable

ADS asymmetry
2rprg sin(ds + 0p) sin(7y)

A = r3 + r2 + 2rgrp cos(ds + p) cos()
ADS ratio
N e L
Raps = — =rg+ rp + 2rgrp cos(dg + dp) cos
|Af|2 + | A7 |2 BT D ( ) cos(7)

» Hadronic parameters rp and dp can be de independently determined (using CLEO
data and HFAG averages)
» Combining all information for various decays allows determination of +, rg and
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4. CKM angle ~

An example ADS analysis

UNIVERSITY OF
CAMBRIDGE

» ADS analysis of BY — DK™T with D — KTxT which has two asymmetries
1. “Favoured:” _
> B~ 5 [D° 5 K 7]k AND B~ — [D° = K nf]K™
> (fav. B with fav. D) AND  (sup. B with sup. D)

Dominated by doubly favoured

~ 3000 AR ' ' B
2 LHCb {1} LHCb
L

> 2000 —F -
=

- B> [K nt] K B'>[K'm] K]
£ 1000 — .
=

= g _
m %

5100 5200 5300 5400 5500 5100 5200 5300 5400 5500

m(DK") [MeV/c?]
Favoured ADS asymmetry for B¥ — DK* and D — K*r¥

DKKm _ (B~ = [K n']opK™) —T[(B" = [K*n ]oK")
ap MB- = [K—7t]pK~)+ (Bt = [Kt7n~]pKT)
= —0.0194 + 0.0072 + 0.0060

~ 20 from zero

v
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4. CKM angle ~

An example ADS analysis

U
CAMBRIDGE

» ADS analysis of BY — DK® with D — KTxT which has two asymmetries
2. Supressed:
» B~ - [D° - K'n7]JK~ AND B~ — [D° = Kt7n~]K™

> (fav. B with sup. D) AND  (sup. B with fav. D)
Both of similar size so large CP effect

= lOO-Jf LHCb ] LHCb
o)
=
ST SN o i
= 50 Bf~>[n’K+]DK7 I A B*%[n*Kf]DK* -
£
1)
>
m ks T NS iy . EEE e S

5500 5100 5200 5300 5400 5500
m(Dh") [MeV/c?]

Favoured ADS asymmetry for B¥ — DK* and D — KT r*

5100 5200 5300 5400

DK _ MNB- — [K'n loK™) —T(BY = [K n']pK™")
= M(B= — [Ktm=]pK-) + (BT — [K—7mt]pK+)
= —0.403 + 0.056 + 0.011

~ 7o from zero

.
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4. CKM angle ~

Aside: Multibody final states

CAMBRIDGE

» The GLW/ADS formalisms are fairly trivally extended to multibody final states
GLW ADS

» Multibody quasi-CP states » Multibody DCS decys

» D— K"K 7° » D— Ktr7°

» D atra® » D> Ko ntn™

» Dt atnT » Account for the dilution, x, from

» Account for the fraction, F* of interference between resonances

CP-even content
quasi-GLW asymmetry quasi-ADS asymmetry

_ E2(2F*+1)rgsin(ds)sin(y) Ao 2krprgsin(dg + dp) sin(y)
" 14r2+2(2F +1)rp cos(ds) cos(y) = r3+r3+2krgrp cos(ds + dp) cos(y)

Acp

» We can also construct partial rate ratios as additional observables
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4. CKM angle ~

~ with 3-body self-conjugate states (GGSZ)

UNIVERSITY OF
CAMBRIDGE

» Now get additional sensitivity over the 3-body phase space
> Idea is to perform a GLW/ADS type analysis across the D decay phase space

» For example D° — K7™~ has contributions from
> Singly-Cabibbo-suppressed decay D° — KSOpO
» Doubly-Cabibbo-suppressed decay D% — K*+7—
> Interference between them enhances sensitivity and resolves amiguities in ~
determination

Partial B rate as function of Dalitz position (+, —) = (mkor+, Mkor-)
e (x) = Ales) + A

+ 2A(i71)A(¢’i) [rB COS(5B IE ’y) COS((SD(i;)) + re sin(63 I ’y) Sin((SD(i;))]
—— —— —_———

X4 Vae

» Model-dependent - Fit Dalitz plot with full amplitude model for (x4, y+)

> Model-independent - Choose binning scheme in Dalitz plane to minimize Jp variation
across bin and fit simultaneously in each bin for (x4, y+)
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4. CKM angle ~

Examples of the D — K977~ Dalitz distribution

UNIVERSITY OF
CAMBRIDGE

w

5 3F - _ _
2 F 1 % 2
e o E < g
< 25F 1 32 :
© ] b g
© 3 g a
w CF E
S w - B
§/ 15F .
E 1
1 -
05F =
C 1 1 11
1 2 3 . . 25
m2(K’) [GeV/c!] m2 [GeV¥c]
» Model-dependent - Fit Dalitz plot with full amplitude model for (x4, y+)

v

Model-independent - Choose binning scheme in Dalitz plane to minimize Jp variation
across bin and fit simultaneously in each bin for (x+, y+)

» Sensitivity to v by comparing D Dalitz distributions for B" and B~

> In other words CP asymmetry in bins of Dalitz space
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4. CKM angle ~

The cartesian coordinates
CAMBRIDGE

Cartesian definition

i(6p£7) rB

op +>

X+ + iy+ = rge
Yy = rpsin(dp +7)
x4+ = rg cos(dg £ )

z_ =rpcos(dp —7)

y+ = resin(ds £ )

vy = rpcos(dp +7) x
> Use these for fit stability 1
Oy~ —
» Ease of combianation v rg

» Good statistical behaviour |

Uncertainty on 7 is inversely proportional to central value of hadronic unknown!!

» Fluctuation in nuisance parameter = fluctuation in error on parameter of interest!
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4. CKM angle ~

An example GGSZ analysis - B* — DK*, D — K0ntn—

First fit invariant B mass distrbution

v

v

Project (cut) signal candidates into Dalitz plane

> Requires experimental efficiency and background
distributions in DP

Control channels used are BY — Dat and B~ — Du~v

v

Compare bin by bin differences for signal candidates in the Dalitz plane

Candidates / (10 MeV/c?)

400

200 &

ol

UNIVERSITY OF
CAMBRIDGE

— Da*
+++ Combinatorial

- Part. reco.

S— e
5200 5400 5600 5800
m(DK*) [MeV/c?]

e T T —
T of T
o~ L | I
= | %

| i [}
N§+27 i NS‘ZL

1 I 1

L 1 1 I’ 7‘ PR B

1 2 3 1

m? [GeV?/ ¢4

m2 [GeV?/ ¢4]

4
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4. CKM angle ~

An example GGSZ analysis

UNIVERSITY OF
CAMBRIDGE

> GGSZ analyses have excellent standalone sensitivity with a single solution

B* — DO%(— K9hh)K*

> 0.3r T
O-Z;L}-il_cgtp:re;;mfziy i - “Third" unc<'ertainty arises from:.
i » MD: - amplitude model uncertainty
0-1;’ » MI: - knowledge of strong phase in
0;777 \ 77777 DP bins
_0_1; } xy = —0.077 + 0.024 £+ 0.010 4+ 0.004
¥ B* | y+ = —0.022 4+ 0.025 £ 0.004 4+ 0.010
o2r i x_ = 0.025+ 0.025 - 0.010 + 0.005
o -()‘i“‘(‘)“‘b‘.i“bizmb.s y— = 0.075 =+ 0.029 + 0.005 + 0.014
X
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4. CKM angle ~

Extensions to other decays

CAMBRIDGE

Extension for many other decays with inclusion of relevant coherence factors, «

1. Obvious extensions to higher resonant final states

» BT SDOK*E (K*+ KOn¥)

» Bt 5D0k* (D*0 DO y or D*0 —DO70)

» mainly just the B factories so far - LHCb starting for Run 2

» Similar hadronic parameters as B¥ —DYK* but lower yields
2. Extensions to other B decays (swapping spectator quark)

» BO »DOK*0 (K*0 —K* 7~ tags initial B flavour)
BY —DOKY (not self tagging)
B? — D% (not self tagging and low rate)
BE —DOD* (very low rate - favoured mode not yet seen)
under exploration at LHCb with some B® —DO9K*0 published

» Typically enhanced rg because favoured diagram is colour supressed
3. Extension into baryon sector (add/swap spectators)

> A) DA (A —pr—)

> Difficult - either long lived final state or dominated by strong interaction
4. Swap final state K* for 7

» BX DO0rE

> Tried at LHCb - problematic as rg is very small - statistical difficulties
5. Other methods

> Time-dependent method (B? —DF K+ etc.)

» Dalitz method (multibody B decays e.g. B¢ —D°K*7¥F)

» Both tried at LHCb

vvyyy
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4. CKM angle ~

The time-dependent method with BY —DFK*

UNIVERSITY OF
CAMBRIDGE

» B? and B? can both decay to same final state D K* (one via b — cW, the other
via b — uW)

> Intereference acheived by neutral BY mixing (requires knowledge of —283, = ¢5)
» Weak phase difference is (v — 20s)

5 5 b u,c,t s
- -— >
| |
B p+ BY W Pk K-
Laet, p
b - — 5§ -7
u [
Vip X Vs &2 A3 K- Vib X Vos = A3 D
s s

» Requires tagging the initial B? flavour

> Requires a time-dependent analysis to observe the meson oscillations

\4

Fit the decay-time-dependent decay rates

v

Also requires knowledge of I's, Al's, Ams
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4. CKM angle ~

The time-dependent method with BY —DFK*

Time-dependent decay rate for initial B or B at t = 0

dlegr(t)  ref ATt (ATt
sditoce rst_cosh( 5 )—I—AfArssnnh( > )

+ Cr cos (Amst) — Srsin (Amst)

dlge (1) . ATt (ATt
sd%oce r“_cosh( > )—I—AfArssmh( > )

— Cr cos (Amst) + St sin (Amst)

Time-dependent rate asymmetry
Mo (t) = Toomr(t)  S¢sin(Am.t) — Cr cos(Amst)
Fgo,r(t) +Toor(t)  cosh(£Lst) + AT sinh(A5st)

Acp(t) =
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4. CKM angle ~

The time-dependent method with BY —DFK*

UNIVERSITY OF
CAMBRIDGE

» Fit for decay-time-dependent asymmetry

;éw 0.4F ‘ LHCb Prelimina;y 3 § 0.4f ‘ LHCb Preliminar‘y i
<éo.zf f )

of

-0.2F

-0.4f

0 *r ¢ moddio (ZniAr[rfj [ps] 0 T modio (ZniAr%j [ps]
15 LHCb prel, 3fb*, B, DK
e 2 1 @+AF) = (- Agr, S~ € 1
Variable definitions Z 12 @) = Ry 5" ]
05} ]
1—r2 1
Cr=—-C= s ]
o1+ r3 o 1
ABTs _ —2rs cos(y — 265 F Js) -05f y ]
o 1+13 - e —
i -1F radius=\1-C%|
S +2rgsin(y — 265 F d8) b ]
f(F) = 2 — I I ! IR RN BRI
1+r3 ) R 0 1

Re
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4. CKM angle ~

Dalitz methods

UNIVERSITY OF
CAMBRIDGE

» Study Dalitz structure of 3-body B decays with B® DK 7~
> In principle has excellent sensitivity to ~
> “GW method”? (Gershon-Williams - [arXiv:0909.1495])
> Get multiple interfering resonances which increase sensitivity to
> D*((2400)~, D*»(2460)~, K*(892)°, K*(1410)°, K*,(1430)°
» Fit B decay Dalitz Plot for cartesian parameters (similar to GGSZ except for the B
not the D)
» D— KTK~, D — 77~ - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])

» D — K*xF - ADS-Dalitz (problematic backgrounds from BY — DK*xF)
» D — K3rtn~ - GGSZ-Dalitz (double Dalitz!)

> 1F |
5 2 : 1 LHCb
T of .. LHCb(b)] o0sf ]
3 s, BO- DK ]
2 H o
&
X
T -05F ]
€
aF 3
HE) - ] L L L L
15 2 15 20 -1 -05 0 05 1
MP(D1T) [GevAcd] m(D 1) [GevZci] X,
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5. Combination of Measurements

5. Combination of Measurements

© Combination of Measurements

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle ~



5. Combination of Measurements

Combining measurements to determine -y

CAMBRIDGE

> The different methods mentioned previously are complimentary in determining -y
> GLW - excellent sensitivty but multiple solutions
> ADS - poorer sensitivty but fewer solutions
» GGSZ - a single unambigous solution

Best precision can only be obtained by combining several measurements together
Requires knowledge of external parameters

> Particularly in the D system (e.g. rp, dp, kp)

> Extracted from charm data obtained elsewhere (HFAG, CLEO, LHCb)
Should also account for D°-D° mixing (and K° mixing)

> Although impact is small for most B — DK-like systems (as rp << rg)

vy

v

» Will discuss here the LHCb combination and world average for HFAG/CKMfitter/PDG
3 1r HAG T %0 O b ok oomirer HFAG
v L ] = | B -DK,D-Kdh i
— o8f ] B DK, D~ h'h /K E/K (/K o
r i;‘g 1 0,15 MEAIB DK’ modes B
06 r Chees ] : [CJWorld Average
L [ Combined -{ L |
041 68.3% 4 0.1+ -
02F ] t il
[ 0.05— —
% 0 50 100 150

y [°]
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5. Combination of Measurements

ASIDE: GammaCombo

v

Software plug!

GammaCombo is a statistical software originally designed for averaging
> https://github.com/gammacombo/gammacombo

\4

> http://gammacombo.hepforge.org
Also in development (almost finished) as limit setting software

v

> Most common statistical methods available }
Profile Likelihood

Feldman-Cousins (Plugin, Highland-Cousins)
CLs (Asymptotic, Hybrid)

Bayesian MC (on the wish-list)

v

vyvy

» Contributors and users are welcome!

T T > T T
é [l inclusive — PDG 2014 +
x X CKM fitter +
[N Ry -piav (LHCD)
o3 [ A, - piav (LHCE) =
> [5] combined >

8.62 064 066 068 07 072 074

s

42 44
Ve x10°
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5. Combination of Measurements

LHCb ~ combination inputs

D
B decay D decay Type TC Ref.
BT — DK™ D — hh GLW/ADS 3fb~1  [arXiv:1603.08993]
BT — DK™* D — hrrmm GLW/ADS 3fb=!  [arXiv:1603.08993]
a BT — DK* D — hhr® GLW/ADS 3fb~!  [arXiv:1504.05442]
§ Bt — DK™ D — K3hh GGSZ 3fb~!  [arXiv:1405.2797]
- Bt — DK* D — KSK= GLS 3fb~!  [arXiv:1402.2982]
3] B® — DK*° D — K ADS 3fb~!  [arXiv:1407.3186]
I Bt - DK'nm D — hh GLW/ADS 3fb~!  [arXiv:1505.07044]
B® — DFK* D} — hhh TD 1fb~!  [arXiv:1407.6127] *
B D°K*n~ D — hh GLW-Dalitz 3fb=!  [arXiv:1602.03455]
B® — D°K*° D — Kdnm GGSZ 3fb~!  [arXiv:1604.01525]
Decay Parameters Source Ref.
D°-D° mixing HFAG - [arXiv:1412.7515]
s | D= Krrw (bp, kb, D) CLEO+LHCb - [arXiv:1602.07430] *
H D — (F%) CLEO - [arXiv:1504.05878]
= D — Knr® (dp, kD, D) CLEO+LHCb - [arXiv:1602.07430]
2 | D~ hhr® (F) CLEO - [arXiv:1504.05878]
= D — K%Kﬂ‘ (dp, kD) CLEO - [arXiv:1203.3804] *
] D — KgKm (rp) CLEO - [arXiv:1203.3804]
< | b KSKkn (rp) LHCb - [arXiv:1509.06628]
B® — D°K*° (k8, Rg, Ag) LHCb - [arXiv:1602.03455]
BY — DK~ (¢s) LHCb - [arXiv:1411.3104]
Combination: [arXiv:1611.03076]

New or updated since last combination
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5. Combination of Measurements

LHCb v Combination

» Combination of all B — DK-like modes
> 71 observables and 32 free parameters

> Frequentist Feldman-Cousins “plugin” procedure
> p(x?, Naot) = 91.5%
> p(toys) = (90.5+0.2)%

Also perform a Bayesian implementation

v

» Uncertainty < 10° is better than combined B factories

> The most precise single experiment measurement of
FREQUENTIST - v = (72.27%%)° BAYESIAN - v = (70.375%)°
a1 T ] > T |
e 1 3 005 g
— o8f E s | ]
[ 1 g 004 7
osf e £ 1
: 1 § 0.03 s
o4r 3 £ om .
02l g 001 .
P 955% 1 , 1
0 0 0 80 90
y [ y [
v v
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5. Combination of Measurements

LHCb v Combination '

CAMBRIDGE

NIVERSITY OF

Naive statistical treatement (profile likelihood method) - plots for demonstrative purposes
only

Comparison split by initial B flavour Comparison split by analysis method
a1 T ] a1 T ]
O F 1 (@) [ ]
— o08f LHCb{ “ osf LHCb{

06F - 06F -
02 1 02 1
0 0
v [ y [
I B0 decays GGSZ
B decays I GLW/ADS
I B* decays B Others
B Combination I Combination
v V.
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5. Combination of Measurements

LHCb v Combination

U
CA!

VERSITY OF
MBRIDGE

Naive statistical treatement (profile likelihood method) - plots for demonstrative purposes

only

Bt — DOK™ system

4
Om
—

0.2

0.15

0.1

0.05

B® — DOK*0 system

[ ] B'-DK*, D3
[ & -DK*, DKo

B"~DK", D~ KK/K rrr

I Al B modes

[ Fui LHeo combination

Matthew Kenzie (Cambridge)

N o 08
S [
LHCb 1 e r
- 06F
B 04k
- 02F
Il L 07
150 o

Neckarzimmern B Physics Workshop

B°~ DK™, D~ KK/K 7 rrr
[ &0 ki
- All B’ modes
I:l Full LHCb Combination

150
y [
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5. Combination of Measurements

On inclusion of B — Dmr-like modes

> r‘.‘;,.D7T expectation ~ 0.005 (favoured enhanced by V,4/Vys, suppressed reduced by V.4/Ves)

95.5%

FREQUENTIST BAYESIAN
a1 ] >
o I ] =

& oah LHCb ] g oosp
T ] [a}

[ ] >, 0.04

0.6 - = r

r ] E 0.03

04 eg3% ] O 002

r ] x -

y [
1 T
S Lo ]
o.ef— * E
: g
; &

0
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5. Combination of Measurements

On inclusion of B — Dmr-like modes

UNIVERSITY OF
CAMBRIDGE

> The a priori sensitivity gain is rather minimal

» Enforcing a constraint on r5™ using a theory prediction r5™ = 0.0053 + 0.0007 (
[arXiv:1606.09129] - Kenzie, Martinelli, Tuning )

» Recovers similar results to DK-mode combination

Using external constraint on rg™:
. +7.2\0
Y= (71-8—8.6)
1 ]
Q I LHCb |
— 0.8~ Preliminary _|
061 -
04C  e83% ]
02f -
N 95.5%. ]
0 1 Il Il Il L
50 60 70 90
y[°]
v
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5. Combination of Measurements

HFAG ~ combination inputs (1/4)

B decay D decay Method Experiment
B~ — DK~ D—K'K~,D—>ntr, GLW BABAR
D — K%° D — K%, D — K%
B~ — DK~ D—K'K~,D—ntr, GLW Belle
D — K% D — K%, D — K%
B~ — DK~ D— K"K, D—ntn~ GLW CDF
B~ — DK~ D+ K"K, D—ntn~ GLW LHCb
B - D'K- D> KYK-,D—nrr, GLW BABAR
D*—= Dy () D— KW D— Kdw, D— K2
B~ — D*K~ D— K"K, D—ntr, GLW Belle
D*— Dy (r®) D— K% D— K, D— K%
B~ — DK* D—K'K~,D—ntr, GLW BABAR
D — K% D — K%, D — K%
B~ — DK*~ D—K'K~,D—ntr, GLW LHCb
B - DK nn D— K"K ,D—xtr GLW LHCb

Matthew Kenzie (Cambridge)

Neckarzimmern B Physics Workshop
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5. Combination of Measurements

HFAG ~ combination inputs (2/4)

B~ = DK ntn- D—K'K~,D—7atn" GLW LHCb
B~ — DK~ D— atrn0 GLW-like BABAR
B — DK~ D — hth—70 GLW-like LHCb
B — DK~ D—gatrntn™ GLW-like LHCb
B — DK~ D — K*rF ADS BABAR
B — DK~ D — K*rF ADS Belle

B- — DK~ D — K*rF ADS CDF

B~ — DK~ D — K*rF ADS LHCb
B~ — DK~ D — K*rFq0 ADS BABAR
B™ — DK~ D — K*rFg0 ADS Belle

B~ — DK~ D — K*gFg0 ADS LHCb
B™ — DK~ D — K*rFrtn- ADS LHCb
B™ — D*K~ D — K*rF ADS BABAR

D* — Dy
B™ — D*K~ D — K*rF ADS BABAR

D* — Dn°
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5. Combination of Measurements

HFAG ~ combination inputs (3/4)

B~ — DK*~ D — K+t ADS BABAR
B~ — DK*~ D — K*r¥ ADS LHCb
B~ — DK 7tn~ D — K*nt ADS LHCb
B~ — DK~ D — Kot GGSZ MD  BABAR
B~ — DK~ D — Kntn~ GGSZ MD  Belle
B~ — D*K~ D — Kintn~ GGSZ MD  BABAR
D* — Dy (n9)
B~ — DK~ D — Kntr~ GGSZ MD  Belle
D* — Dy (n9)
B~ = DK*~ D — Kt~ GGSZ MD  BABAR
B~ — DK*~ D — Kntrn~ GGSZ MD  Belle
B~ — DK~ D — Kortn~ GGSZ MI LHCb
B~ — DK~ D — KK*n~ GLS LHCb
B — DK*0 D — K*r7T ADS LHCb
BY - DK*rn~ D — hth™ GLW-Dalitz LHCb
B — DK*rn~ D — K°hTh™ GGSZ MI LHCb
B" = D7K* Df = hthnt D LHChH
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5. Combination of Measurements

HFAG ~ combination inputs (4/4)

Decay Parameters Source
D — K*n¥ rBm 58T HFAG
D — K*pFpta=  oE3m gKsm pKsm CLEO-+LHCb
D atnntn™  Frrr CLEO
D — K*rFqn0 R S CLEO+LHCb
D — h+h_ﬂ'0 Fﬂﬂ.ﬂ.o, FKKﬂO CLEO
o 0BRSS SET CLEO

s rsET LHCb

S *0 *0

B° — DK™ kp(DK*), Ry" ,ApY  LHCb

B® - D¥K* b, HFAG
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5. Combination of Measurements

The World Average

CAMBRIDGE

> World average performed for HFAG ([arXiv:1612.07233]) - soon also to be CKMfitter and
PDG
> Add to LHCb results from Belle, BaBar and CDF
> Plus a few of the latest additions
> Always the most up to date result
> A few minor differences (simplifications)
» 116 observables and 33 free parameters - global fit p-value=16.4%

World Average
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Prospects

UNIVERSITY OF
CAMBRIDGE

» With Run Il of the LHC underway and Belle Il starting soon the prospects look good
» LHCb and Belle Il compliment each other for many measurements

We can reasonably expect to half the experimental uncertainty on «y in the next 3 years
We can reasonably expect to have ~ 1° precision in the next 5-8 years

In 10-12 years we should be < 1°

Current systematic effects are relatively small:

vVvyVvVvly

» GLW/ADS
> instrumental charge asymmetries
> PID calibration
» GGSZ
> efficiency correction over the Dalitz
plane
»> amplitude model uncertainties
> Time-dependent
»> Decay time resolution

»> Decay time acceptance
> Knowledge of Ams, Al'g, T's

120
y [
> Tree measurements of v will not be systematically limited for a little while yet

This does not include smart new ideas which people often have J
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Prospects

UNIVERSITY OF
CAMBRIDGE

> There are several established methods / channels that LHCb haven't exploited yet

» B - D*OK= - work is underway on both GGSZ and GLW/ADS methods

» BE - DOK*E - first GLW/ADS results shown at CKM (other methods expect inclusion
for Moriond or Summer)

> Any CP-odd GLW decays (D° — K379, D% — KJw) - neutrals are very hard for LHCb

> There are also ideas for new methods / channels

» ADS-Dalitz and GGSZ-Dalitz (double Dalitz)

> Simultaneous GGSZ analysis (reduce systematic uncertainties)

> TD analyses with B — DI *TK~—

> Use decays from B®, BY, BX (low branching fractions and production rates but topology
means larger values of rg)

> Use decays from A9 (difficult final state A)

» We anyway struggle to keep up with our data
» The TD B? — D; K™ analysis was only just updated to full 3fb~! (still only a CONF
and not yet a PAPER)
> This wasn't included for the last LHCb combination but now we already have at least an

equivalent size dataset for 2015+2016 and will soon have a much bigger dataset with
2017
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6. Conclusion and Prospects

> We are approaching the first tree-level precision measurement of the CKM triangle

» Direct measurements of V,;, play a crucial role in this as well

[arXiv:1309.2293]
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6. Conclusion and Prospects

Conclusions

>
>
>
>

UNIVERSITY OF
CAMBRIDGE

CKM matrix is incredibly successful description of the quark sector in the SM
Measurements of CKM elements are becoming increasingly precise

Finding new sources of CP violation can lead us to New Physics
CKM angle ~y is one of the only CP measurements accesible with tree-level decays
> Theoretically very clean
> Experimentally challenging
» LHCb has the worlds most precise single experiment measurement and dominates the
world average
> = (72.27%8)° (LHCb), v = (74.0738)° (HFAG WA)
» The future looks incredibly bright with the prospect of reducing the direct
measurement uncertainty by a factor of ~ 8
> This will compete with the indirect precision (which assumes the SM)

Thank You y

A
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