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Who's this bloke then?

Started at Warwick on Tuesday
From Cambridge e

» Grew up in the house that was built by my great-
grandfather

» He founded “Kenzie's Coaches”

» My father was a cinematographer
Education

» Undergraduate at Durham (BSc Physics)

> Masters at Imperial (MSc Theoretical Physics)

» PhD at Imperial / CERN (CMS H — ~v)
Research Career

> CERN Fellow (LHCb)

» Junior Research Fellow (Cambridge, LHCb)

» STFC Ernest Rutherford Fellow (Cambridge,
LHCb)

> Now at Warwick

2/87



How to find New Physics at the LHC?

High energy frontier Precision frontier
Direct observation Indirect effects
E=mc?
— _
Require E > mc? for direct production New particles effect loop processes

» Most HEP direct discoveries have been preceeded by indirect evidence first!
» Think charm, bottom and top quarks, even the Higgs

» If we don’t see New Physics directly at the LHC, indirect evidence can guide us
where to look (or what to build) next
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Why is the universe matter dominated?

» The universe is matter (and photon) dominated:
np/ny ~ 10710

» CP-violation in the SM accounts for only:
np/ny ~ 10717

» There must be new physics and new sources
of CP-violation

» CP-violation in the SM is generated by quark flavour transitions

» These contain the only source of CP-violation in the SM (6qcp = m, = 0)
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New Physics from Flavour sector

» Direct NP discovery by ATLAS/CMS is still possible

» The flavour sector provides another window of opportunity
» High Energy scales, A
» Low coupling scales, z

Qs ~ zlaral @ @ q] |

A[TeV] 2 (A=1TeV)
100 1
10° CPV 10-2 -
10* 1074 .
103 1070
P - 10-5 ¢ ISES
10 10710 | eig¥%
10—12
KO-K0 pO_p0 pBO_B0 B,-B, k9-K° p°-p° BO-B0 By-B;

Isidori, Nir and Perez, [Ann. Rev. Nucl. Part. Sci (2010) 60:355] y
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https://www.annualreviews.org/doi/10.1146/annurev.nucl.012809.104534

The CKM quark mixing matrix

> In the SM quarks can change flavour by emission of a W* boson
»> So must also change charge (i.e. from up-type to down-type or vice-versa)

N

e , €
9 3%
\\y"‘ \\1“/-

» The probability for such a transition is governed by the elements of the 3 x 3
unitary CKM matrix

CKM matrix
d/ Vud Vus Vub d
) d = Vcd Vcs Vcb S
b Viehk Vis Vi b
flavour

mass
eigenstates

eigenstates
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The CKM quark mixing matrix

> In the SM quarks can change flavour by emission of a W* boson
»> So must also change charge (i.e. from up-type to down-type or vice-versa)

£ . y

"’\/SP “’vsr

9 ot )

N

N
W
~
» The probability for such a transition is governed by the elements of the 3 x 3

unitary CKM matrix
> It exhibits a clear hierarchy (which sets strong constraints on NP)

CKM hierarchy

Vud Vus Vub 1 0.2 0.004
V= Ved Vs Veb ~ 0.2 1 0.04
Vie Vis Va 0.008 0.04 1

experimentally
determined values
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The CKM quark mixing matrix

> In the SM quarks can change flavour by emission of a W* boson
»> So must also change charge (i.e. from up-type to down-type or vice-versa)

3 , F
g ~\gr qb:;v"/
oWt ST

N
~

» The probability for such a transition is governed by the elements of the 3 x 3

unitary CKM matrix
> It exhibits a clear hierarchy (which sets strong constraints on NP)

» Contains the only source of CP-violation in the SM (if fqcp = m, = 0)

Wolfenstein parametrisation

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

4 O(1) real parameters (A, X, p, 1)
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The BO unitarity triangle

> Unitarity imposes several conditions (VV = 1)
» Gives rise to “unitarity” triangles
» Internal area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

Vie Vs Vi 1-2)2/2 A AX3(p — in)
V=| Vu Vs Vau |= -2 1-)%)2 AN? + 0\
Via Vis Vi AN (1 —p—in) —AN 1

“The B° unitarity triangle”
Via Vb + Vea Vip + Vea Vi, = 0
N Y=~ =

(p;11)

~IAC SIS mo NP

(0,0) (1,0)
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The BO unitarity triangle

> Unitarity imposes several conditions (VTV = 1)

» Gives rise to “unitarity” triangles
» The triangles’ area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

1-2)2/2 A AX3(p — in)
V= 2 1—2%/2 AN? + 0\
AN (1 —p—in) —AN 1

0.7

0.6

05

0.4

0.3

0.2
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The BO unitarity triangle

> Unitarity imposes several conditions (VTV = 1)

» Gives rise to “unitarity” triangles
» The triangles’ area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

1-2)2/2 A AX3(p — in)
V= 2 1—2%/2 AN? + 0\
AN (1 —p—in) —AN 1

07 ———— T
8
06 E=7 YA Amgiin. € Titter
6 =4 my K Summer 18
2
05 g
s sol. wicas 25 < 0
3 (excl, at CL > 0.95)
0.4 3
1= s b2
o

)
e Ve b b b b b b

o

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
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New Physics effects in the flavour sector

» Discrepancy between “tree” and “loop” constraints = clear sign of New Physics
> Sensitive to NP effects at extremely high energy scales ~ O(10% — 10%) TeV

Direct: v = (72.15534%)°
Indirect: = (65.6739)°

q b >
b 7 g%

u d_

} Currently a ~ 20 tension

A\ 4

A

A
(o

Tree-level constraints Loop-level constraints

07 T T T T T

v() Samner 18

fuded area has CL>095.

_ M Ed _ O

et ol
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The B? unitarity triangle

> Unitarity imposes several conditions (VV = 1)
» Gives rise to “unitarity” triangles
» Internal area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

Vie Vs Vi 1-2)2/2 A AX3(p — in)
V=| Vu Vs Vau |= -2 1-)%)2 AN? + 0\
Via Vis Vi AN (1 —p—in) —AN 1

“The B? unitarity triangle”
Vus V:b + Vcs V;;; + Vts V;[; =0
N~ Y~ =
~X AN AN

(0,0) NOT TO SCALE (1,0)

Bs

VusVi
VesVi

VieVih

VesVey

(P, 1) 10/87



The B? unitarity triangle

> Unitarity imposes several conditions (VV = 1)
» Gives rise to “unitarity” triangles
» Internal area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

Vie Vs Vi 1-2)2/2 A AX3(p — in)
V=| Vu Vs Vau |= -2 1-)%)2 AN? + 0\
Via Vis Vi AN (1 —p—in) —AN 1
0.10 T T T
i z% £ g Lo |
005 = ® AmJ&Aam, ]

Y sin 2y

sssssss

ool il A T ]
-0.10 -0.05 0.00 0.05 0.10
P 11/87
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Why LHCb?

» Copius production of BT, B®, BY, A% (100K bb/ s)
» LHCb detector is specifically designed to study them
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Why LHCb?

» Copius production of BT, B®, BY, A% (100K bb/ s)
» LHCb detector is specifically designed to study them

T Tagging
Decay

~1lcm |
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Why LHCb?

» Copius production of BT, B®, BY, A% (100K bb/ s)
» LHCb detector is specifically designed to study them

IP resolution p resolution

~ 200pm ~ 0.5% =
pear HCAL Ma Ms
SPD/PS M3
Magnet RICH2 M1 M2 il )
~ TZT
righil [ i i
¢ TT/
. & - —Ta
p £
7 resolution J‘g A Particle ID: e(K) ~ 95%
~45fs | ; | \Mis—ID: p(m — K) = 5%
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1. Measurements of ~

1. Measurements of ~
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CKM angle v

> Theoretically clean, o /vy ~ O(1077) » Experimentally challenging, BR ~ O(1077)
» Historically poorly known » In 10 years will become the precision bench-
mark for SM CKM measurements

World average for

— l, L 1
® wioriimt
08 EYow 7
0.6} » Total of 136 input observables
0_4: » From 40 different measurements
0_2? » Across 6 different experiments
%
y [
v
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» v is the phase between V;,V,; and V},V,,
» Require interference between b — cW and b — uW to access it
» No dependence on CKM elements involving the top
» Can be measured using tree level B decays
> The “textbook” case is 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°/DC in a final state accessible to both to acheive interference

> The crucial feature of these (and similar) decays is that the D° can be
reconstructed in several different final states [all have same weak phase 7]
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(=)
Categorise decays sensitive to v depending on the D° — f final state
Optimal sensitivity is only acheived when combining them all together
> GLW

» CP eigenstatese.g. D - KK, D — 7
P [Phys. Lett. B253 (1991) 483]

o1 T
o I
&

T
HFLAV i
[Moriond 2018

08

06f
» [Phys. Lett. B265 (1991) 172] E
0.4
» ADS £
» CF or DCS decays e.g. D — K= 02
P [Phys. Rev. D63 (2001) 036005] o5 = 00 o0
P [Phys. Rev. Lett. 78 (1997) 3257] y [

> GGSZ
» 3-body final states e.g. D — Konw
P [Phys. Rev. D68 (2003) 054018]
» TD (Time-dependent)
> Interference between mixing and decay e.g. BY — D K™ [ phase is (v — 255)]
» Penguin free measurement of ¢s?
» Dalitz
» Look at 3-body B decays with D° or D° in the final state, e.g. B® — D°K* 71~
» [Phys. Rev. D79 (2009) 051301]
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http://www.sciencedirect.com/science/article/pii/037026939191756L
http://www.sciencedirect.com/science/article/pii/037026939190034N
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.036005
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.78.3257
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.68.054018
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.051301

The GLW Method

1.1 The GLW Method
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~ with CP eigenstates (GLW)

> Use the BT — (E_))OKi case as an example:
» Consider only D decays to CP eigenstates, fcp
» Favoured: b —c with strong phase §r and weak phase ¢r
» Supressed: b —u with strong phase s and weak phase ¢s

Favoured: Supressed:
D'
V;Lb or
K_
Subsequent amplitude to final state fcp is:
B : Af = |F|ei(5F—¢F) + |5|ei(5s—¢>s) (1)
BT Ar = |F|ei(5F+¢F) + |5|ef(5s+¢>s) (2)

because strong phases (8) don't change sign under CP while weak phases (¢) do
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~ with CP eigenstates (GLW)

» Can define the sum and difference of rates with B™ and B~

Rate difference and sum
|A7* = |As[? = 2|F||S| sin(SF — Js) sin(dF — o) (3)
| A7 + |Ae® = |FI* + [S|” + 2| F||S| cos(dr — ds) cos(¢r — ¢s)  (4)

» Choose rg = % (so that r < 1) and use strong phase difference dg = dr — ds

» ~ is the weak phase difference ¢r — ¢s
» Subsequently have two experimental observables which are

GLW CP asymmetry GLW total rate
_ +2rg sin(dg) sin(7y) 2
A = 1+ rg & 2rg cos(ds) cos(7) Rep =1+ r £ 2rg cos(dg) cos(y)

» 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
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GLW Method

GLW observables

A — F(B~ — D%K™) —T(B" — DLHK™) +2rg sin(3g) sin(v) 1)
T TrE = DO K—) + (BT — D% K*+) ~ 1+ r2 & 2rg cos(dg) cos(v)
(B~ — D%K™)+ (BT — D%K™) 2
Rep = =1 +2 ) 2
@~ T(B- = DOK—) + [(B+ — DOK~) + 1 & 2rg cos(9g) cos(y) @)
S 800 LHCb — |- LHCb -
O e e e e e e e e e e e e e e i e | 4
é 600 _] 1
< 400 B —[K*K K~ ] B —[K'K] K |
E 4 j
5 200 — —
£ i J
o

50.00 5200 5400 5600 SSIOO 5000 5200 5400 5600 5800

m(Dh*) [MeV/c?]
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GLW Method

GLW observables

A — F(B~ — D%K™) —T(B" — DLHK™) +2rg sin(3g) sin(v) 1)
T TrE = DO K—) + (BT — D% K*+) ~ 1+ r2 & 2rg cos(dg) cos(v)
(B~ — D%K™)+ (BT — D%K™) 2
Rep = =1 +2 ) 2
@~ T(B- = DOK—) + [(B+ — DOK~) + 1 & 2rg cos(9g) cos(y) @)

= 800 LHCb — LHCb
e T 5 S —— . .
é 600 I 1 .
3 400 B —[K'K K ] B*—[K*K] K" |
g i i
Z 200 - —
5 S 4 F 4
5000 5200 5400 5600 5800 5000 5200 5400 5600 5800

m(DK*) [MeV/c?]
» LHCb has recently extracted GLW observables from partially reconstructed
B~ — D*®K~ in the same fit - [arXiv:1708.06370]
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http://arxiv.org/abs/1708.06370

GLW Method

GLW observables

A — M(B~ — D%HK™) — (BT — DLKT) +2rg(2F* 4 1) sin(8g) sin(y) 1)
P T T(B~ = DLK )+ (B — DLKT) 1+ r2 + 2rg(2F " + 1) cos(35) cos(7)
r(B~ — D%K™)+ (Bt — D%K™) 2 "
Rep = =1+ r2 £ 2rg(2F" + 1) cos(§ 2
® = T(B= = D'K-) + [(B* — D°K™) + 1 % 2r3(2F 7+ 1) cos(85) cos(y) )

S 800 —F LHCb
e T 5 S —— . .
é 600 I 1 -
3 400 B —[K'K K ] B*—[K*K] K" |
g i i
Z 200 - —
S _ E 4
5000 5200 5400 5600 5800 5000 5200 5400 5600 5800

m(DK*) [MeV/c?]
» LHCb has recently extracted GLW observables from partially reconstructed
B~ — D*®K~ in the same fit - [arXiv:1708.06370]

» Can extend to quasi- CP-eigenstates (D° — KK=°) if fraction of CP content, F', is
known
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http://arxiv.org/abs/1708.06370

GLW Method

GLW observables

A — M(B~ — D%HK™) — (BT — DLKT) +2rg(2F " 4 1) sin(dg) sin(y) 1)
P T T(B~ = DLK )+ (B — DLKT) 1+ r2 + 2rg(2F " + 1) cos(35) cos(7)
r(B~ — D%K™)+ (Bt — D%K™) 2 "
Rep = =1 +2rg(2F 41 s 2
® = T(B= = D'K-) + [(B* — D°K™) + 1 % 2r3(2F 7+ 1) cos(85) cos(y) )
a1r " ! -
HFLAV
e e |
— O-Bf Eyew ]
osf ]
04r Aﬂ%’—
02f 4
[ d6 |
oLk RN
0 50 100 150

» Multiple (but very narrow) solutions

> Require knowledge of F* from charm friends
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The ADS Method

1.2 The ADS Method
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~ with CF and DCS decays (ADS)

» 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° w7~ 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

» Gives a modified asymmetry and rate defintion

ADS asymmetry

2rprg sin(ds + 0p) sin(7y)
r3 + r2 + 2rgrp cos(ds + 6p) cos()

Aaps =

ADS ratio
B e Y

R = Ll = IFYI
AT AR + (AR

rg + rb + 2rgrp cos(ds + dp) cos(v)

» Hadronic parameters rp and dp can be de independently determined (using CLEO
data and HFAG averages)
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ADS Method

ADS observables

A _ rB~ — [Ktn lpK™) - (BT — [K77'r+]DK+) 2rgrp sin(dg + 6p) sin(y)
APS T T(B— = [Ktn|oK—) + (BT — [K—7]pK*) 2 + r2 + 2rgrp cos(d5 + 0p) cos(7)
MB~ = [KTn oK™ )+ T (BT = [K nt]pKT) ,
Raps = =rg+rp+2 S5+ 6
ADS = F(B= 5 [K—n]oK—) £ F(B* = [Ken—Jok+) — 2 T >+ 2rer cos(9 + op) cos(y)
2 _
2 100 LHCb
L
=
S
I 50 B'5[m K K
>
m

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

Much harder to extract partially reconstructed observables because of
BY — DU K* 1~ backgrounds.

v
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ADS Method

ADS observables
NB~ — [Ktn IpK™) - T (BT — [K~7T]pK") _ 2rgrpkp sin(dg + dp) sin(y)

F(B— — [K*n—]pK—) + [(B* — [K—7+]pK*) ~ ri+r3 +2rgrprp cos(8g+3p) cos()
NB~ = [Ktn oK)+ (BT — [K~7t]pK")
MB- = [K—nt]pK~) + (Bt = [KT7~]pK™)

Aaps =

Raps = = ra+rp+2rrprp cos(8s + 6p) cos(v)

100 LHCb

soba---T--LL N B[ KK o fe------ B'o[mK K

Events / ( 10 MeV/c?)

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

» Much harder to extract partially reconstructed observables because of
BY — DU K* 1~ backgrounds.

> Can extend to multibody-DCS-decays (D° — K7w®) if dilution from interference,
kD, is known

5100 5200 5300 5400 5500 5100 5200 5300
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ADS Method

ADS observables
I'(B’ — [K+7T7]DK7) — F(B* — [K77r+]DK+) _ 2rgrpkp Sin(55 —+ 6D)sin(7)

r(B— — [Ktn—1lpK—) + (Bt — [K—7+]pK*) = r3+r3 +2rarpkp cos(85-+3p) cos(y)
MB~™ = [KTn " ]pK™) + (BT — [K~7t]pK™)
B~ — [K—7nt]pK—)+ (BT — [Ktn—]pKT)

Aaps =

Raps = = ra+rp+2rgrprp cos(8s + 6p) cos(v)

1 —
- L i
HFLAV

3 me
0.8 ow ]

L aps |

06F .
02f |

A
%

> A single (yet broader) solution

» Require knowledge of rp, dp, kp from charm friends
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The GGSZ Method

1.3 The GGSZ Method
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~ with 3-body self-conjugate states (GGSZ)

» 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° — K277~ has contributions from
> Singly-Cabibbo-suppressed decay D° — K2 p°
» Doubly-Cabibbo-suppressed decay D°® — K**7~
» Interference between them enhances sensitivity and resolves ambiguities in

GGSZ observables (partial rate as function of Dalitz position)

2 2
Mgt (x) = Aie, )+ 8AF )
+ 2A(+, 1) A, +) [r8 cos(88 £ ¥)cos(Sp(+,+)) + rasin(ds £ ¥)sin(Sp(+,+))] (3)

From [LHCb-PAPER-2018-017]

LHCb ]

Preliminary

BTt

3F T ]
LHCb

Preliminary

mAK3") [GeVc']
mA(K 3r*) [GeV?/c?]
S

1 2 3 1 2 3
mXK ) [GeV¥c?] mXK3") [GeV/c]
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-017.html

GGSZ Meth

GGSZ observables (partial rate as function of Dalitz position)

2 2 52
dlpx (x) = Atx,3) + BAGF,5)
+ 2A(:E,:F)A(:F,i) [rB COS(§B + ’7) C°5(6D(i,:}:)) + rs sin((SB EE 'y) Sin([sD(i,:Fj)] (4)
—_— ————

-
X4 cj Y4 S;

i(6ptv)

> x+ + iyr = rge

» Uncertainty on ~ is inversely propor-
tional to central value of hadronic un-
known!!

y— =rpsin(dp — )

T
'
'
'
'
'
o

7| 22 =rpcos(ip —7) €T

» Fluctuation in nuisance parameter =
1 fluctuation in error on parameter of in-

Oy~ —
" rp terest!
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Model-independent GGSZ Analysis

[LHCb-PAPER-2018-017]

g

G
IBin number|

» Consider both D — Konr and
D — K2KK decays

» Divide up the Dalitz space into 2N
symmetric bins chosen to optimise
sensitivity to vy

m? [GeV¥ct]

1k Y _
T LT121314 15161718
2 %) m? [GeV/ct]

Decay amplitude is a superposition of supressed and favoured contributions

Ag(m?, m2) o< Ap(m*, m?) + rge 8= Ag(m*, m?)

Expected number of BT (B~) events in bin i
N:JE,- = hg+ [F:F,' aF (X_%_ aF yi)Fi,- + 24/ F,'Ff,'(XJrCi,' — y+5i,-)]

NL; = hg- [Fi,- + (xi + yE)F;,- +2v/FiF_i(x-cti — yfsii)]

v

> NI, - events in each bin » ¢, s - from CLEO-c (QC D°D°) measurements

> Fi - from B — D**uTu,X  » hgs - overall normalisation
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http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-PAPER-2018-017.html

GGSZ Method

Expected number of BT (B~) events in bin i
NI, = hg+ [F;,— + (<3 + Y3 Fei + 2/ FF i(xpcei — y+si,-)]

NI, = hg- [Fi,- + (2 + y2)Fei + 2/ FiF_i(x_cxi — }’75:&;‘)]

1 ‘ :
-1 ]

HFLAV
3 e
08 SYaw ]
L 7Z7jAps ]
r GGSzZ T
06 = .
02F N
%

0 \

] 0 50 100 150

» A single and narrow solution v [

» Require knowledge of ci; and si; from charm friends
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A comment on GGSZ systematics

> Sensitivty to y starts to degrade due to dependence on input from charm sector

» Measurements from BES-III (Beijing) will be vital to achieve ultimate precision on ~y

10
o % LHCb
= 9 B* - DK* GGSZ
Y .
X * +
X
1 4
X
X With \/N improvement
+  With current CLEO ¢;, s;
0.1

5 23 50 300
Integrated Luminosity [fb™]

34/87



The TD Method

1.4 The TD Method
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The time-dependent method with BY —DFK*

» B2 and B? can both decay to same final state DF K* (one via b — cW, the other
via b — uW)

> Intereference acheived by neutral B? mixing (requires knowledge of —23s = ¢s)
» Weak phase difference is (v — 23;)

5 5 b u,c,t s
- 1 1
1 1
— 1 1
B Dy BY  w*E! LW K-
AR
b - - - ~—u
u C
Vi X Vig = A3 K- Vi X Vs 2 A3 Df
K S

> Requires tagging the initial B? flavour

» Requires a time-dependent analysis to observe the meson oscillations
» Fit the decay-time-dependent decay rates

» Also requires knowledge of I's, Al's, Ams
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The time-dependent method with BY —DFK*

Time-dependent decay rate for initial B or B2 at t = 0

dr t
782_”( ) ox e st {cosh <A£st) + AfArs sinh (Agst>

dt

+ Cr cos (Amst) — S¢sin (Amst)}

dr§0—>f(t) _T.t Arst Al - Arst
T {cosh( > >+Af smh( > )

— G cos (Amgt) + S¢sin (Amst)}

Time-dependent rate asymmetry

r§g—>f(t) — Tgo¢(t) _ S¢sin(Amgt) — Cr cos(Amst)

Acp(t) = =
e (t) rgg_”(t) + ng_,f(t) cosh(%) + AfArs sinh(%)
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The time-dependent method with BY —DFK*

» Fit for decay-time-dependent asymmetry

%; 0-4§ LHCb 1 g oaf TL LHCb 1
- 02F + Foof e
< i < s + + :
—-0.2F 0.2 .

z +
-04- B -0.4f B

0.1 02 03 0.1 02 03
(B2 DK") modulo (2778my) [ps] t(B2— DS K*) modulo (277Amy) [ps]

— 1 T
Variable definitions E L LHCb ]
& o5 = B
1-12 e ) / \ ]
C=-C=—2 Q, o eas)
1+rg E | [cars)
ar, _ —2rgcos(y — 2fs F Js) - v 1
Af(f) - 1+ ré —0.5~[="] combination . —
+2rg sin(y — 285 F 0g) 17‘ ey ]
Sep) = 1+12 "5 1 05 0 05 1
B J Re[2A¢ /(1+]AP)]
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Dalitz methods

» 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 — 77n~ - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])
> D — K*xT - ADS-Dalitz (problematic backgrounds from B — DK*n¥)
> D — K" n~ - GGSZ-Dalitz (double Dalitz!)

> 1
LHCb
T o . 1 T 2 T 1 050 b
< ok LHCb (b)] T o LHCb (31
3 E g B-DKT ] § 0
& 1k
9 < L o) ]
¥ £ 05|
aF ]
L L L L
15 20 5 1‘0 1‘5 20 1 05 0 05 1
(D T) [Gevcd] MDY [Gevic X


http://arxiv.org/abs/0909.1495
http://arxiv.org/abs/1602.03455

Building up sensitivity

Different B decays

—

B* 5> DK* B* 4 prg+* B* 5 Dk** B — DK*
N oY 7 * * DK* DK* *0 -0
rg}\, éf;”‘ 7‘3 K7 (5? K g R 6B ,"gK , 62!\
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Building up sensitivity

Different B decays

B* 5> DK* B* 4 prg+* B* 5 Dk** B — DK*
N oY 7 * * DK* DK* *0 -0
rg}\, éf;”‘ 7‘3 K7 (5? K g R 6B ,"gK , 62!\

D — hh
D — hhr® FF
D — hhhh F*

D — hh' ™D, 0p

D — hh'z" e 00s kD

Different D decays

D — hi'hh 7. 9p. KD

J(\v“ : D — Kghh Ci» Si
+
s K

MANY NUISANCE PARAMETERS

B‘I’
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LHCb Input Status

Highest Poorer sensitivit High potential Low stats
Statistics Y (Dalitz structure of B) (multibody B)
B~ — DK~ | B~ — DK™~ B~ — DK~ B - D'K*n B~ — D'K~nta
B Decay - 0 _, 001 =0y PO
Method K"~ —Kn™) [D™— D°7°),[D*° — D]
D Decay
part-rec full-rec K0 res Dalitz
D’ — K+K 5 5 5 . 3fh~ 3 3!
DO — mtr— 5t 5t 5t . 3th~!(e) 3t 3fh!
N D’ — KtK—=n° 3fh"(e) - - - - _
ERICO R o .
3 DY — ntnr 3fb - - - - - -
D » KtK-mtn~ . - - - - _ -
D° — nta-atm 5 . . . - -
() [0 = Kon® - - - - -
" D° — K+n— 5! . . 3fb7'(e) . 3fh~!
9 D° — K+r—7° - - - - R -
D' — Ktr-rtr 5 . . . - -
DY — Kintn— . - . 3th ™! (e) . .
g DY = KOK+K~ . R . 31 (e) . o
<] D° — Kdrtn—n® . - - - - _ _
DO - KOK+K 70 . - - - - -

KEY: o (update) in progress

e: requires input from Charm sector (rp,dp, kp)

NOTE: TD result with B — Dy K+ 3fb~

TD result with B— D~ x+ 3b~"

GLS result from B~ — DK~ with DY — KOK=7F 3 !(e)
Working on B~ — DYK*~ with K*~ — K~ 7" e
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LHCb Input Status

Highest Poorer sensitivit High potential Low stats
Statistics Y (Dalitz structure of B) (multibody B)
B~ = DK~ | B~ = D°K*~| B~ — DK~ B® - D'K*+r~ B~ - D'K-ntn-
Method B Decay [~ — K] (D0 D" [0~ D)
D D GLW
( I ‘ —)
N These guys — [ L ]
DO — KK~ 5 drive th L HFLAV
P pp— 5L rive the F
o o sensitivity — 08 -
o N
. DO = K+EK—70 310 (e) F Syow
Z|(+) . F [z avs 4
< DO = ntaa® 3fb - - S [Deesz A
o
DY s K K-mtn . R R 0.6~ Combined |
DO = qta—aty 3th!(e) 5t . r 1
(=) |D® — KOx° . - - 04 ]
DO K+n— 5h! E 1
8 )0 =0 B 7
= D" — Ktn ' - 02 _
D° - Ktrntr ‘ [ ]
DO = Kot me L 2 ]
< Do ;2;‘}& resolve the 0
- KOKTK~ Lo
K] : ambiguities 0 50 100 150 o
<] D° - Kntr—n® ¥ [ ]
DY - KOK*+K~n" . - AN ‘ ‘/

KEY: o: (update) in progress
e: requires input from Charm sector (rp,dp, kp)
NOTE: TD result with B — Dy K+ 3fb~"(e)
TD result with B?— D~nt 3"
GLS result from B~ — DK~ with D% — KOK*xF 3h !(e)
Working on B~ — DYK*~ with K*~ — K70 e
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Combined constraints on -~y

World Average (HFLAV) - [Spring update]

_ +4.6 o
v = (71.1553)
a1 T a1 T ]
r HFLAV i [ HELAV
3 mmm G il
08 8" decays | 08 SSow ]
L B decays | L ADS 4
r ([0 B2 decays r [meesz
0.6~ 3 Combined | 0.6~ 3 Combined—|
04r 68.3% | 04r Aﬁ%i
0.2} { 0.2} {
[ 95.5% [ ]
% 150 % o
o
y [’ 2N
v

Indirect constraints are: v = (65.371%)° (~ 20)
Comparison between BY and B initial states ~ 20
(B — DF K is hugely important for resolving this)
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Sensitivity to tree-level Wilson coefficients

> We always say CKM angle « is a SM benchmark with negligible theoretical
uncertainty - O(1077)°

» This is only true if we assume no NP at tree-level

» Brod, Lenz et. al [Phys. Rev. D92 (2015) 033002] show how much “wiggle” room is in
this assumption

Effective Hamiltonian Interference terms require modification
GF Xf =7 —i ACl
Het = —= Vup VE[C101 + C2 0] L oe"seT1+0 (=2
V2 Ar ()
W
15
1.0}
—~ 05 —_
s s
G =M + Ac” g 00 s
£ €
C =M+ ncy” =-0s =
-1.0
-15
15 -10 -05 00 15  -10 -05 00
Re ACy(My) Re ACy(My)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.033002

Sensitivity to tree-level Wilson coefficients

» A NP contribution to C; or G, gives a modification to our amplitude ratio:

Modification of amplitude ratio

i . NP
reel08E) _y o oi0eEy) [1 (e — rA)ACI ]

Cz

In particular note that:

Y= 1+(rA—rA/)

Im(ACNP)
(¢}

where ra (ry/) are hadronic unknowns representing the favoured (suppressed)
colour singlet / rearranged amplitude ratio

v

» Can redefine all GLW/ADS/GGSZ relations shifting by a single complex NP
contribution A = (ra — ra)ACYF /Cs

Modification of decay rate
. . 2
r(B* - DK*) - meﬂ%-+mé“ﬁ”K1+Aﬂ J

46/87



Sensitivity to tree-level Wilson coefficients

Modification of decay rate

. . 2
F(BE = DK%) = |rpe P + rge’®eEM(1 4 A)

:,7/— =TB Sill(‘s/; -7)
'

x_ =rpcos(0p — ) €T

1
Oy~ —
LR
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Sensitivity to tree-level Wilson coefficients

Modification of decay rate

. . 2
F(BE = DK%) = |rpe P + rge’®eEM(1 4 A)

Effect exaggerated
for visualization!
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Sensitivity to tree-level Wilson coefficients

Sensitivity to generic NP contribution in complex number A

ACNP
A= (rA/ = I‘A) L
Ca
Future exclusion profile for A Using “still allowed” NP contribution
L~ 0.2 T T i 02 T T
O [+ LHcbsofb® o r [=LHCbSO®
0151 ] LHCb 300fb* 04151 ] LHCb 300fb" |
2 B* _ DK*only | % L B* _ DK*only |
E 01 E o1r _
Foos oos- @ g
< | = b i
= 0 ~ o+ * SM —
-0.05 ‘ L -0.05 ‘ ! ! !
01 0 0.1 02 -01 0 01 02
(ra—t ) Re[AC,/ C)] (ra—ra) REJAC, / C)]
» What values of A can be excluded > Estimate Ar = rp — rA= 0.6 and
in the future ) allow Im(ACYP (my)) ~ O(10%)

This includes only GLW, ADS and GGSZ modes for Bt DK+
Can do even more by including rates from other b — c/u processes:

B — Dm, B — D%, B = Xy, a3°, B = 7
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Sensitivity to tree-level Wilson coefficients

Sensitivity to generic NP contribution in complex number A

ACNP
A= (rA/ = I‘A) L
Co
Future exclusion profile for A Using “still allowed” NP contribution
— 02 T T = 0.2 T T
O t [+]LHChsOb® o o b LHCb300rb® E
045k [=] LHCb300fb* | 8« 015 B DK*only -
2 B* - DK*only | S L i
T o1 E oaf
73 005 13 0051
< | &
00557 0 01 02 00557 0 01 02
(rx—T) REAC,/ C)] (ra—1,) RIAC,/ C))
» What values of A can be excluded > Estimate Ar = ras — rA = 0.6 and
in the future ) allow Im(ACYP (my)) ~ O(10%)

This includes only GLW, ADS and GGSZ modes for Bt DK+
Can do even more by including rates from other b — c/u processes:

B — Dm, B — D%, B = Xy, a3°, B = 7
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2. Measurements of ¢

2. Measurements of ¢
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Measurements of ¢,

“The B? unitarity triangle”
Vis V:b + Vs VSZ + Vis V:E =0
—— Y~ =
~ A ~ XN~ N

» CKM fits give a precise prediction for the small but non-zero value of s in the SM

—~26; = (~0.0370 £ 0.0006) rad | 52/87




Sensitivity to ¢s

> The weak phase ¢ arises in the interference between decay and mixing of e.g.
B> fand B - BY — f

Golden mode: B? — Jp KT K™ - [Phys. Rev. Lett. 114 (2015) 041801]

¢s = ¢SM +A¢peng T A(ZSNP
~—
7255

()
B

> Only for b — cCs transitions (¢<°)
> Estimate A¢peng = 0.003 [JHEP 11 (2015) 082] (B® — Jpp, B — Jjap K*°)
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http://inspirehep.net/record/1327481
http://inspirehep.net/record/1391324

Current status

» World average for these modes currently dominated by LHCb
» Consistent with both the SM and zero - [arXiv:1909.12524]

<€(SM) = (—0.0370 + 0.0006) rad
¢S (WA) = (—0.021 + 0.031) rad

DO 8 fb! wicaid

68% CL contours
(Alog £ = 1.15)

CMS 19.7 fb !

C‘?i"ij’d Ng 6 fb

LHCb 3 fb~!

/

0 . 4
9 lrad]

ATLAS 19.2 fb~!

-0.4 0.2 0.0 02
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http://arxiv.org/abs/1909.12524

BY — ¢¢ decays

» Pure penguin decay - b — ss§ transition
» New Physics can be significantly enhanced
» Purely hadronic final state

» The ¢ resonance is very narrow

0 T wg ‘
Bs — ¢¢ 3 E LHCb 2011-2016
[ W e ¥g
h 5 5 % © C
w, ¢, t s 2
5 LR SPAts AU
. s e
S 10”;7
[ E
S5 S C
_ 10
¥ = (—0.073 £ 0.115 £ 0.027) rad o0 0 0 ) Mevies
[arXiv:1907.10003]
v
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http://arxiv.org/abs/1907.10003

BY — (K*7~)(K~7") decays

» Pure penguin decay - b — sdd transition

> New Physics can be significantly enhanced and entirely different from B — J/ib

and B? — ¢¢

> Expect similar statistical precision to BY — ¢¢

» CPV in decay is also possible
B) — K*K*°
b 3

w,c,t d

=0

99 — (~0.10 + 0.13 + 0.14) rad
[JHEP 03 (2018) 140]

Candidates/ ( 8 MeV/c?)

I\JJ;CD&'S
Qo 9O 9O 9 9Q
o O O O O

55 L G L e

00

T

e - (KT
8 - KmKm ]
B - (K'm) (KK
Wl - K'm)(rm) ]
8 - K'mKK)
Bl A5~ (pr)(K ™)

[ Partially reconstructed ]
[ combinatorial -
—— Total Model ]
—4— Data —:

LHCb

5200 5400 5600 5800
m(K* K™ 1t) [MeV/c?]

J
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http://inspirehep.net/record/1644897

Measurement of ¢; in B(OS) — (KTn~)(K~7") decays

> A combined B° and BY — (K"7n~)(K~7") analysis would be very powerful

> The SU(3) partner B® mode is a AS = 0 transition and expected to have a much
smaller NP contribution

> Allows for much easier theory interpretation as B® mode sets a SM benchmark for
comparison with B mode

» Simplified time-dependent rate asymmetry for each polarization amplitude

Acp(t) ~ (1 — 2w)e 2™ e sin(¢s) sin(Amat)

Experimentally challenging and requires use of LHCb’s full armoury

» Need to tag initial B flavour
» Decay-time dependence (1 time dimension)

> Seperate various wide K* contributions (2 mass dimensions)
> Seperate different spin components (3 angular dimensions)
>

Purely hadronic final state
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Summary and Outlook

Summary and Outlook

58/87



Future prospects

2010 2015 2020 2025 2030 2035
‘ T T ‘ T T ‘ T T ‘ T T ‘ T T I T
( LHC Ji{ HL-LHC )
) [ Current LHCb ]LUpgradela ]LUpgrade]b ]L Upgrade 11 ]
; 1 1 e

-t

* x10 luminosity

250

-h

e

1 Py AP PP ST 17 (I S PP £ T £T |

Jilrapdreedrratppadean et aaieaiieitiegy
Present Day

200

Max Luminosity [10%/cm?

Integrated Luminosity [fb"]

- -~ o~ N m o™ < <t wn
c N c N c 7)) c N <
i 2 -4 2 - 2 — 2 - 2 150
* x5 luminosity
* X2 remove 100
hardware trigger
i | 50
1
1

IlllIllllIlllllllllllllllll

-

o O . .

2025 2030 2035

010 2015 2020

I d
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Future prospects

LHCb Upgrade Trigger Diagram

» LHCb Upgrade will be installed in LS2
» Ready for operation in Run 3

» Completely redesigned tracking systems

» Redesigned readout for all subsystems

ffici
ficiency

El
e
o 9

7

|

—

Run 1 Efficiency E

LHCb ]

Simulation

i~ Different output
»~  rate options

coooo
— B L B

40

PN IR SR R R
60 80 100
TOPO Rate [kHz]

30 MHz inelastic event rate
(full rate event building)

‘Software High Level Trigger

Full event reconstruction, inclusive and
ex i ic/ ric selections

L

Buffer events to disk, perform online

detector calibration and alignment

O

Add offline precision particle identification
and track quality information to selections

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

\

L . L
2-5 GB/s to storage
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» Finding new sources of CP violation can lead us to New Physics
» Measurements of CKM elements are becoming increasingly precise

Measurements of

> Will evenutally reach O(0.4°) precision

Will have < 1° precision independently in B™, B® and B? modes

Will allow for penguin free measurement of ¢s with ~ 0.02rad precision

Can eventually set limits on / directly probe generic new physics contributions at

tree-level

» Have the potential to be even more sophisticated than this when including
additional inputs

Measurements of ¢s

vvyy

> Will eventually reach ©(0.003rad) precision for b — ccs _
> Will eventually reach O(0.01rad) precision for penguin modes b — ss§ and b — sdd

The SM is beautiful, now let's BREAK IT!J
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Back Up

BACK UP
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How does CP-violation manifest itself?

» Must have two interfering amplitudes with different strong (§) and weak (¢) phases

> For a B? decay to a CP-eigenstate, f, CP-violation effects depend on A = ==~
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How does CP-violation manifest itself?

» Must have two interfering amplitudes with different strong (§) and weak (¢) phases

> For a B? decay to a CP-eigenstate, f, CP-violation effects depend on \ = i
p Ar

CPV in decay:
> P(BY — f) # P(BY — f)
> | A/ Af| #£1
Pa
B m—cngy
Az > CP
S CPVin decay
_deec
— A
Jgg() A
S
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How does CP-violation manifest itself?

» Must have two interfering amplitudes with different strong (§) and weak (¢) phases

> For a B? decay to a CP-eigenstate, f, CP-violation effects depend on \ = ﬂ%
p Ar
CPV in decay: CPV in mixing:
> P(BY = ) # P(BY — ) > P(BY - BY) # P(BY — BY)
> | Ar/Ar| #1 > [q/p| #1

¢dec

., fep

T
CPVin deca

- deec
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How does CP-violation manifest itself?

» Must have two interfering amplitudes with different strong (§) and weak (¢) phases

> For a B? decay to a CP-eigenstate, f, CP-violation effects depend on \ = ﬂ%
p Ar
CPV in decay: CPV in mixing:
> P(BY = ) # P(BY — ) > P(BY - BY) # P(BY — BY)
> | Ar/Ar| #1 > [q/p| #1

¢dec R
BOAI = fcp

CPV in interference CPV in decay

¢s - Qbmix - 2gbdcc

- deec

CPV in the interference between decay and mixing;:

> P(BY — f)#P(B2 — B2 — f) » arg(\) #0
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New Physics effects in the flavour sector

> Unitarity imposes several conditions (VV = 1)
» Gives rise to “unitarity” triangles
» The triangles’ area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation

1-2)2/2 A AX3(p — in)
V= — 1-2%/2 AN? + 00\
AN (1 —p—in) —AN 1

0.05

» [, is incredibly small and

N D—E—_ precisely known in the SM

» Potential NP effects are
large

-0.10
-0.10 -0.05 0.00 0.05 0.10

Pab 65/87



New Physics effects in the flavour sector

> Unitarity imposes several conditions (VV = 1)
» Gives rise to “unitarity” triangles
» The triangles’ area dictates the total amount of CPV in the quark sector

Wolfenstein parametrisation
1-2)2/2 A AX3(p — in)
1-2%/2 AN? + 00\

V= =2
AN (1 —p—in) —AN 1
010 T B I
RS e m———
0.05 \ Amp&,am, 7]
A a "ﬁq\ a ] » 3, is incredibly small and
PR Vi . -
=" 000 [\ ] ~ precisely known in the SM
r N W - ]
BN S G- » Potential NP effects are
-0.05 — B ] large
r ks sin 24
‘Summer 18 EK ]
POSETEN | P
-0.10 -0.05 7.00 0.05 0.10
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~ from theory

VudV*b
= arg ( — 2y
0l g ( Vg V2, J

» ~ is known very well

v

Can be determined entirely from tree decays

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

v

Neglible theoretical uncertainty (Zupan and Brod 2013)

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

v

~ 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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http://arxiv.org/abs/1308.5663
http://arxiv.org/abs/1412.1446

~ from experiment

vy

vvyyvyy

v

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

The decay rates are small

Branching ratio for suppressed v mode
BmB—+DK,D-+waazxm7J

Small interference effect typically ~ 10%
Fully hadronic decays - hard to trigger on
Many channels have a K or 7 in the final state - low efficiency at LHCb

Many different decay channels, many observables and many hadronic unknowns
make it statistically challenging

Inputs for charm parameters are needed
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Categorise decays sensitive to v depending on the (5)0 — f final state
» GLW (Gronau, London, Wyler) [1991]
» CP eigenstates e.g. D - KK, D — 7w
»> ADS (Atwood, Dunietz, Soni) [1997,2001]
» CF or DCS decays e.g. D — Km
» GGSZ (Giri, Grossman, Soffer, Zupan) [2003]
» 3-body final states e.g. D — Kdnw
» TD (Time-dependent)

> Interference between mixing and decay e.g. BY — Dy K™ [ phase is (v — 255)]
» Penguin free measurement of ¢s7?

» Dalitz
> Look at 3-body B decays with D° or D° in the final state, e.g. B® — D°K*n~
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GLW Method

> CP eigenstates e.g. D — KK, D — K2m° » [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) » [Phys. Lett. B265 (1991) 172]
GLW observables

. r(B~ — D&K™) —T(B" — D&K') +2rg sin(dg) sin(7) (1)
P T T(B = DK )+ (BT — DGLKY) 1+ r2 + 2rz cos(ds) cos(7)
(B~ — D%K™)+ (BT — D%HKT) 2
Re» = =1 +2 ) 2
P = T(B- — DK—) + [(B+ — DOK~) 5 2 cos(0) cos(y) &)
S 800 LHCb — |- LHCb -
e NS 5 (S [ S J
§ 600 - .
g 400 B —=[K'K,K ] B —[K'K],K*
£ ] i
E 200 — .
£ = ) i J
&) n .
5000 5200 5400 5600 5800

5000 5200 5400 5600 5800
m(Dh*) [MeV/c?]
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http://www.sciencedirect.com/science/article/pii/037026939191756L
http://www.sciencedirect.com/science/article/pii/037026939190034N

GLW Method

> CP eigenstates e.g. D — KK, D — K2m° » [Phys. Lett. B253 (1991) 483]

» Gronau, London, Wyler (1991) » [Phys. Lett. B265 (1991) 172]
GLW observables
. r(B~ — D&K™) —T(B" — D&K') +2rg sin(dg) sin(7) 1)
P T T(B = DK )+ (BT — DGLKY) 1+ r2 + 2rz cos(ds) cos(7)
(B~ — D%K™)+ (BT — D%HKT) 2
Rep = =1 2 5 2
P~ (B— = D°K—) + (B~ — DOK™) + 1 215 cos(dg) cos(7) 2)

= 800 LHCb — - LHCb
ot N | N kb i i
é 600 I —
7 400 B —[K'K,K | B —[K*K K" |
5 1 i
2 200 — -
£ S =—=== 3 i
O

5000 5200 5400 5600 5800
m(Dh*) [MeV/c?]

» LHCb has recently extracted GLW observables from partially reconstructed
B~ — D**K~ in the same fit - [Phys. Lett. B777 (2018) 16]

5000 5200 5400 5600 5800
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GLW Method

> CP eigenstates e.g. D — KK, D — K2m° » [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) » [Phys. Lett. B265 (1991) 172]
GLW observables

A r(B~ — D&K™) —T(B" — DE&K*') +2rg(2F " + 1) sin(dg) sin(y) W
*= r(B= — D%K=) + (Bt — DY%KT) 1+ r2 £ 2rg(2F  + 1) cos(55) cos()
(B~ — D%K™) + (BT — DLHKT) 2 "
Rep = =1 + 2r5(2F + 1) cos(8 2
® = (B~ = DK-) 4+ (BT — D°K™) + 1 & 2r3(2F 7+ 1) cos(85) cos(y) @
= 800 LHCb — - LHCb
R I | i i
é 600 [ —
< 400 B—IK'K K ] B =K KK ]
g i i
2 200 - .
5 S =—=== 3 g N ) 4
5000 5200 5400 5600 5800 5000 5200 5400 5600 5800

m(DK") [MeV/c?]
» LHCb has recently extracted GLW observables from partially reconstructed
B~ — D**K~ in the same fit - [Phys. Lett. B777 (2018) 16]

» Can extend to quasi- CP-eigenstates (D0 — KK7r°) if fraction of CP content, FT, is
known
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GLW Method

> CP eigenstates e.g. D — KK, D — K2m° » [Phys. Lett. B253 (1991) 483]
» Gronau, London, Wyler (1991) » [Phys. Lett. B265 (1991) 172]

GLW observables

p r(B~ — D&K™) —T(B" — DE&K*') +2rg(2F " + 1) sin(dg) sin(7y) (1)
*= r(B= — D%K=) + (Bt — DY%KT) 1+ r2 £ 2rg(2F  + 1) cos(55) cos()
r(B~ — DEK™)+T(BY — DLK') 2 "
R = F(B- = D'K—) £ F(B* = DK*) 1+ rg £ 2rg(2F "+ 1) cos(dg) cos(y) )
— 1, ! 4
o HFLAY [
4ol ]
s Sew A
06 -
04 ]
02 .
o0
o
» Multiple (but very narrow) solutions vl

> Require knowledge of F* from charm friends
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ADS Method

» CF or DCS decays e.g. D — Km » [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) » [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables

P _(B™ — [KTn~]lpK™) —T(Bt — [K7ﬂ+]DK+) 2rgrp sin(dg + dp) sin(y) 3)

AP T T(B= = [KtnJoK—) +T(BT — [K—7']oK") 2 + 13 + 2rgrp cos(ds + 0p) cos(7)
r(B~ — [Kta~]pK™) + (Bt = [K~nt]pK™)

Raps = = 2 os+0 4
A0S = T(B= o [K—n*]oK—) + T(BY — [KT 7~ ]oK") =8 15+ 2rero cos(8s + dp)cos()  (4)

= 100 LHCb ]

=

=

=~ 50 B o[mK KT 4

Z

2

m

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

» CF or DCS decays e.g. D — Km » [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) » [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables

F(B~ — [Ktn~]pK™) = T(B" = [K~n']pK"

) B ) ) 2rgrp sin(dg + dp) sin(7y) (3)
A5 T F(B= = [Kn1oK—) + T(BT — [K—n']pK™) 15+ 1 + 211D cos(3p + 9p) cos(7)
[(B~ = [KTn ]pK™) +(BY = [K n'|pK")
Rane — = 2 o+ 0 4
b r(B— — [K—7t]pK—) + (Bt — [Ktm—|pK™T) = r5 + rp + 2rgrp cos(6 + dp) cos(v)  (4)
NL) 1
% LHCb
L
=
=
S B[k 1 K
E
>
m

5100 5200 5300 5400 5500 5100 5200 5300 5400 5500
m(Dh*) [MeV/c2]
» Much harder to extract partially reconstructed observables because of
B — DK+ 7~ backgrounds.
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ADS Method

» CF or DCS decays e.g. D — Km » [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) » [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables
2 (B~ = [K'n ]pK™) —T(B" — [K7ﬂ+]DK+) 2rgrpkp sin(dg + dp) sin(7y) 3)
ADS = r(B— — [Ktn—lpK—) + [(B* — [K—7*]pKT) ~ r3+r3 +2rgrprp cos(3g+3p) cos()
NB~ — [KT7n oK)+ T (BT — [K~7t]pKT) 2.2
Raps = FB- o KoKk ) £ T(B" = K JoKT) = rg+rp+2rrpkp cos(dp + dp) cos(y) (4)
= LHCb
]
>
=
- B*>[mK ] K*
>
m

5100 5200 5300 5400 5500 5100 5200 5300 5400 5500
m(Dh*) [MeV/c2]

» Much harder to extract partially reconstructed observables because of
B — DK+ 7~ backgrounds.

> Can extend to multibody-DCS-decays (D° — Kzn®) if dilution from interference,
kD, is known
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ADS Method

» CF or DCS decays e.g. D — Km » [Phys. Rev. D63 (2001) 036005]
» Atwood, Dunietz, Soni (1997,2001) » [Phys. Rev. Lett. 78 (1997) 3257]
ADS observables
Anps — (B~ = [K'n ]pK™) —T(B" — [K7ﬂ+]DK+) 2rgrpkp sin(dg + dp) sin(7y) 3)
r(B— — [Ktn—lpK—) + [(B* — [K—7*]pKT) ~ r3+r3 +2rgrprp cos(3g+3p) cos()
Raps = Fgg :)) {? W+}ZZ ;Ingi : {;:?Zﬁi; = ro+rp+2rgrpkp cos(8g + 6p) cos(v)  (4)

aIr ‘ I ‘ ‘ ]
o G HELAY I
& osh b
s [CRIA
L ADS ]
0.6~ b
04r 68.3% |
02 \ ]

00

2N
> A single (yet broader) solution
» Require knowledge of rp, dp, kp from charm friends
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GGSZ Meth

» 3-body final states e.g. D — Konn

» [Phys. Rev. D68 (2003) 054018
» Giri, Grossman, Soffer, Zupan (2003) [Phys. Re (2003) ]

GGSZ observables (partial rate as function of Dalitz position)
Mg (x) = Al 3) + 5AG )
+ 2A(+, 1) A, +) [r8 cos(88 £ 7) cos(p(+, 1)) + ra sin(ds £ 7) sin(Sp(+, )] (5)
—_——— — ———— e

-
*+ G Yx Si

i

>
o
S
o af
Wk
1 1 1 1 1 1
1 2 3 1 2 3
m2 [GeV?/c4] m? [GeV¥ ¢t

> Essentially a GLW/ADS type analysis across the D decay phase space

» Excellent sensitivity from interference between various contributions
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GGSZ Method

» 3-body final states e.g. D — Konn

» [Phys. Rev. D68 (2003) 054018
» Giri, Grossman, Soffer, Zupan (2003) [Phys. Re (2003) ]

GGSZ observables (partial rate as function of Dalitz position)

2 2 12
dlps (x) = A g) + BAF, )
+ 2A(+, 1) A, +) [r8 cos(88 £ 7) cos(p(+, 1)) + ra sin(ds £ 7) sin(Sp(+, )] (6)
—— ———

-
2gE c; Y+ il

i(6ptv)

> x+ + iyr = rge

» Uncertainty on ~ is inversely propor-
tional to central value of hadronic un-
known!!

T
i
1y = rpsin(6p —7)
i

i
i
H

v =rpcos(dp — ) €T
» Fluctuation in nuisance parameter =
1 fluctuation in error on parameter of in-
Oy ~ —
T g terest!
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Dalitz (GW) Method

»> Use Dalitz structure of B decays » Gershon, Williams (2009)
> B —» DKt~ > [Phys. Rev. D80 (2009) 092002]
» Get multiple interfering resonances which increase sensitivity to
> D (2400), D5 (2460)~, K*(892)°, K*(1410)°, K5 (1430)°
> Fit B decay Dalitz Plot for cartesian parameters (similar to GGSZ except for the B
not the D)
> D— K'K™, D — 7"n~ - GLW-Dalitz (done by LHCb - [arXiv:1602.03455])
» D — K*7rT - ADS-Dalitz (difficult due to backgrounds from
BY — DUOK* 7))
> D — KinTn~ - GGSZ-Dalitz (double Dalitz!)

%‘ 12— T ] -l
S . F .. LHCDb(b)] N‘;’
3 | £
< X
T E
5 10 15 20
mA(D1T) [GeV¥cd] mi(D 1) [GeVZc]
>‘+I l} T T ]
[ LHCb
0.5F ]
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Dalitz (GW) Method

» Some studies of future prospects of the B Dalitz method with GGSZ modes in
[arXiv:1712.07853]

» Can include GLW, ADS and GGSZ modes in single framework to improve constraints
on B Dalitz bins, »; and o;

» The double Dalitz method has sufficient information (large number of bins) to
extract ¢; and s;

Double Dalitz observables (partial rate as function of both Dalitz positions)

IA® = |Ag[?|Ap|* + |As || Ap|* + 2| Ag||Ap||Ag| Ap|[(3cc — o's) cos(y) — (3¢5 + oc)sin(7)]

16 End of Run 2 (~8fb !) 5 End of Run 4 (~! 50fb 1)

el T & F T ]
= —_— Wllhout D—K". ﬂ* 1 < f — thoul D—K n:* 1
MR With D=K" 7" 7 [oski 0 With D=K 7" ]
hY E N —e— Fixed ¢, 5; E ¥ F —e— Fixed ¢, s, 1
N —— Constrained ¢, s, ] oF — Conslramed [
10F N —=— Floated ¢, s, 4 r - Floa[ed 1
8 Bl 15F ) E
6 ] 1F E
4F E F ]
1 05F a
2F (a) 4 F (b) ]
L L L L aJ C L L L L 3

0 5 10 15 20 0 5 10 15 20
Number of B bins Number of B bins
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Amplitude measurements of v

» Most sensitive method to measure +y is a full kinematic analysis

» Take advantage of the rich structure in the kinematic plane

» Make use of “discrete profiling method” | developed at Imperial College
» Build upon expertise in amplitude models at Cambridge

Dauncey, Kenzie, Wardle, JINST 10 (2015) 04, P04015

T 3F T T = g ::\\"::"E Full profile
N& E |'| u: Fixed nuisance (best)
% 25 - < Y Fixed nuisance (arbitary)
@) . ar
~ 2 - L
v F E f
OMU! - m 07
SF15F = L
g F ] o
- = 3 i
E Kk*(892) 3 s
05F 3 I
C 1 ! 1] F
! 20 o e e e tad s e 127 128 28 100
mX(K ) [GeV/c!] x

» Exploit several decay modes
» B~ -5 D°K~, B~ —» D°K*~, B~ = D*K—, B® - D°K*°
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Status of v at LHCb

Highest Poorer sensitivit High potential Low stats
Statistics Y (Dalitz structure of B) (multibody B)
B~ — DK~ | B~ — DK™~ B~ — DK~ B - D'K*n B~ — D'K~nta
B Decay - 0 _, 001 =0y PO
Method K"~ —Kn™) [D™— D°7°),[D*° — D]
D Decay
part-rec full-rec K0 res Dalitz
D’ — K+K 5 5 5 . 3fh~ 3 3!
DO — mtr— 5t 5t 5t . 3th~!(e) 3t 3fh!
N D’ — KtK—=n° 3fh"(e) - - - - _
ERICO R o .
3 DY — ntnr 3fb - - - - - -
D » KtK-mtn~ . - - - - _ -
D° — nta-atm 5 . . . - -
() [0 = Kon® - - - - -
" D° — K+n— 5! . . 3fb7'(e) . 3fh~!
9 D° — K+r—7° - - - - R -
D' — Ktr-rtr 5 . . . - -
DY — Kintn— . - . 3th ™! (e) . .
g DY = KOK+K~ . R . 31 (e) . o
<] D° — Kdrtn—n® . - - - - _ _
DO - KOK+K 70 . - - - - -

KEY: o (update) in progress

e: requires input from Charm sector (rp,dp, kp)

NOTE: TD result with B — Dy K+ 3fb~

TD result with B— D~ x+ 3b~"

GLS result from B~ — DK~ with DY — KOK=7F 3 !(e)
Working on B~ — DYK*~ with K*~ — K~ 7" e
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Averages

LHCb Average World Average (HFLAV)
_ +5.1\o
v = (76.857 v = (73.5%43)°
1 T T T 0.2
¢) [ I B/ decays LHCb ] oty [)B°~D°K", D°~ hhr/har HFAV
—_ L B’ decays Preliminary _] = | EmB-D, D~ Kshh R
0.8 = 7 1B~ D°K”, D~ W h /KUK ol KSp
L ecays ] I Al B DK* modes
06 I Combination B 0.151~ [ World Average 7
g ] (_‘ 5y
045 ¢e 30, 1 01F & @ p i
02k - I 1
[ 95.5% : ] 0.05— ) ) . ]
0O 50 100 150 0 50 100 150 .
y [0 vl
v

Indirect constraints are: v = (65.32(2)0 (~20)

Comparison between B and B* initial states ~ 2¢
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BY — (K*7~)(K~7") decays

> Pure penguin decay - b — sdd transition

» New Physics can be significantly enhanced and entirely different from B — J/ib
and B? — ¢¢

> Expect similar statistical precision to BY — ¢¢
» CPV in decay is also possible
0 #0 j*0

B = K™K Experimentally challenging:

» Low branching fraction (100 times
g5 smaller than BY — Jjip ¢)

» Purely hadronic final state

d > K™ is fairly wide (several resonant and
s s non-resonant components)

gJ ) » Several peaking backgrounds
LHCb-PAPER-2017-048

CAoT£ |
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Ingredients required for a ¢, analysis

» In the simplest case, and only if there is no CP-violation in decay, the
time-dependent CP-asymmetry

r(B? — f)—r(BY — f)

r(BY — f)4T(B? — f)

Ace(t) = = nr sin(¢s) sin(Amst)

» Experimentally

Ac(t) = (1 — 2w)e 2™ e sin(¢s) sin(Amat)

» w: Probability the initial B flavour was tagged incorrectly
» o Decay-time resolution
» nf: CP-eigenvalue = angular analysis
» Important requirements
» Good decay time resolution
» Good flavour tagging
» Sufficient statistics for an angular analysis

» Good particle identification
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The B? — K*°K*0 decay

> Interference between B? — K*°K*® and B? — B? — K*OK*®
> where K** - K*7~ and K — K~ n"
> Gives access to CP-violating phase ¢¢¢
» First discovered by LHCb in [Phys. Lett. B709 (2012) 50]
» Update in [JHEP 07 (2015) 166]
» Discussed extensively in the literature as a promising mode for New Physics
> Fleisher et. al. [Phys. Lett. B660 (2008) 212]
» Ciuchini et. al. [Phys. Rev. Lett. 100 (2008) 031802]

» Descotes-Genon et. al. [Phys. Rev. D85 (2012) 034010 ]
> Bhattacharya et. al. [Phys. Lett. B717 (2012) 403]

B; - we -
B ) 0t uct ( B
s )
VNV
g o P A ~ dd __
SM expectation: > A\ = o 1 > ¢ = Pmix — 2¢decay ~ 0
q
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Current key responsibilties in LHCb

Physics working group convenor (Jan 2017 - Jan 2019)
»> Nominated “B to open charm” (v analysis) WG convenor in November 2016
» One of the eight top level physics analysis groups in LHCb
» Member of the Physics Planning Group — liase between WG and management

» Manage ~ 80 physicists studying CP-violation (including all  analyses) in B decays
v

Statistics expert

» Develop and manage the “GammaCombo" statistical package [gammacombo.github.io]

» Advise and liase with several analysis groups

Trigger expert on call

» Developed lifetime unbiased triggering in LHCb
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