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Yesterday we covered several key flavour physics ideas:

 CP violation in the SM (quark sector)
e Unitarity triangle(s)

 Measuring CKM phases

e B-factory measurements of B and a

Today we will discuss b (and c) physics in the LHC era (and beyond):

* Hadron colliders vs B-factories

* Mixing and CP violation in B.,° and D° mesons
e CKM angle gamma

* Rare decays and lepton universality

 The future
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Part I: Flavour physics
at hadron colliders




Overview of b experiments

1980 Symmetric e*e” collider experiments: “Cleopatra” and “Caesar”
* CLEO experiments (CESR, Cornell, USA), 1980 — 2008
0(107)  ARGUS (DORIS Il storage ring, DESY, Hamburg), 1982 — 1992
BB/day * LEP experiments (CERN), 1989 — 2000 “A Russian-German-United States-
ALEPH, DELPHI, OPAL, L3 Swedish Collaboration”

Asymmetric B-factories (1999-2011):
e BaBar (PEP-Il ring, SLAC, Stanford)
&, ° Belle (KEK, Japan)

2000
0(107)

BB/da _
/day Run Il experiments (pp @ 2 TeV) at Fermilab, Chicago

and DO (2001 —2011)

A4
LHC experiments, CERN, 2009 — (pp @ 7-14 TeV):
2020 * LHCb dedicated to flavour physics
0(10°) e ATLAS and CMS also doing B physics
BB/day
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Flavour physics at hadron colliders

B Factories Hadron colliders
Belle (1999-2010) Tevatron (<2 TeV, 1983-2011)
BaBar (1999-2008) LHC (<14 TeV, 2008-)
Asymmetric ete-—Y(4S) pporpp (alsoions...)
Collision B
environment Clean! Pure BB event v/ Busy! Proton remnants give
background particles
Flavour tagging Excellent V Challenging
(initial B° or B?) (30% ‘tagging power’) (~5%)
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Flavour physics at hadron colliders

B Factories Hadron colliders
Belle (1999-2010) Tevatron (<2 TeV, 1983-2011)
BaBar (1999-2008) LHC (<14 TeV, 2008-)
Asymmetric ete~—Y(4S) pporpp (alsoions...)
Collision .
environment Clean! Pure BB event V/ Busy! Proton remnants give
background particles
Flavour tagging Excellent V Challenging
(initial B° or B?) (30% ‘tagging power’) (~5%)
Production o(B) 1nb ~100-500 pb v
B hadron boost Small (By = 0.5) Large (By = 100) v
B hadrons created | B*B- (50%), B°B® (50%) B* (40%), BC (40%), B0 (10%) V
b baryons (10%)

Flavour Physics Lecture 3 19 July 2023 Mark Williams 6



LHCb experiment (v2010-2018)

Flavour Physics Lecture 3 19 July 2023 Mark Williams 7



LHCb experiment

Forward-arm detector

LHCb angular
acceptance
in red

LHCb MC
{s =14 TeV

0, [rad] ™2
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LHCb experiment

Forward-arm detector

Reduced luminosity by
offset beam collisions

Atlas, CMS
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LHCb experiment

Forward-arm detector

Reduced luminosity by
offset beam collisions

Beams move closer as
intensity reduces over time
= luminosity levelling
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LHCb experiment

Forward-arm detector

Reduced luminosity by
offset beam collisions

Precise Vertex Location (VELO)
Very close to the collisions (8mm)
— must be moved away for safety
every time beam is injected (!)
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LHCb experiment

Forward-arm detector

Reduced luminosity by
offset beam collisions

Precise Vertex Location (VELO)
Very close to the collisions (8mm)
— must be moved away for safety Excellent particle identification using Cherenkov
every time beam is injected (!) radiation to measure particle speed

Powerful software-based trigger — make
decisions using full event reconstruction
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Part lla: CP violation in B, mesons




CP violation in B, mixing

-¢p
B.? equivalent of sin(23) measurement @ °
: : : . Mix +®p
For B0 system, we are dealing with a different S
unitarity triangle from B° b T @
é (not to )
BO case: Vy4Vup* + VgV + VigVip* =0 = angles a,B,y scale!)
0(A3) O(A3) O(A3)
Bs0 Case: Vusvub* + Vcsvcb* + Vtsvtb* =0 = angles aSIBSIVS Bs
o) on) o) ———
g J

In fact we measure ¢, = Py — 2dp BUT for tree-level decays b—ccs: [c|>S = —ZBS]

= Just as with sin(2B) we need to pick a ‘golden mode'
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CP violation in B2 = J/d

Decay similar to B — J/{ KS°
with spectator quark exchange d—s

Extra challenge — final state is not CP eigenstate

= need to analyse angular distributions to
disentangle three CP states

In SM, @, is not independent variable
= highly constrained by CKM mechanism
(only 4 free parameters)

_2/88 = —2 arg(_(v;s t;;)/( cs cﬂi)))

= —0.0369 10900 rad (SM)

- J

b < > c
VCb\'\
c

BL = J/Y ¢
/‘ \ \ Vector

Pseudoscalar Vector (spin 1)
(spin 0) (spin 1) |
|
T1: L=2, CP even, amplitude A;(t)
™L: L=0, CPeven, Ayt)
N->: =1, CPodd, A.(t)

\




CP violation in B2 = J/d

Clean decay mode: J/Y — pru-, o= KK = muons provide good trigger signature
= ATLAS & CMS join the party!

https://doi.org/10.1140/epjc/s10052-019-7159-8

L 18000 |- | | 0 q g 005 ' ' ' E
3 1o000f- | Lo 1 EovE LHC ;
" 14000 — Total E g;- 0:()2 % —%
< 12000 - 1 < 01k —
£ 10000 - — — Signal 4 B LB E
= - 4 £ - E
5 S000F -~ Background 1 g 001F E
g 6000 F 4 2-002F E
5 4000 F 4 00 3

0 . ’ . . g/ _ _ '.'\‘  Em— . . - - y —0050 01 02 03

5200 5300 5400 5500 (+-0.3) modulo 27t/ Am, [ps]

m(J/WwK*K") [MeV/c?]

Asymmetry vs decay time [c.f. sin(2[3)]

High-purity signal No significant asymmetry = ¢, = 0
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CP violation in B2 = J/d

New!!
UET | i

0.13 68% CL contours
(Alog £ =1.15)

CMS 116.1 fb~!

LHCb 9 fb~!
0.071

ATLAS 99.7 fb~1

20.5 -0.3 0.1 ] 0.1 0.3
p[rad]

World averages: ¢,=-0.039 + 0.016 rad Al =0.082 + 0.005 ps
(provisional)

https://indico.cern.ch/event/1281612/
CERN Seminar 13 June 2023



https://indico.cern.ch/event/1281612/

Part lIb: Charm mixing and CPV




Charm mixing and CP violation

We've covered strange (K°) and beauty (B, B.°) physics: what about the charm quark?
Neutral charm meson (D°) can oscillate

but... both Am and AT are tiny
= very hard to observe oscillations

Am << T
Al<<T
Very slow oscillations, invisible on
this scale! . . .
Why is charm mixing so suppressed?
os5L \D°—D° Combination of:
e CKM suppression (contribution of b-quark
Neutral charm loop suppressed by V.,V “A2 A3)
mesons (D9) .
*  GIM suppression (d and s quarks have
olLD°—=D° 1 similar masses, so amplitudes nearly cancel)

0 1 2 3 4 5 6

Lifetime units . . . . e
The final frontier in meson mixing



Charm mixing

Remember the ‘master’ equation derived for the B case (but general):

4 )
DO at t=0: [(D(t) = f) x et
x [ cosh(Alt/2) + Adf cos(Amt) + Ay sinh(Alt/2) + ATiX sin(Amt) ]

DOatt=0:  T(D(t) = f)x e
x [ cosh(Art/2) = Adt cos(Amt) + Axr sinh(Alt/2) = AT sin(Amt) ]

- /

For charm, both Am and Al are small: x=Am/T <1%
y=Ar/2r <1%
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Charm mixing

Remember the ‘master’ equation derived for the B case (but general):

4 )
DO at t=0: [(D(t) = f)oxe

X[WZHA%M-F AMSWHA@;" Si t)]
xIt

1+%(2yMt)?2 "1 _yxrr)z Y

DO at t=0: [(D(t) = f) oc et

x [ WZ) - Adr CO)m+ Axr SW) — ATX s e t)]

1+%(2yrt)?2 1-%(xry)2 Y y

For charm, both Am and Al are small: x=Am/T <1%
y=Ar/2r <1%

= Quadratic time dependence is very good approximation
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Charm mixing: Wrong-sign Krt

Charm mixing and CPV

. Pick decay with two amplitudes that can
DCS ”’/ron interfere (one with oscillation)

(Vcd*VUS) gsig'n’/
@ @ Plot ratio to non-oscillated decay D° — K-mt*
Mix CF N o
\ @ * Mixing = quadratic time dependence

o * CP violation = different for D° and D°
: CF ‘She

w0 =t ()55 ()
/ / .

Interference :
DCS Mix+CF
term
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Charm mixing: Wrong-sign Krnt

S 1 | cPV allowed
> Moriond 2019 | —
Charm mixing and CPV Combine 0.8
i | _ with other : \-
] = € — O—— < measurements |
S b LHCb i
+_, E E 0.2:
=R - = x<0 excluded with o @ __ Hio
- . . g = T~ ., N
- 1 3.10 significance I No mixing |30
_ 6F () e I T R D O I DO 1
T n i : 02 0 02 04 06 08 1
= SF CPV allowed 3 )
—_— - S allowe . o 40 Wio
x AE e No direct CPV - o % 2o
i ] ) > 30| o
No CPV 1 Nosignof CPV = m5e
T in charm mixing % 2°§ N Cp
— H gz 10
=, or interference < 19
| P
°|: ] = need more 0
_0.2_ ] . . 3
IR PRD 97 (2018) 031101 §  Precision! 10
: - . L / / . -
0 2 4 6 20 -20-
e 5
=3 :
'4-6.4 -0.3 -0.2 -(|).1 0 01 02 03 04
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Charm mixing: state-of-the-art

= L e L A B
[ | Current world avg. ]
: . 0.01F LHCD -
Recently LHCb published analysis of -[ | Current world avg. + this paper |
‘Golden mode’ DO—= Kot 0008k B
(see back-up slides) T ]

_ N 0.006|- ( ) .
Large impact on world-averages for mixing i i
and CP violation parameters 0.004 - i

0 0002 0004 0.006
First measurement of non-zero x (and Am) X
(>70 significance) < 04 | . T
[ | Current world avg. LLHCb |
Current world avg. + this paper .
Oscillation period ~630ps 0.2 .
(DO lifetime 0.4ps)

T < 4 ‘
arXiv:2106.03744 el :
Phys. Rev. Lett. 127, 111801 i

043 0.1 0 0.1 0.2


https://arxiv.org/abs/2106.03744

CP violation in charm decays

Ingredients: D°

(1) Two amplitudes with same
final state = interference

(2) Knowledge of flavour (D° or D°) at production

4 N\ 7

n-tagged (“prompt charm”) p-tagged (“charm from B”)

pion 'y
—p*+— PO Y
pp—D**—Drt* Gtagj muon tag

- - J
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CP violation in charm decays

[(D9—f) - r(DO—f)

0 =
AcrlD™ =N = 5o v oo

Ingredients:

(3) Detailed knowledge of production and detector asymmetries

o° <: )
K‘ K_
*+_}D0n+ @

ARaw(KK) = ACP(KK) + AProd(pp_’D*) + ADet(T[tag)

e.g. for prompt charm:

pp—D

ARaw(T[T[) = ACP(nn) + AProd(pp_’D*) + ADet(ntag)



CP violation in charm decays

[(D9—f) - r(DO—f)

0 =
AcrlD™ =N = 5o v oo

Ingredients:

(3) Detailed knowledge of production and detector asymmetries

ARaw(KK) = ACP(KK) + AProd(pp_’D*) + ADet(T[tag)

ARaw(T[T[) = ACP(““) + AProd(pp_’D*) + ADet(T[tag)

OR Clever method to eliminate them...

= Agaw(KK) = Agaw(mtm) = Acp(KK) — Acp(rimt) = AAcp




CP violation in charm decays

Huge (>10M) signal samples,
high purity

AAp = (~0.154 + 0.029)% ]

Inconsistent with CP
symmetry at 5.30
significance = discovery!

Q: Is this from SM?
A: Not yet clear!
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~ oL L S W S A I 1] ~2200p T 1T
< 6000F LHCb 3% 2000

% + Data 1500

S 5000 - ] 1600 .

— - D’ — K'KH 1400 D’ > mmt
< 4000

1200
1000

Goib: bike Comb. bkg.

~14M

I
i
|

H“ b il

gt

0.5

Raw asymmetry [%] Candidates/ ( 0.1 MeV/c?
[\ ®]
S

Raw asymmetry [%] Candidates / (

[E—

“ISE prompt (KK) prompt ()
_2 -] —
2005 2010 2015 2020 2005 2010 2015 2020
m(D°7*) [MeV/c?] m(D°z) [MeV/c?]
PRL 122 (2019) 211803
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Part llc: CKM angle y




CKM angley

1.5_| L L l T T l% T T T T T T
i ¥ iR .
o Am, P CAmg&Am,
At the start of the LHC era: Bsin2p ]
05 \
* The least experimentally constrained angle e ¥ .
. . e & Bl -
 The most precisely predicted angle - R ]
. e - ub _
(negligible theory errors) 05 @ 4
. ol e
Otheory(V) ~ 107 rad https://arxiv.org/abs/1308.5663 1'°: Ko oy Sol‘w/mzﬁfo -
- 2009 ' (excl. at CL > 0.95)
_1.5_I 11 | | | I i | I | | I | | | | 111 I7
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Im A p
VeV
B = ¢pr=arg| -2
. ‘/td tb
NV / "
. (VA ¢ V.V, _ _ td Vb
Reminder: YoV Voo a = ¢pp=arg| -7
V2V VuaViy
VudV5
(Olo) 1 (1,0) Re cd cb



https://arxiv.org/abs/1308.5663

CKM angley

b—cW transitions, with B mixing

/ (e.g. BO = J/P KsO)

VedV,
g = gblzarg(—vf Cf) b . . 0o
td Vip uW transitions, with B mixing
o Vavi\ . leg B - )
a = ¢g=arg| — *
VUd ub
Vi

No top loop needed! — can extract in tree-
level decays (b—cW vs b—uW)
= Very clean SM test

Measure y in tree-level processes = precise SM benchmark
Measure y in loop processes = sensitive to NP

Precise y studies were a major motivation for building the LHCb experiment
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Measuring y

= =arg | —
Require interference between b—cW and b—=uW K ?3 & ( VeaV,

Textbook case is B* —>(5)° K*

| =0
W< K 9D
Vub a
> » %%

e
b b
B—( U .‘/'Cb B_( U ;
u < C U & Vcs
0 _
U D i K
X Vus*Vcb X Vcs*Vub

Transitions have different final states (D° vs DO)
Interference if D° and D° decay to same final state f

Many different methods and decay channels — best results from combination



Measuring y

Sensitivity to y without time-dependent analysis — see asymmetries in yields!
= Can convert measured yields into precise y measurement

8001 LHCb ~.800- LHCb

= B-—DOK= feo PR St S G d

= 600 = goo|  Asymmetry

< < = measurey B*—DOK*

~400 ~400/

n n

O O

= 200 = 200

o e,

o -

s, — = 2 s < — ——— —0 : .

O 07500 sw0 5400 O U500 5200 5400
m([KTK~)pK~) [MeV/c? m([KTK~|pK™") [MeV/c?]

https://doi.org/10.1007/JHEP04(2021)081 (2021)
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Combining all y measurements

Split by method: Split by B species:
1 - 1 ' ——
A i ~ ’J i [ | |
i - i HFLAV |
3 o o ol
— 0.8 N - — 0.8 N [ ] BY decays |
L - L [ ] B® decays |
- - - 1] B* decays |
0.6 - 0.6 (] Combined |
CUE LA L esd% NG e 68.3% -
02F - 02F .
w: .. = .. 95.4% ]
O O i ) .
0 40 60 80 100 120
(o] (o]
y [l y []
Combining all measurements: v = (65.9732)°
Indirect constraints: v = (65.533)°  i.e.all other unitarity

triangle measurements
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Unitarity triangle fits through time

Before B-factories: minimal constraints

I= o0l

5 el | il
1.0 0.5 0.0 0.5 1.0 15 2.0
P
2005
Y %%% Am
1 &
. sn2s
. Am, & Am,
05 — - \\\\:}:i |
L, \° E + B-factory measurements of CKM angles
= 0
Ak T
-0.5 \ -
| e v
1.5 Ll -
-1 -0.5 0 0.5 1 15 2




Unitarity triangle fits through time

2010

1.5 r
L 1.5 T 1T T T | T T T T | 1T T 1T, | T T T T T 1T T 17T
10k : excluded area has CL >0.95 % :
: B Y j
0.5 - 1.0 — i \1@ ]
: - ; 5 Amy& Amg
1= o s i 7
o - sin 2 ; .
05 [ 05 — N
i B G Amy ]
10 . L €k - [0 _
= ] - e : 4
_1 5 7\ 11 1 ‘ 111 i | - ‘ § - | | | L1 \SK i I; 0.0 T /A : --------------------- T
1.0 0.5 0.0 0.5 1.0 1.5 2.0 - o | | n
P N uplg i
L V a _
2005 o5 Vool i
15 e L _
Y %’“2- Amy : ' :
s %% 4 L E -
’\\SIP\ﬁ\ \ Am, & Am, -1.0 N | K g
05 \\\\:;\:i‘ - - % E ’Y sol.w/cos28 <0
. S % - ICHEP 10 E (excl. at CL > 0.95) —
s 0 i b 1.5 e b b e b b b
ViVl \\f -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
05 — E 7 ﬁ
N e ’ 0 s
T | + B,® mixing from Tevatron
B T P + more B-factory inputs on angles



Unitarity triangle fits through time

i 2015

I {oriessearas o055 ] 1.5 LN B B N L N B
10 Amy . [~ | excluded area has CL>0.95 | 7% ]
i Amy & Amg u ' 3 m
05 " - : v gc'%‘ :
N f 1.0 — —
1= o.o:— ------- @"f --------------------- —: B N
05 - . 0.5 — _
10 . L |
N fitt al — —
Ceee | ! ! L & =" 0.0 — ]
1.5 1 1 1 11 | | L1 | |
1.0 05 00 05 1.0 15 2.0
5 i _
2010 0.5 - |
15 e B |
‘ A B _
r v % L : .
10— : Amg& Am, ] 1.0 — y ! €k
Fsin2p = ; -
0.5 — | = % ! sol. w/cos 2B <0  —
r S Amg Ty - EPS 15 : (excl. at CL>0.95) —
F &k ) B - | —
IS 0.0 mn ,,,,,,,,,,,,,,,,,,,,, 3 45 L1 Lo v b v b v b NN
YT Bl ] -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-0.5 ; |V“b|tv 4 { ﬁ
'1'°} €k {
il k. - + LHCb starts to deliver
- 7\ - ‘ I ‘ L1 ‘ I ‘ ] I ‘ - \7
Yo o5 o0 0.5 1.0 15 2.0

p



Unitarity triangle fits through time

i 2021

excluded area has CL > 0.95
r : Ny 1.5 71 [T T 11 | NP T T 1 T T 1
— A -
excluded area has CL > 0.95 %
L 3 _
L ’Y S I
L e _
1.0 - \ —
] adll , 2 Amy & Amg ]
] - sin2pB 5 -
: ] 0.5 ; —
r ] i Amy ]
1.0 } { = 8K ' -
r fitter ) g = ! =
I 1995 H A - Y B
St 200 X B e e —
1.5 L1l | - 1111 § I T | | L1 L : |
1.0 0.5 0.0 0.5 1.0 1.5 2.0 (04 .
p L : -
L Vub | o =
2015 0.5 [ >
15 NN B I \,%‘ LA I L B B 7] | o
[ excluded area has CL > 0.95 1 g%
L LY N i : ]
o Amg& Amg ] 1.0 Y : €
- sin 2B ‘ - : -
05 _ - % ' sol. w/cos2B<0 -
r : Amy - Spring 21 ! (excl. at CL > 0.95) —
L &k i g - | -
[Tl Y} S — & ,,,,,,,,,,,,,,,,,,,,, ; 45 L1 1 Lov v b v bvv v bty 4y
P 1 -1.0 -0.5 0.0 0.5 1.0 15 2.0
r | Vil o 1
0.5 — : 7 ﬁ
10 v k]
[ % sol.w/cos2p<0 o
- EPS 15 (excl. at CL>0.95) -
_1.5 L I I ‘ | I ‘ L1l ‘ I ‘ ] I s ‘ | T
1.0 0.5 0.0 0.5 1.0 15 2.0

p



Future of CKM?

The “nightmare” The “dream”
| 0.6 |= 0.6
0 i B
0.5 oy 0.5~
: e
o.4§ 0.4
0.3} &« 0.3 &
0.2 0.2
0.1F 0.1F
or |,* or
[ UTjit B | BR(B—1v) ﬂ UTy|
_0.- 11 111111111]1111111}111111111111 5 -111‘11111111111111111111 11111;_1.1—1
D10 o 04 05 06 937 0 01 02 03 04 05 06
o p

https://arxiv.org/abs/0710.3799
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Part Ill: Rare decays and
lepton universality




Rare b decays

Rare decays helped to shape the SM. Can they show us the way beyond it?
Studies of rare b decays are a key part of LHC physics programme
* Both overall rates, and properties (e.g. angular distributions) of rare processes

can be influenced by New Physics

LHC is a b-factory! Huge numbers of b quarks produced.
= Great place to look for rare decays

L. LHC is a busy environment
= Essential to understand (and reject / account for) backgrounds

Muon modes are clean and easy to trigger: low(ish)-hanging fruit



Rare b decays

A
Mass
(MeV/ Cz) [ MostLikely
. ( ) . L Emission of W * t
In CKM picture, all b_decays are ‘rare’ since 100,000 m—
they change generation E Lt

Rare in this context really means not b—c

Flavour changing neutral currents (FCNC) are
even more suppressed, since direct transitions
are forbidden (b—s, b—d)

= no tree-level SM diagrams

>

] ]
-1/3 e Ch arge +2/3 e

(From Lecture 2)



Rare b decays

Branching
fraction

101 |
102 B® — D-utv (2.3 x 1072)

103 — BO — J/WKO (8.9 x 1074)
1074 —|

1o | (B0 — KO%y (4.2 x 10°5) AW Radiative decays

106 —4
10-7 | ¢3° — w*y (4.4 x1077)
108 1}
107° —
10—10
10—11
10—12
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Rare b decays

Branching
fraction

101 —
10_2_ BO — D_IJ.+V (23 X 10_2)
103 —4 BO — J/PKO (8.9 x 1074)
104 —]
10-5__| BO — KO0*y (4.2 x 107°)
106 —4 . [BO — KO*prp- (9.9 x 10‘7)]
10_7_‘ BO — W v (44 X 10_7)
108 ] Electroweak penguins
1072 — £ p -
10—10
10-11
10-12 b . b

B° B°

d d
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Rare b decays

Branching
fraction

1071 —

10-2 B® — D-p*v (2.3 x 1072)

103 — BO — J/WKO (8.9 x 1074)

104 |

105__| BO — KO*y (4.2 x 1079)

10°— . BO — KO*ptu- (9.9 x 1077)
107 | BC = w*y (4.4 x 1077)

108 ]

109 | B9 — ptu (3.5 x 1072)

10-10 BO — pru (<2 x 10-10)

10—11
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Rare b decays

Branching
fraction

101 —

102 BO — D u*v (2.3 x 1072)
10— BO — J/PKO (8.9 x 1074)
10—

105 BO — KO*y (4.2 x 1075)
10— . BO — KO*ptu~ (9.9 x 1077)
107 | BO = w Y (44 X 10_7)
108 |

10—9_ BSO — H.+|J._ (35 X 10_9)
10-10 BO — pru (<2 x 10-10)
10—11

10-12

Lepton number violating
Lepton family violating
Baryon number violating ...
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Similar to u—ey from lecture 1: highly
suppressed in SM with precise prediction.
Br(B,S—utu-) =3.3 x10°°




Similar to u—ey from lecture 1: highly
suppressed in SM with precise prediction.
Br(B,S—utu-) =3.3 x10°°

Almost all NP theories predict enhancement
(or suppression)

Especially strong dependence on SUSY
parameter, e.g.

Br(BL—2pru-) o« tan®B




c = %
] B -8
g 104.E—T-------§f ------ { ------------------------------------------------------------ 10 Iﬁ )h
— § o L]
For a long time — improving limits > ’H‘ ______________________________ TT _______________ 109;1 §
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For a long time — improving limits

Then in 2013 something changed...

By combining results from CMS and
LHCb, reached “50” standard for
claiming observation

CMS and LHCb (LHC run 1)

Ng - T T T T T T T T T T T T T T T T T .
-~ - —
% 60 [— —¢— Data —]
= C —— Signal and background .
= 50 - [ B—uw -
o) r B utu” ]
f,:; C - . = Combinatorial background
% e = B By . Y e Semi-leptonic background _:
o - — = Peaking background —
5 C ]
c 30— ]
® = .
o - ]
o C ]
L 20 —]
=] C .
2 C .
) C ]
=10 ~
TR i 4 O N e L T
5000 5200 5400 5600 5800
m ., - [MeV/c?]
. wrw
https://doi.org/10.1038/naturel4474
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https://doi.org/10.1038/nature14474

Measurements in agreement with SM Br(BL — ptu) = (2.8 £ 0.7) x 1079

(some tension for BO rate)

Br(B,® = pu) =(3.9+1.5) x 10710

Killed a lot of SUSY parameter space

20 -
I -
@)
=R
Lo
I o))
T\ 15 ¢ 8
o &=
5
T ] R\l\ﬂ
% I :
o |
X : ] W
A
2, 05 +%/\S+LHCb P
— ] W
Pl MSSM-AC
00 I ) V; i : | ; ; " . | . A ) ) 1 . ) ) . ) )
0 10 20 30 40 50

10° x BR(Bs — u™u™)

https://arxiv.org/abs/1205.6094



https://arxiv.org/abs/1205.6094

htts://doi.or/10.1103/PhsRevLett.128.041801
_} . — https://doi. 10.1016/j.physletb.2023.137955
BSO u l-l IatESt ps://doi.org/ /j.physle

https://doi.org/10.1007/JHEP04(2019)098
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https://doi.org/10.1007/JHEP04(2019)098
https://doi.org/10.1103/PhysRevLett.128.041801

B. = ptu~ latest

CMS 140 fo' (13 TeV)
:I | T T T T T T T T T | T T T | T T T | T T T 5
With larger signal yields, can also - v ]
¢ B0 ]

measure BO—upu lifetime

B® > w'n” + peaking bkg

-
o

Combinatorial bkg
B — hu'u™ + semileptonic bkg

1 IIIIIII|

In SM, only heavy (H) mass eigenstate can
decay to pu = another probe of new physics

1 IlIIII|

Entries / 0.25 ps

Ty = 1.620 + 0.007 ps

SM :
(SM) T, =1.423 £ 0.005 ps 10"t -
R R R R N |
2 4 6 8 10 12 14
gM—z%-oos —a— 1.83*0% Decay time [ps]
bl!-ll_?ztg (2022) 041801 —s— 2,07 £ 0.29 o
CMSILHCb Combine .| . . 1 gy At current precision, cannot
peran00s 0% rule-out either ty or T, case:
.ﬁill\anpsm (2020) 188 . - - 1.70 t%.il
S Prodiclion a 1.616 = 0.010 = Need Run 3 data to fully test this
1 Sl.M 1 l 1 (T 1 1 l 1 1 1 1 l 1 1  ; 1 l 1 1 1 1 I 1 1 1 1 l 1 1
0.5 1 1.5 2 25 3

7(B? — ww) [ps]
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B. = ptu~ latest

Discovering B.2—uu is one of the
most significant achievements of the
LHC experiments

Provides very tight constraints on
possible new physics models

Next target is B = up
= stay tuned in Run 3!

Flavour Physics Lecture 3 19 July 2023 Mark Williams

CMS +0.44
BPH-21-006 —a— 3.837,,
LHCb +0.48
PRL 128 (2022) 041801 e 3.097;,,
ATLAS+CMS+LHCDb +0.37
BPH-20-003 R S 2.69 755
CMS +0.72
JHEP 04 (2020) 188 2947 ..
ATLAS 0.8
JHEP 04 (2019) 098 2.87;
M Predicti
geneke [:teal,l.?HIIEg?O (2019) 232 = 3.66 = 0.14
1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1 l 1 1
1 2 4 5 "
BB, — ) [107]
CMS ”
BPH-21-006 % . <1.9
LHCb &
PRL 128 (2022) 041801 - o <26
ATLAS+CMS+LHCb _
BPH-20-003 - u <1.9
CMS 4
JHEP 04 (2020) 188 < = <3.6
ATLAS "
JHEP 04 (2019) 098 . o <21
SM Prediction
Beneke et al, JHEP 10 (2019) 232 ' 1.03 = 0.05
1 2 3 4 5
0 = -10
B(B" — p'u)[10 ]
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Lepton universality

Lepton universality: weak interaction acts equally regardless of lepton flavour

Pillar of standard model — any deviation can only be caused by new physics

Theoretically clean... ...Experimentally challenging...



Lepton universality: “R;.”

Rare decays may be sensitive to new physics which doesn’t respect lepton universality.

Branching ratios for FCNC b — su*u~ are consistently lower than expected in SM
* Could be due to hard-to-calculate QCD effects

* |f so, should also see low BRs for electron modes

o AL[BT = K77

2
Measure ratio of decay rates of muons in dqg? dg
and electron channels in B* = K*I*[- R = 2. dT[Bt — Ktete] ;
fQ. 2 dq
qmln dq
=1 in SM

(very reliable prediction)



Lepton universality: “R,.”

NE I S LHCbI - RIK* (l:entll“al—qIQ ]
Challenge: electrons and muons interact E 600 9fb * %&ﬁ ]
differently with matter = | [ M Combingtorisl |
= totally different signatures in LHCb ; 400 x ]

Z B* = Kt~ ]
Muon: track + muon system hits = 200 j ]
Electron: track + EM calorimeter shower § ( =, \g A

5200 5400 5600 5800
Electrons also suffer from Bremsstrahlung — m(K = putu™) [MeV/c?]

lose energy in detector.

&\ [ T T T T T T T T T T T 7]
2 Ry central-g”
~ K+ central-q i
= 100 -4 Data
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= - == Signal
- Combinatorial
= Misidentification .
% 50 I Partially Reconstructed
i B B0 — K00 /¢(— ete) |
2z
g
=
o =
O 0 == - 1 1 F
https://arxiv.org/abs/2212.09153 (sub. to PRD) 5000 5500 6000

m(KTn~ete™) [MeV/c?
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Latest R, (and R.+) results

Initial LHCb measurements hinted at non-universality, Rx below SM by ~3c

Latest result is a simultaneous measurement of Ry and Rg+ with all Run 1-2 data

Now compatible with the SM after I
applying tighter cuts to reject tricky 141
backgrounds from mis-ID particles

)94
)87
)48
)47
)99
)93
)77

)73

LHCh  Re o —0o0it
9 fb—l Ry central-¢°> = 0.949"(
i Ry low-¢° = 0.927)
1.2 0

(
(
(
(
(
(
Ry central-¢> = 1.027%9}

= In these channels, the hint of

: : L I
disagreement with the SM has gone m? Lof { i ][ +

away [

0.8F

Discovering BSM physics requires a [ 1 Data ,
X2=16,p=0812 0 =02

deep knowledge of detector effects - —  SM

0.6
and backgrounds! -
(including estimates of ‘unknown Ry low-¢> Ry central-¢> Ry low-¢° Ry central-¢

unknowns’)

https://arxiv.org/abs/2212.09153 (sub. to PRD)
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“The anomalies”

https://www.nikhef.nl/~pkoppenb/anomalies.html

, _ Pl(BY = K*0utp) [2.5,4.0] = ———
Is a picture emerging of a broken PI(B® — K" 1) [4.0,6.0] ———
Standard |V|Ode|7 B(B+ - Kﬂﬁu ) [1.1,6.0]_ —e-
B(B* — K*ete ) [1.1,6.0] ——
Could it be due to issues with B(B; — on* i) (11,6017 -
calculations gEgE N Mf ; __._.
. — W
(e.g. hadronic effects?) RK 0.1,1.1] .
x [1.1,6.0] o
Or... is this just cherry-picking x [1.1,6.0] ———
statistical fluctuations? RK o [0.1,1.1] -
Ry [1.1,6.0] 7 —
, R+ [0.045,6.0] 7 T
(T.S. Eliot) Standard Model KRpK 0.1,6.0] .
This is the way the Worjfi ends Muon g =2 :
This is the way the wld ends ((IZ; '.
This is the way the wWorN ends R(JJ) — -
Notwithahﬂwbutam R(AF) .
Direct observation Combination of high- B(B* — 7v)— o
precision measurements | | | | |
0 1 2 3 4 5
Pull in ¢

. atrick.k snburg@cern.ch 2023-07-05
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Part IV: The future of flavour




The future of flavour

The need for more precision...

“A special search at Dubna was carried out by Okonov and his group. They
did not find a single K,°->n*r event among 600 decays into charged
particles (Anikira et al., JETP 1962). At that stage the search was
terminated by the administration of the lab. The group was unlucky.”

Remember, B(K°—mt*n) = 0.2%

- L. Okun

Most measurements limited by statistical precision = need more data
Also need better control over systematics = better detectors

Many new experiments, or upgrades, planned in coming years...



Belle 11 (2018 -)

=4 Belle |l Detector
/O

Will collect 40x more data than Belle KL afid mlonidetectar:
) ) Belle I . Resistive Plate Counter (barrel)
(already a world record luminosity!) O E— S + WISF MPPC (end o)

EM Calorimeter: - / I‘

Csl(Tl), waveform sambling\(?
Major accelerator and detector S o —
mv’}-of-wopagation counter (barrel)
z g ft_)cusing Aerogel RICH (fwd)

—

upgrades to reach 50 ab el

Beryllium beam pipe
2cm diameter

Pure Csl + waveform sampling

First physics run with complete detector g
started in March 2019 2 layers DEPFET +41

positron (4GeV)

Central Drift Chamber
PDG Average (2022) He(50%):C2Hs(50%), Small cells, lo
1776.86+0.12 lever arm, fast electronics
BES (1996) .
177696 018 0%
BELLE (2007) N
1776.61+0.13+0.35
KEDR (2007) —— Already surpassing original Belle precision
1776.81 020+ 0.15 . . .
BaBar (2009) in several areas (with fraction of data)
1776.68+ 0.12+ 0.41
BES Il (2014)
1776.91% 0.12 2010 =
Belle Il Preliminary (2023) Com p lementa ry to LHCb programme
1777.09 + 0.08 + 0.11
1 1 l L 1 1 1 l 1 L It L I 1
1776 1776.5 1777

m; [MeV/CZ] https://arxiv.org/abs/2305.19116
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LHCb Upgrades (2022 - 2040)

We are
here

© A

oS D ) N

%)

Q N N ™ $H © A % O N N 2\ L) ™ <H
6" & & & 6" & & & & 6” 0’” 6” o’” o”’ 6” S 8’ S 6’> o"‘

t

Install LHCb Some additions and Install LHCb Upgrade Il
Upgrade | improvements Take advantage of HL-LHC

t
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LHCb Upgrades (2022 - 2040)

We are
here

© A

oS D ) N

%)

Q N N ™ $H © A % O N N 2\ L) ™ <H
6" & & & 6" & & & & 6” 0’” 6” o’” o”’ 6” S 8’ S 6’> o"‘

t

Install LHCb Some additions and Install LHCb Upgrade Il
Upgrade | improvements Take advantage of HL-LHC

e

t

L=2x103cm2st (5x)
5.5 visible interactions / crossing
Accumulate 50 fb~1! total

Now running!!
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LHCb Upgrades (2022 - 2040)

We are
here

S PP P T T TS ITLTLS S
---------------------

]

1

Install LHCb Some additions and Install LHCb Upgrade Il
Upgrade | improvements Take advantage of HL-LHC
Upgrade-li
L=2x103cm2st (5x) L=15%x10%cm2s1 (7.5%)
5.5 visible interactions / crossing 41 visible interactions / crossing
Accumulate 50 fb! total Accumulate 300 fb1! total
Now running!! Design & R&D phase
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Kaon physics

Last frontier in kaon physics — observe K—nvv

+ + — + -11
" { B(K*—mt*wv) = (9.1 £ 0.7) x 10

B(K.°—mOvv) = (3.0 £ 0.3) x 10-11
Highest CKM suppression of s—d coupling https://arxiv.org/abs/1503.02693

= measurement sensitive to |V.y4| - compare results with B mixing


https://arxiv.org/abs/1503.02693

Kaon physics

B(K*—m*w) =(9.1 £0.7) x 1011
Last frontier in kaon physics — observe K—nvv SM «[ ( ) = )

B(K.°—mvv) =(3.0+£0.3) x 1011
Highest CKM suppression of s—d coupling https://arxiv.org/abs/1503.02693

= measurement sensitive to |V.y4| - compare results with B mixing

ME 7 NA62 @ CERN |
i (2015 -) Will reconstruct ~100 K*—mt*vv at
' SM rate = 10% precision on | V]|
E_}
> 4] LAV STRAW jlcfolauw,z —
. :g 0.12 - 2018 lzatu )
Target KTAG GTK — z SM K*'—>ntvw
° 1 : S 01 Erre.
. |RIcH + 0.08
5 i | —*IR¢ Dump 0.06 | 2 =
~— Region ——= LKy | ° o .
i : i i i i i i i ‘ i ‘ ‘ ‘ ‘ : ‘ 0.04 ™ . e
0 100 150 200 250 Z [m] 0.02 ﬂ%wm:“:.!’h-"{-jlﬁﬁé‘lfu‘lﬂ‘%
With 2016-18 data, 3.4 evidence: O — J— e
002 iR
BR(Kt = 7tvp) = (10.613|stat £ 0.9¢yst) x 1071 at 68% CL. 004

15 20 25 30 35 40 45
7t momentum [GeV/c]


https://arxiv.org/abs/1503.02693

Summary

Flavour physics is a powerful and versatile tool
e Challenge SM predictions = see NP indirectly

History tells us that this is often the gateway to major discoveries

A huge field, covering many areas, with many experiments past, present, future

* Many important ones not covered (including Atlas/CMS, Tevatron, BES-IIl, CLEO)

Future looks bright
e Many new and upgraded experiments coming

* Are we on the verge of a breakthrough?

Experiments
http://lhcb-public.web.cern.ch/
@LHCbExperiment https://www.belle2.org/
y @LHCbPhysics https://mu2e.fnal.gov/
@BellellCollab http://muon-g-2.fnal.gov/
@QuarkWilliams https://www.psi.ch/mu3e/
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Resources

https://hflav.web.cern.ch/

http://ckmfitter.in2p3.fr/

http://www.utfit.org/

http://pdglive.lbl.gov/
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https://hflav.web.cern.ch/
http://lhcb-public.web.cern.ch/lhcb-public/
http://ckmfitter.in2p3.fr/
http://www.utfit.org/
http://pdglive.lbl.gov/
https://www.belle2.org/
https://mu2e.fnal.gov/
https://www.psi.ch/mu3e/
http://muon-g-2.fnal.gov/

Enjoy your stay!

Max Degtyarev for Yandex
https://www.behance.net/maxdwork



https://www.behance.net/maxdwork

* Current/future muon experiments

* CPV in B, mixing

* The ‘golden mode’ for charm mixing:
DO = Korm

* Example methods for measuring y

* CPV in decay: “Knt problem”

* Operator product expansion and
radiative B decays

* Rg measurement Max Degtyarev for Yandex

\ \\
https://www.behance. net/maxdwork
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CP violation in charm decays (2022)

Separate measurement of CP asymmetry in D9—K*K-
= allows CP asymmetries in both channels to be measured, with constraint from AAqp

%E 0.006 || Previous LHCb average LHCb -

o New LHCb average 7

Acp(DO—TT) = (23.2 £ 6.1) x 107 i 7
3.80 from zero 0.002 |- =
= First evidence of CP violation in a OF E
specific charm quark decay channel —0002 F i
_0 004 :. | 1 1 1 1 N 2 N | 1 N 1 | N N M | .:

' -0.004 -0.002 0 0.002 0.004

-

https://cerncourier.com/a/lhcb-digs-deeper-in-cp-violating-charm-decays/

https://agenda.infn.it/event/28874/contributions/169315/
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Measuring y in tree decays

(1) ‘GLW’ /V @\
 CP eigenstates e.g. f =i, KK~ _ .
*  [https://doi.org/10.1016/0370-2693(91)90034-N] 6 e e'® @
* [https://doi.org/10.1016/0370-2693(91)91756-L] \ @ /

(2) ‘ADS’
e (Cabibbo-Favoured or

D0
Doubly-Cabibbo-Suppressed decays

DC
e.g. f=KTmt e
* |[https://doi.org/10.1103/PhysRevD.63.036005] \ DC 6
. [https://doi.org/lo.l103/thsRevLett.78.3257] @/
CF

(3) ‘BPGGSZ’ @
* 3-body final states e.g. f = KOmin- /

e Reached via intermediate resonances 6

) [https://doi.org/lO.1103/thsRevD.68.054018] \ //'
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https://doi.org/10.1103/PhysRevD.63.036005
https://doi.org/10.1103/PhysRevLett.78.3257
https://doi.org/10.1103/PhysRevD.68.054018

Muon physics

Search for charged lepton flavour violation in /3
w-—e- (Mu2e, FNAL) and ut—e*ete- (Mu3e, PSI) <

= x10% improvement in limits
Proton Beam

Production Solenoid/ Detector Solenoid o
¥ : — ,.. o e b __- N

~ Transport Solenoid

) Tracker

Muon
Stopping Target




Muon physics

Search for charged lepton flavour violation in /3
w-—e- (Mu2e, FNAL) and p*—e*ete~ (Mu3e, PSI) <

L

MU2

«© = x10% improvement in limits

Proton Beam

Production Solenoid Detector Solenoid

) Tracker

Muon
Stopping Target
g-2 experiment (FNAL) E N
10
= Precise measurement of muon E
] 210° |-
magnetic moment 3 E
. . 810k
Previous exp. result disagrees A
with prediction at ~3.50 S0’/ ANAAN 7 JYVY
o o o s LAY VAV ,‘/‘\‘\,"A\”.’u‘. A A A A ‘,\: ,}'l *“" l‘” M:" v .""ﬁ
= 4x improvement in precision 10 VAN AVRAA,
L | L L L | | L L L

40 60 80 100
Time (us) modulo 100 us

Now a 4o discrepancy (4/2021)
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Kaon physics

B(K*—m*w) =(9.1 £0.7) x 1011
Last frontier in kaon physics — observe K—nvv SM «[ ( ) = )

B(K.°—mvv) =(3.0+£0.3) x 1011
Highest CKM suppression of s—d coupling https://arxiv.org/abs/1503.02693
= measurement sensitive to |V.y4| - compare results with B mixing

v 0—p 0 0 i
/"ﬁ KOTO @ J-PARC Measure B(K,°—m°v) to 10% precision

(@ SM rate)
"' (2015 _) Csl - calorimeter
S V Vacuum vessel Raln parrel €C 03
039 0 0
450-436.79 1383 * |0.53 +0.13 0
4001 :
350 ol
< F 4
IR 1.97 +035 _
S B | including signal region
S 2501 e 1o
~7 200F '3 . [ 0.20
R E : : +0.09
150 '1.221026 __.--
g PR - All data from 2016-18 analysed
100 . . ] )
3 0.14 10.06 0 * 3signal-like events observed, consistent with BG

* B(K_°—nvwv) <490x10-11 @90% CL

Coooo los sy bosa oy boa o Wby o by o bowy o bon oy Ll o g boay
1500 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000
Zytx (mm)

10x better than previous limit e


https://arxiv.org/abs/1503.02693

Penguin pollution in B,

Penguin pollution breaks equality ¢, = -2, > > °
= can mimic effects of new physics W+ S
%k
B < ﬁ ......... Vts

Strategy is to study in dedicated Vg C C
channels to set limits on the size: <

Odps =[-0.018, 0.021] rad at 95% confidence

/>'\ T - r * ¢ | & & ° T ] 3 2~ 2000 SEREN T T LA B L
T000E E S 1800 E
S LHCb 3 I i LHCb 3
6000 - E < 1600 0 ok
v
> 5000F B = J/Yp? 3 — 1400 B” = J/WK ¢
2 : E = 1200F i —+ ?a“‘] . 3
= 4000 = ~ = — Tota E
= E 3 b 100 - B’ signal 3
‘5 3000 ;— —; § 800  f 1 H e B? signal =
2 2000F E g 600F - - -+ Combinatorial bkg 3
o = 3 G 400 Ay s Wypr 3
1000 A e toytossagsaystaes 200 =
0 " i o SRR | WO I [—— 3 0 BN It Pl e Sl At e ST "
5300 5400 5500 5200 5300 5400 5500 5600

m(J/yrn'n) [MeV] My kne IMeV/c?]

https://doi.org/10.1016/j.physletb.2015.01.008 https://doi.org/10.1007/JHEP11(2015)082
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Charm mixing: ‘Golden mode’ D?—= K" n"

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated)
decays to same final state

DCS
(Vcd Vus)

0°,
\@/
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m?(K2r~) [GeV]

3.0

N
w
!

N
=)
L

1.0 1.5 2.0 2.5 3.0
m2(K2n+) [GeV]

K*(892)*

10°

107!
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Charm mixing: ‘Golden mode’ D?—= K" n"

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) >0
decays to same final state 25

1.0 1.5 2.0 2.5 3.0
m?(K2n+*) [GeV]

. D

K*(892)-
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Charm mixing: ‘Golden mode’ D?— K" i"

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) >0
decays to same final state

10°

N
w
L

N
o
L

107t

m?(K2r~) [GeV]
=
3]

=
o
L

F1072

Q ) @
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Charm mixing: ‘Golden mode’ D?—= K" n"

‘Right-sign’ (CF) and ‘wrong-sign’ (DCS or oscillated) >0
decays to same final state

N
w

10°

N
o
L

DCS
(Vcd*vus)

107t
1.5

m?(K2r~) [GeV]

102

F10-3

0.0 0.5 1.0 1.5 2.0 2.5 3.0
m?(K2n*) [GeV]

K*(892)* + K*(892)" + p(770)°

= Can directly measure all four mixing and
CPV parameters x, Y, |a/p|, arg(a/p)

Requires time and phase-space dependent analysis
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Charm mixing: ‘Golden mode’ D?—= K" n"

Plot ratio of candidates in upper/lower
half of Dalitz plane

= 8 ratios in Dalitz bins R; — Rg

= Fit to extract parameters

Clear time dependence from mixing \:4

x = Am/I' =[0.397 + 0.046 + 0.029]%

y = AT/2r = [0.459 + 0.120 + 0.085]%

First measurement of non-zero x
(>70 significance)

Oscillation period ~630ps
(DO lifetime 0.4ps)

¢ Data — Fit
...... Fit (x,=0)

0.099

arXiv:2106.03744

Phys. Rev. Lett. 127, 111801



https://arxiv.org/abs/2106.03744

Charm mixing: ‘Golden mode’ D?— K" i"

No significant differences D vs D® ——> %%

= no evidence for CP violation °|< i ‘H‘ﬁé%” ¢ 1, °|<
3 :lﬁﬁ}ﬂ* f e | ow
—0.02:— { : { _'—4)'0'
By 0.015 ‘} 3 Ela »y
Lo ! Léhm-} S
X b1 § * 1K
0.01F : l | : : I:

—20.01 .

+ —
1 Rl
o
. =
L —@—
—@
——
—e+
.
l»—qE
Ho—
—@—
-o—
—et
|
o
+
>— R

'} 4-0.01

2 4 6 8 2 4 6 8

tlt
arXiv:2106.03744
Phys. Rev. Lett. 127, 111801
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Charm mixing: ‘Golden mode’ D?— K" i"

= L e L A B
0.01 [ | Current world avg. LLHCb i
b Current world avg. + this paper .
Combine with all previous measurements 0.003h .
= Significant improvements in WA for 0.006 ( ) N
both mixing and CPV parameters I ]
, , 0.004 -
= Hence the ‘Golden Mode’ for charm [eomoupolos e ]

0 0.002  0.004  0.006
X

Q‘ 04 § [ d | ! | b

[ | Current world avg. LLHCb |
02 - Current world avg. + this paper y




Measuring y: GLW method

Colour favoured: b—cW Colour suppressed: b—=uW
* Magnitude |F| * Magnitude |S|
* Weak phase ¢, strong phase 6 * Weak phase ¢, strong phase 64
n W’J‘\PV%OK - »
> B
B_( ’ Ve B_( ’
L < c . L <
a | D _>fCP

Under CP operation:
Weak phases change sign
Strong phases unchanged

Amplitudes to B A= |F|ei6F+dF) + |S|eilds+ds)
final state fep: B%: Ap= |F|ei®-0 4 |5]elss- 49



Measuring y: GLW method

‘Trick’:  Weak phase difference ¢ = ¢s = y always

while 85 = 6; - 6sand ry = |S|/|F| depend on the decay (F*: fraction of D° decay
to CP=+1 eigenstate)

GLW observables

+2rg(2F ' + 1) sin(dB) sin(v)
Asymmetry (B* vs B7): Acp =
Y A ) S e r% + 2rg(2F*+ 1) cos(dgB) cos(y)
Total rate: Rep =1+r% +2rg(2F "+ 1) cos(d5) cos(y)
y
- LHCb D00 LHCh
% partiall b o0 3 BRI NS % ............. R — 9 fh1
= artially = t
= 6001 reconstructed Z600) Asymmetry @ g
= DO — K*K-7r0 FuIIy = = measurey
~400- reconstructed ~400-
g DO—K*K- 8
= 200 = 200
= =
= , = :
N 5000 5200 5400 5000 5200 5400
m([KTK~|pK™) [MeV/c? m([KTK~]pK™) [MeV/c?]

https://doi. 10.1007/JHEP04(2021)081 (2021
Flavour Physics Lecture 3 19 July 2023 Mark Williams bs://doi.org/ L ( ) ( ) 85



https://doi.org/10.1007/JHEP04(2021)081

Measuring y with B.° mixing

Can also measure y with B,® meson mixing providing interference [compare sin(2pB)]

-

B — Dt K- (tree) B, = D;* K- (loop, with B,° mixing)
- _ Uu,c.t
5 -¢ s ’ s | - | - ’
| |
— | |
B b+ B W= | W H
b—cW : T t : B b—uW
b - - c S - —-— - g u
u C
Vip X Vi &2 A3 K~ Vb X Ves = X3 Dy
S /

\ S

* Weak phase difference is (y —2B.) = need input from B,°® measurements

* Need time-dependent analysis to observe oscillations
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Measuring y with B.° mixing

0.5—————
Fit for time-dependent asymmetry f 0.4

LHCb
= =D K"mtn
va: f=D{K 7wt |

..................................................................

\

=)
]
‘b
K
R
“.
\d
5

B, =D, Kt~ 0.1

o
I

y = (44 £ 12)° modulo 180° 0.1

0)
0 .
' .
.......

Full LHCb Run 1+2 (9fb™?) -0.3
https://doi.org/10.1007/JHEP03(2021)137

IIlIIIIIIIlIIIIIIIlIIlIIlIlIII IIIIIIIIIIIIlIIlIl

Y ol 02 03
t modulo (27t/ Amy) [ps]

= C T T T 1 o
X 04r LHCb 1 % o4
SN ] S) 0 N
< I 1 ] <
) ] . (128 11 ° modulo
N B = =22
: == ; Y 180°
-0.2f . 0.2 ]
—04f . ~0.4f . LHCb Run 1 (3fb-1)
U SR SR T [T ST SN ST SR N SR S S S S " PO SR S S [T T S SN S S S S SR S N
0 0.1 0.2 0.3 0 0.1 0.2 0.3
H(BY— D;'K™) modulo (272/Am;) [ps] {(B’— D; K*) modulo (277/Am,) [ps]

https://doi.org/10.1007/JHEP03(2018)059
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CPV in B decay: “Kmt problem”

Remember — need 22 interfering processes

CPV in decay
(preferably with similar magnitudes)

W

Example: B = Knt

u _
K* b 5 e
W S
— e BO u
b < < u —
BO 14 u
» n_
d i ¢ d - d
Tree-level “Penguin”

Weak phase between amplitudes =y




CPV in B decay: “Knt problem”

CPV in decay "

o |
A
T%
o cl| un]
A
+
o0)
o
o
9
o cl ¢ wl|
A
+

Example: B = Knt B

% 400F BaBar BO = Problem: CI_DV should be same for

> N it . corresponding B+ decay

S 300F Jr‘j - (only difference is spectator quark), but...

A - _.1 " .

~ - | T— .

2 g00-  f1 B 4 1 AslB-oKT)=(-84204)% L 7

> ) ‘ 1 Ap(B*=KO) = (+4.0 + 2.1)% % 3

B 100k +_,~+ ) — %Qp
of 2l it ¢orroas.]  Signof new physics? K2

01 0 ’ 0.1 Could be from subtle QCD effects...

https://arxiv.org/abs/1206.3525 AE (GeV)



https://arxiv.org/abs/1206.3525

CPV in B decay: “Kmt problem”

Acp of Most Precisely Measure d Modes
HFLAV B
. April 2019 i
CPV in decay — = KK

L= K'rntn~
=t KKK+

—# KO+t
Belle

Only small sample of results BABAR = K
0 + Our Avg. K0y
(for B® and B*) _i K
4 KT
— K*“lﬁ/f
— Kt~
A lot of measurements of a lot of modes! Lo gom

Most consistent with CP symmetry T ki

E (s+d)y
= Remember: only 1 CP violating phase in SM! .

————f——— K 0nt

()7T+

oK™t

—
| pK 'ty

——t— KT

—_— ’r/K*“

K*(Jﬂ.+7‘_*
nmt

—_—

——
JR——

—
e wK*

K0
KKK~
e’

- — [(UTFJFTF

—_—— atr—nt

https://hflav-eos.web.cern.ch/hflav-eos/rare/April2019/ACP/index.html | .

-0.4 0.0 0.4
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Radiative penguins: b — sy

Radiative penguins give
access to new physics, b s
via Wilson Coefficient C,

Two approaches:

* Exclusive, to specific final state (e.g. B — K%*y)
= experimentally easier, theoretically messier

* Inclusive, including any strange hadrons in final state (B® —X.y)
= experimentally challenging (one for the B factories!), theoretically clean

Can also study b —dy decays (e.g. B—py)
= further suppressed by |V.y4/Vis|2 = (A3/A%)2 = 0.05
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Radiative penguins: Exclusive

https://doi.org/10.1103/physrevlett.71.674
14 v T

. K-W+: 1 L 1 L] 1
B(0.4) — K(0.2)*y discovered by CLEO-II in 1993 T B K=y y
| o !
§4~ Br(B — K*y) = 4
e | (45%1.5+0.9)x107
£ 3k c
w nl 4
T i
500 5.20 5.240 5.2 5280 5300

M(K™y) (GeV)
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Radiative penguins: Exclusive

https://doi.org/10.1103/physrevlett.71.674
14 v Y T T

S | L 1 I 1
W<y
B(0.+) — K(04)*y discovered by CLEO-II in 1993 T |y )
ST— D Ks'n' Y b
% uf: Br(B — K*y) = i 4
. . . . o + + -
The B-factories later made high-precision 3 sl (4.5+1.5£0.9)x10 |
measurements &
2 il
e.g. Belle (2017): |
=
@ N
https://doi.org/10.1103/PhysRevLett.119.191802 5 ;% |
N F T y ? 1 Qs F J g g = 5.200 5.220 5.240 5.260 5.280 5.300
L2800 . 1 2800 2 . ] M(K®y) (GeV)
2 I (b)Km 113 1 (©)K'm R ¥
= 600 1 1 =600 b
N : A T T ] ]
3400 11 2400 17 Current world-averages:
O 200Fwwetsr; : J A1 2200 ' %
w S LT ‘ . i 25 _ _
0~"527 524 526 528 0~"527 524 526 528 Br(B® — K*y) = (4.18 £ 0.25) x10™>
M, (GeV/c) M, (GeV/c?)
Q200F T T T T G200 T T Br(B* — K**y) =(3.92 £ 0.22) x10~>
2150__ (d) K'm? 21502_ (e) K'n? i -
< 100t 11 S1o000 E _— ,
TN A EI Y } 1% Theory predictions in range 3.5 - 7.0 x10™>
o 50F + o4 © 50F R . . . .
g F oo T Ne Ty T Easier to calculate CP or isospin asymmetries
0522524 526 528 0525524 526 528
M, (GeV/c?) M,, (GeV/c?)
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Radiative penguins: Inclusive

Much trickier experimentally! Final state is photon (y) + anything strange (X;)

No perfect method — several options (fully-inclusive, semi-inclusive, summed exclusive, ...)
each with pros and cons.



Radiative penguins: Inclusive

Much trickier experimentally! Final state is photon (y) + anything strange (X;)

No perfect method — several options (fully-inclusive, semi-inclusive, summed exclusive, ...)

each with pros and cons.

Need clean environment of B-factory:
* Look for (relatively) high energy photon

* ldentify X topology using multivariate
tools trained on simulation

* Plot photon energy spectrum
after subtracting backgrounds

!

* Input from theory to convert
to BR measurement
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Events/0.1 GeV

1200

-
[~
(=]
o

800

600
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200

=200 —

https://doi.org/10.1103/PhysRevD.86.112008

T | DAL A I PR R B FREUNEFURNS VRN LTI LR TR A B S
— BaBar (2012) s =
- o — -
- woprzed 2] 7
it +
S LT | =3
e A e 1
- | NV VN TR W T G AN N S S TN AN RN TN NS ol GO A AT SO WY G Mt .
1.6 1.8 2 2.2 24 2.6 2.8
E,* (GeV)

Data (markers) versus three theory models (histograms)


https://doi.org/10.1103/PhysRevD.86.112008

Radiative penguins: Inclusive

Can combine results from all experiments and use to constrain C,

Measurements in good agreement Constraints on new physics in C,

o e -
PRLS87, 251807 (2001) = e ] 3.2810.44i(_) 28+0.06 §
Bell -excl 0 %0, @ ~
Belle sum-axc | 3.7410.18+0{ 35 (new) BR(B° — K*0r) N
Belle sum-excl 3.69%+0.58+(1.46%0.6 9
PLB511,151 (2001) - - s " Kot - o 2
Belle notep tag 3.50£0.15+(.41£0.01 R S =
PRL103,241801 (2009) e —g——— : - -1 - B
BABAR | BE =
PRL109,1918eo?(§g1%) - = 3.32£0.16£(.31+0.02 BR(B; — ¢7) 1 ® S
~
Eé?eﬁgofgaﬁ;(c . 3.52+0.20%+0.51+0.04 E
BABAR had tag 3.90%0.91%(.64+0.04 BR(B — Xs) - —— m
PRD77,051103 (2008) [~ ® 1 g
HFAG 2013 —o—1 3.43%0.21+(Q.07 all BRs - o §
~
L - o
N
edededd o g s o b o g a d s o oot o oo ol s ool o 1 2 T I I ~N

2 3 4 5 —0.10 —0.05 0.00 0.05 0.10

BF(B—X_y) [10°] Re CF

Latest exp.: Br(B—X.y) =(3.32+0.15) x 107
Latest SM:  Br(B—X.y) =(3.36+0.23) x 107
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Electroweak penguins: b — sl*l-

Experimentally easier: two charged leptons + hadrons

"Golden mode’ here is B? = KO* -

Much richer decay structure — many observables
which can constrain new physics models...
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Electroweak penguins: b — sl*l-

Decay dynamics depend strongly on dimuon mass (= momentum transfer, g2)

i : .
J/lﬁ(lS) H_adromc effects dominate around
dBR/d 2 ” / cc resonances (J/y, (2S)) so these
9 i regions are excluded
P(25)
G F
b — sy pole /'
for B - V¢¢Y C..C
hadron) Co, Cip g (U
{wector iadron \J + long-distance cc
No b — sy pole
forB » Pt —| |

(pseudo-scalar) : 6‘ 1'5

g*=m;, [GeV?]
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Electroweak penguins: b — si*l-

Branching ratios for different b — spu*u~ channels tend to undershoot SM prediction

Bt & K+I-l+l-l'

B0 — KO* I-1+I-l'

Em]I.CSR Lattice —e-Data
& AL B AL L B AL B
> B*— K*utu
Q LHCb
vb
X 3
o0
= + +++++
— 2 +
= +
[\
S JHEP 06 (2014) 133
Q
" PR I SR TR T T [T SR SR TR S NN ST ST S SR N T
© OO 5 10 15 20
¢ [GeV?/c4]
—6
(\',—‘OISXIO T T L
> LHCb
<
q&)
= 0.1 -
= o1l
E L
S I
0.05} : —— —*—i -
[ 1 —+—]
i JHEP 11 (2016) 047
G....I....I....I....
0 5 10 15
q* [GeV¥c4
19 July 2023 Mark Williams
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dB/dg? [10°® x c¢*/GeV?]

dB(BY — ¢uru)dg? (GeV=c*)

BN CSR Lattice —-Data
LA L L B R
: B’ K'uu
LHCb 3
B — KOWIF
2__
r ——
1}'+_ JHEP 06 (2015}-133
:. PR ST T AT T ST TR S ST SR THNT S SN NN SN S S S RS
% 5 10 15 20
¢ [GeV?/c4]
x 107
14k LHCb ' —3— LHCb 9fb™"
C LHCb 3fb™!
12 SM (LCSR+Lattice)
10 SM (LCSR)
r SM (Lattice) 0 _’ AR
sk - B
+ o wes) ° duu
6_ —— f_-
4;_ e P W a
2F PRL 127 (2021) 151801 %
L 1 L L | e | " L "
% 5 10 15
q* [GeV*c*
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Electroweak penguins: b — sl*l-

For B — K*up, can do more:

= K* is a vector meson

= Decay rate depends on three angles

1 d*(C' +7T)

9 [%(1 — F1)sin® O + Fy, cos® Ok

d(T +T)/dg® dq2dQ |, 32
+3(1 - F) sin? O cos 26, Measure the
observables:
S, = F, (longitudinal — F}, cos® O cos 20, + S5 sin® O sin® 6, cos 2¢ Fu Ars, S
. . . /
polarization fraction of K*) . ) . .
+.54 sin 20k sin 26, cos ¢ + S5 sin 20 sin 6, cos ¢
Sg X Arg (forward- "I'%AFB sin2 9}( COS eg + S7 sin 29}{ sin 95 sin ¢
backward asymmetry of — 7 : 4 ; . . 9 ;
dimuon system) +Sg sin 20 sin 26, sin ¢ + Sg sin” Ok sin” 6, sin 2¢]
+ also examine CP asymmetries (where S; = A))
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Electroweak penguins: b — sl*l-

At first glance, most observables in agreement with SM ...
... but hampered by large hadronic uncertainties in SM predictions

FB

1 T — 1 r T
- LHCb Run 1 +2016
0.8 %%% SM from ASZB .
0.6_— + —
0 43_ —4- E
0.2_— ]
L . 1 A R A R
GO 5 10 15
g [GeV* 4
—r 11 T
0.5 LHCb Run 1 +2016

i SM from ASZB

L 1I5 1 " L
g* [GeV?/c4]

72} — T T T T T T T T T T T T

0.5 LHCb Run 1 + 2016 ] 0.5 LHCb Run 1 +2016 ]|
i SM from ASZB 1 SM from ASZB 1
- e
) 0
-+ 4 1 i % | ]
= I - 4 =
—0.5F — —0.5F —
L | L " 1 L L " L 1 N " M " " " L 1 " " L " 1 L L " L 1 N N N
0 5 10 15 0 5 10 15
g [GeV* 4 g2 [GeV?/c*]
T L L u;l\ — T T T T T T T T T T T
0.5~ LHCb Run 1 + 2016 ] 0.5 LHCb Run 1 + 2016 7
i SM from ASZB 1 B 1
L i _
G 1 G } ++
: &fﬂ% ] i+ ]
+ W
-0.5F- — _0_5-_ _
1 PR S S SR SR I SR S PR R S N S ST T S [ S T T I T
0 5 10 15 0 5 10 15

g [GeV?/c4] g [GeV*cH

PRL 125 (2020) 011802
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Electroweak penguins: b — si*l-

Build new observables designed
to ensure cancellation of major
SM uncertainties

233 2)
P, = =AY
T 1-R) *
2 App
ik 31-F)’
__E%
P 5
T (1-FR)’
;o S4,58
4,5,8 \/FL(I—FL)’
P = 57
* VRO-FR)

PRL 125 (2020) 011802
T I T L) T T I T T T T I T T

a LHCb Run 1 + 2016 1
i ' | SM from DHMV

S
) (@)
Illlllllll
1
i —?T
+_I'IIIIIIIIIII

3

TS

L L L L L L L L | L
0 5 10 15
g* [GeV?/c4]

Largest discrepancy in P’ variable, at low g2

Prompted a lot of interest from theoretical
community

Crucial to check with other experiments...


https://doi.org/10.1103/PhysRevLett.125.011802

Electroweak penguins: b — si*l-

(Run 1) '
e LHCbdata o ATLAS data

» Belledata © CMS data

Seems to be a consistent

disagreement between 0.5 | SM from DHMV
experiment and theory, but - SM from ASZB

llllllllll.

need more precision

+

Full Run 1+2 data yet to be
analysed -0.5

I I |
'_?_._2_——
| LA e n v

0 5 10 15
a2 [GeV?/ 4

Ll
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