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An Introduction to Flavour Physics

e What's covered in these lectures:

1.An introduction to flavour in the SM.

2.CP violation (part 1).
3.CP violation (part 2).
4.Flavour changing neutral current processes.

= Neutral meson mixing, rare decays, lepton flavour
violation and constraints on new particles.

T. Blake



The "flavour problem”™

* Flavour changing neutral current processes can probe mass
scales well beyond those accessible at LHC.

= |f there are new particles at the TeV-scale, why don't they
manifest themselves in FCNC processes?

This is often referred to as the flavour problem.

T. Blake



FCNC processes

e Two types of FCNC process:

= AF = 2, meson anti-meson mixing.

= ANF=1 609 Bs—utu .
(commonly described as rare decays).

* |nthe SM these processes are suppressed:

= |oop processes that are CKM suppressed
and can (depending on the process) be +
highly GIM suppressed. t

T. Blake



Fffective theories
Probing scale of NP with FCNC processes



Fffective theories

* |n mesons/baryon decays there is a clear separation
of scales:

mw > mp > Aqcep dn

* We want to study the physics of the mixing/decay at
or below a scale A, in a theory in which contributions or
from particles at a scale below and above A are
present. Replace the full theory with an effective
theory valid at A,

L(¢L, on) = L(¢L) + Lot = L(¢L) + Z C;0; (o)

operator product expansion J
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Fermi’s theor

* |nthe Fermi model of the weak interaction, the full electroweak
| agrangian (which was unknown at the time) is replaced by the
ow-energy theory (QED) plus a single operator with an effective
coupling constant.

At low energies:

d U d U
' ( gz ) B 92
111 2 2 | 7 .2
¢>—=0 \ My — ¢ My
ws  —>
l.e. the full theory can
be replaced by a 4-
v e Vv e

fermion operator and a
coupling constant, Gr.

Simplifies  Gr .
Lagrangian Lew — LqED A \@(U )(ev)
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FCNC processes

T. Blake

Two types of FCNC process:
= AF = 2, meson anti-meson mixing.

= AF =1 e.g. Bs=utu . Commonly
described as rare decays.

In the SM these processes are suppressed:

= |oop processes which are CKM
suppressed and can be highly GIM
suppressed.

[n an effective theory




FCNC constraints

coupling K mixing, /{2//\12\@

AF=1 processes, K/ A12\IP

A mass scale of
NP new particles

(in reality this won't be completely independent of k, you need some
coupling to SM particles to produce particles in pp collisions).

0.0

direct searches

T. Blake



AF =2 proceses
NP v B mixing



GIM mechanism

* TJake mixing diagram as an

example, have an amplitude b Vie ~ Vigg=sd
t(c, u)
B, wow B,
O _O _ b S k E
A(B — B ) - Z( qbqu)( q’bqu)Aqq’ - _— .
q,q’ 4 Vi, Vib b
summing over
the internal up-
type quarks Can then plug-in Vo, Vua + Vi Vea + Vip % Vig = 0

A(BO — EO) — Z( q*bqu)[ tzvtd(Atq — Auq) T cﬂ;)Vcd(Acq — Auq)]

; KN 27

for the B system the top dominates X mqmq’/m%/[/

T. Blake
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New physics in B mixing”?

* Introducing new physics with at some higher energy scale Anp
with coupling xnp

0
Leg = Lsnm + Z il Ogd)

d—4
ANP
4. 2 2
* g mt KNP
Vig)? . ——
(VipVia) 1672mg;, ’ Ap
SM contribution / T

(at dimension 6)

T. Blake
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New physics in B mixing”

* Introduce a multiplicative factor M12 = Mi2.sm - As.d

T I 1 T l T T T T I T | I 1 I 1 I I I
excluded area has CL > 0.68 : | excluded area has CL > 0.68 ' i
: 2 ; N
AT &TS &t (KK) & T,W) ]
1 _—
SM point
7]
<
................ E o R —
1
o - e \ NP in B, mixing - with A 2
Summerid SL
I L I |
-2 -1 0 1 2 3 -2 -1 0 1 2 3
Re Ay Re A,

Result is consistent with SM, i.e. Re A=1,ImA=0

T Blake | 13



MVlIXIng constraints

* Everything is consistent with the SM, so instead can set

constraints on NP scale from mixing.

Operator | Re(A) Im(A) Re(c) Im(c) Constraint
(Spy*dL)(SLvudL) | 9.8 x 107 1.6 x 10* 9.0 x 1077 3.4 x 1077 | Amg, ek
(SRdL)(SLdr) | 1.8 x 10*  3.2x 10> 6.9x107Y 2.6 x 107" | Amg, ek
(cLyHur)(CLyuur) | 1.2 x10° 2.9x10° 5.6x 1077  1.0x 107" | Amp, |¢/p|, ¢p
(crut,)(cLur) | 6.2 x 10° 1.5 x10* 57x107°% 1.1x107% | Amp, |¢/p|, ¢p
(bLy*dp)(bLyudr) | 5.1 x 10 9.3 x10* 33 x107°  1.0x107° | Amyg, Sy ko
(brdyp)(brdr) | 1.9 x 10> 3.6 x 10> 5.6 x 1077 1.7x 1077 | Ama, Sy kg
(bpy*sp)(bryust) | 1.1 x 102 1.3 x 102 7.6x107% 7.6 x107°¢ | Am,
(brst)(brsr) | 3.7 x 10?2 3.7x10*> 1.3x107° 1.3x107° | Am,

Anpin TeV when coupling =1

T. Blake

coupling (¢ = k) when Anp = 1TeV
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Small couplings”?

 New flavour violating sources (if there are any) are highly tuned, i.e.
must come with a small coupling constant or must have a very large
mass. For O(1) effect:

generic tree-level

K
NP ~1 ——> Axp > 2x 10*TeV

generlc loop-order
-_-———) ANP > 2 X 103 TeV

N <47r>
tree-level with "alignment”
~ (Yt ViiVig)* —3 Axp 2 5TeV

loop-order with "alignment”
(ytttﬂt;‘y
~ —3 Anp = 0.5TeV
(47)? Np < 0516

T. Blake
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Minimal Flavour Violation

 One good way to achieve small couplings is to build models that
have a flavour structure that is aligned to the CKM.

= Require that the Yukawa couplings are also the unique source
of flavour breaking beyond the SM.

e This is referred to as minimal flavour violation.

* The couplings to new particles are naturally suppressed by the
Hierarchy of the CKM elements.

T Blake - | B



AF =1 proceses

Rare B hadron decays



AF =1 FCNC decays

* Flavour changing neutral current transitions only occur at loop order
(and beyond) in the SM.

b W~ s b 1 °
———— SM diagrams involve

> I the charged current
e interaction.

 New particles can also contribute:

b t S b S
> _\ > \ :_l_ > o >
Hoo o T+ ot
% ot
po po

Enhancing/suppressing decay rates, introducing new sources of CP
violation or modifying the angular distribution of the final-state particles.

T. Blake



Properties of AF = 1 processes

Large number of other observables that can be considered

. Inthe SM, photons from b— sy decays R v W SR

are predominantly left-handed
(C7/C7 ~ me/ms) due to the charged-

current interaction.

TL(R)

* Flavour structure of SM implies that the rate of b—d processes is
suppressed by |Via/Vis|* compared to b= s processes.

e Inthe SM, therate I'[B — Mu p~ | ~T[B — Me"e™]
due to the universal coupling of the gauge bosons (except the Higgs)
to the different lepton flavours. Any differences in the rate are due to
phase-space.

Lepton flavour violation is unobservable in the SM at any conceivable
experiment due to the small size of the neutrino mass.

T. Blake



Rare b—s decays

e (Can write a Hamiltonian for the effective theory as

Weak decay Loop suppression
(1/mw)2 CKM suppression (1/41)2

 (Conventional to pull SM loop contributions out the front as
constants.

T. Blake



Rare b—s decays

e (Can write a Hamiltonian for the effective theory as

1Gp

He — ‘/;fb til; 4
/ T
Wilson coefficient Local operator with
(integrating out different Lorentz structure
scales above ) (vector, axial vector current etc)

T. Blake
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Beyond the SM

T. Blake

In the same way can introduce new particles that give rise to
corrections

NP scale local operator

Once again, the constant, x, can share some, all or none of the
suppression of the SM process.

Yy



Operators

photon penguin

my _
&

m
Js —2b§O"LWPRTabG
e

! Oloi: EVMPLbey“%K :

axialvector
current

08:

vector
current

T. Blake

a
pv

right handed currents
(suppressed in SM)

e o
0/7 — @EU’W/PLIDFMV,
e
O, = g™ 50 P, TG,
e
Oy = 57, Prb I~y
’10 = 57, PRrb {77“%6.
L )




Operators (beyond SM)

e Scalar and pseudo-scalar operators (e.g. from Higgs penguins)

OSZEPR[?ZE, Oé:gPLbZZ,
OP = SPgrb 2’}/56, O% = sPrb {7755

* Tensor operators

OT — §O’w/bZO'MV€, OT5 — §0Wbl70“”ﬂy5€,

e All of these are vanishingly small in SM.

* |n principle could also introduce LFV versions of every operator.

T. Blake



Generic AF = 1 process

T. Blake

In the effective theory, we then have

A(B — f) = ViiVig ZCi(MW)U(M»MW)(fIOi(M)!m

Hadronic matrix element /

For inclusive processes can relate sum over exclusive states to
calculable quark level decays,

B(B — Xsv) = B(b— s7) + O(Ajep/mp)

For exclusive processes, need to compute form-factors / decay
constants etc.

05



I heoretical Framework

* |n leptonic decays the matrix element for the decay can be
factorised into a leptonic current and B meson decay constant:

(0 e Gol By) = (670
~ (010

7¢10) (0l 74| Bg)
7410) - fB,

* In semileptonic decays, the matrix element can be factorised into
a leptonic current times a form-factor:

(007 Mje o BY = (+4
~ (0Te

Je
Je

0){M|jq| Bg)
0) - F(¢*) + O(Aqep/mE)

however this factorisation is not exact (due to hadronic

contributions).

T. Blake




Form factors

* Unfortunately, we don't just have free quarks and we need to
compute hadronic matrix elements (form-factors and decay

constants).

= Non-perturbative regime of QCD, i.e. difficult to estimate.

e.g

how to deal with thi\::¢<

/\ [\ Fortunately we have tools
B f to help us in different

U U kinematic regimes.

T. Blake | 07




Theoretical tools (crib sheet)

e Lattice QCD

= Non-perturbative approach to QCD using discretised system of
points in space and time. As the lattice becomes infinitely large
and the points infinitely close together the continuum of QCD is
reached.

e Light-Cone-Sum-Rules

= Exploit parton-hadron duality to compute form-factors and
decay constants.

e Operator product expansions.

= Used to match physics to relevant scales.

T Blake | o8




| attice QCD

* QCD lagrangian has massless gluon r—

fields sand almost massless quarks. |

o

e Strong coupling — non-perturbative. 4 '

e Lattice QCD is a numerical approach

< space >

to non-perturbative calculations.

* Perform path integral in Euclidean
space on the lattice (space-time grid)
using MCMC.

 (Correlation lengths = masses.

* Amplitudes = matrix elements.

T. Blake




Theoretical tools (crib sheet)

* Heavy quark expansion.
= Exploit the heaviness of the b-quark, my > Agcp
 (QCD factorisation.

= Light quark has large energy in the meson decay frame, e.q.
quarks in m have large energy in B = 1 decays in the B rest
frame.

e Soft Collinear Effective Theory.

= Model system as highly energetic quarks interacting with soft
and collinear gluons.

e Chiral perturbation theory.

T. Blake



T. Blake

Will mainly focus on recent measurements of B decay
processes, b— s transitions are some of the least well tested.

You can also study FCNC decays of charm and strange
mesons.

The GIM mechanism is more effective in both charm and
strange meson decays:

= For charm mesons the masses and mass differences, e.g.
(mp - ms), are small.

= For strange mesons top contribution is suppressed relative
to B meson decays because Vis « Vip.

39



AF =1 proceses

Experimental results



Bs™ |

e (Golden channel to study FCNC decays.
e Highly suppressed in SM.
1. Loop suppressed.

2. CKM suppressed
(at least one off diagonal element)

neutral current
(axial-vector)

3. Helicity suppressed
(pseudo-scalar B to
two spin-Y2 muons)

also receives contributions from W box diagrams

T. Blake 33



Ds™ U

e (Golden channel to study FCNC decays.

e Highly suppressed in SM. |
Interesting probe of

1. Loop suppressed. models with new or
2. CKM suppressed enhanced scalar operators

(at least one off diagonal element) (no helicity suppression),

. e.g. SUSY at high tan .
3. Helicity suppressed

(pseudo-scalar B to 0w
two spin-Y2 muons)

T Blake | 34



Bs— utu in the SM

* Only one operator contributes in SM:

O10 = (SLyubL) (Y s 1)

e Branching fraction in SM:

Single hadronic matrix
element (decay constant)

CKM factors (0|5v#~50|B) = ifpp"

\ 2 e
_ V. 17 G2 a2 MpM? f2 AM2
B(Bg73 N ,U—I_,LL_) ~ | tb tCI| F pJ B 1 M2,u ‘Clo(mb)‘Z
B

167T3FH

M?
<\ 277
helicity suppression — M

T. Blake



Rare leptonic decays

 Beyond the SM:

2
B(B, — {747 ))np 1 m3 mp ,
1 —4 B (g —
BB, — (0 )sm _ |CSM]? { ( mp. ) |2m, (€5~ C5)
mB 2
il “(Cp —Cp) + (Cro — Cp) }

T Blake | 36



Bs— ut -

 Recent LHCb analysis using Run 1 and 2 data (3fb-! +1.4fb-1) provides
the first single experiment observation of the Bs— u+u- decay at more

than 7oc [LHCb, PRL 118 (2017) 191801].

 Measurements are all consistent with the SM expectation.

= (Can exclude large scalar contributions.

 Branching fraction predicted
precisely in the SM with a ~6%
uncertainty.

CMS & LHCb, Nature ) 68
@

4

CKI\/I elements CMS, PRL 111 2

Veb
s decay constant l LHCb. PRL 118 (2
from Lattice QCD 3.6%

ATLAS, E‘PJC 76 (2016) 513

01

29% 8:}&% other
fo. | 325 0.49% Time integrated SM prediction

- 05%  Ar,r, [C. Bobethlet al. PRL1 1|2 (2014)101 I801]
BR(B,—~u"u") [x 107

my
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Observation is the end of a long road ...

e —
- =
O - x
E 104
O —
S [
D) |
2 -5
© 107 -
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— [ | YV uAf mE LHCb SM: B; = u ' AR
E 10 E— ** CDF ’ ’ CMS ..’. .....
- = | VV L3 O ATLAS o . 0
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T. Blake



Flavour constraints

[Straub, arXiv:1107.0266]

20 (T T T T T T T T T T T T S0 i 6 P N
' MSSM-AKM
1.5 i MSSM-LL '1 20 L |
R +
=1 3
0 10| |
j o |
a o=
et M
aa X
X s> OF .
o ()
o bl
MSSM-SU(5) |
2 I I I I | I I I I I | I I I I
-1.0 -0.5 0.0 0.5 1.0
10° x BR(B; — ptp™) Sy

constraints prior to LHC, constraints at the end of Run 1

« FCNC processes can be highly sensitive to the presence of new
TeV-scale particles.

e.g. Bs = u*ru branching fraction or CP violation in Bs mixing.

T Blake | -3



Bis )= THT"

« LHCDb performs a search for Bisg—=ttt~ & 107 = LHCb [=
< Z
decaysusing 7~ — 7w U, = 10° ‘\ﬁ—;\_\_\‘ 1%
c -
I Dat 9
= Exploit the 7~ — a1(1260) v S b B L |3
and a1(1260)~ — p(770)° 7~ decays - == 1 x Signal 2
to select signal/control regions of 10 f = Background S
dipion mass. N 3
: 5 N
* Fit Neural network response to = g
discriminate signal from background. g o

0 010203040506070809 l w—

. . L Neural network output
= Ditau mass is not a good discriminator P

due to missing neutrino energy.
 LHCDb sets limits on:
BB} - t777) < 6.8 x 107° (95% CL) First limit on Bs— ¢+ and
BB’ = 7777) < 2.1x107° (95% CL) best limit on B> 7*7-

T Blake | 40




Photon polarisation

T. Blake

In radiative B decays, angular momentum
conservation allows

b, — SRYR bR<L) Vi W= Vis SL(R)

br — SLIL

However, the charged current interaction only
couples to left handed quarks. Need to helicity
flip the b- or s-quark.

The right-handed contribution is therefore
suppressed by

A(bL — SR/VR) i

41



Radiative decays

e (Constraints on right-handed currents in b— sy decays:

2
B(B— Xsy) SK*Y A'(I')

0.2 -0.2 0 0.2
Re(C ") Re( C7‘)

meluswe time dependent CP angular
branchlng fraction. violation in B — [K vy distribution of

B — K*eTe

Results are consistent with LH polarisation expected in SM

T. Blake | 42




s the photon polarised?

<of

e Yes,in BT - K"~ n"y decays 0.052_ } _'_ } LHCb E
the photon has a preferred - - |

direction w.rt. the K+r-7+ decay N — 5 -

plane. This can only happen is 005F | | -

the photon is polarised. o1l | . | -

T 1200 1400 1600 1800
M(Kr) [MeV/c?]

[LHCD, Phys. Rev. Lett. 112 (2014) 161801]

T. Blake 43




O—s¢*7~aecay spectrum

Spectrum

Photon pole i .

enhancement J/P(15) dominated by
€«

(no pole for / narrow charmonium

B— P¢¢ decays) resonances.

C(’) ¢(|25) (vetoed in data)
4

C{ ana C13

Long distance
contributions from CC
above open charm
threshold

Cé/) Cé/)

interference

Form-factors
from LCSR
calculations

Form-factors from
Lattice QCD

parameterisation

Dimuon mass

4[m(,u)]2 o %QQ squared
T. Blake | Y




Branching fraction measurements

 We already have precise measurements of branching fractions in the runt
datasets with at least comparable precision to SM expectations:

B[ .CSR Lattice —Data 15 e
(.\]’_‘ L L L b e 7 vﬂ.) : i
= B —=Ktutu 4 > B — K" wiu”
Q 4 LHCb 1 & [j LHCb[JHEP 11 (2016) 047] 3 fb ]
i st 1 L I[f CMS [PLB753(2016) 424] 20517 —
X3 1 >
S bt +++++ ] & o i
: 2:_ _+_+ ~ E ()5—_(%_ —4— '—+—' —
S f 18 [ 4t e
Ay F[LHCb, JHEP 1406 (2014) 133] !
= % > 10 15 20 o 5 10 15 20

q* [GeV7/c?] q*> [GeV /¢

 SM predictions have large theoretical uncertainties from hadronic form

factors (3 for B~ K and 7 for B— K* decays). For details see
[Bobeth et al JHEP 01 (2012) 107] [Bouchard et al. PRL111 (2013) 162002]

[Altmannshofer & Straub, EPJC (2015) 75 382].

T Blake | 45




BY— K*Yu*u~angular basis

 Four-body final state.

= Angular distribution provides
many observables that are
sensitive to NP.

e.g. at low g2 the angle
between the decay planes, ¢,

IS sensitive to the photon
polarisation.

« System described by three
angles and the dimuon invariant
mass squared, g-2.

= Use helicity basis for the
anales.

(c) ¢ definition for the BY decay

T Blake | 46




BY— K*0u+u— angular distribution

 Complex angular distribution:

9
= r 10 -
P s

1 d3( +T)
d(I' +T)/dg*>  d0

(-
fraction of longitudinal ﬂ

@ sin? @5 —I—(:os2 O +

@ sin? @ cos 26,

polarisation of the K* OS2 05 cos 20; + S5 sin® O sin’ 6; cos 2¢

—|‘S4 Sin
forward-backward

20 i sin 20, cos ¢ +in 20 sin 0; cos ¢

asymmetry of the ‘_,? —I—%Sin2 O cos O + S7sin 20k sin 0; sin ¢

dilepton system 4 S sin

20 sin 260; sin ¢ + Sy sin? @5 sin? 0, sin 2¢}

The observables depend on form-factors for the
B — K* transition plus the underlying short

distance physics (Wilson coefficients).

T. Blake
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BY—= K*0u*+u—angular observables

—— CDF CMS —%— BaBar - Belle —— CDF CMS —¥— BaBar —#— Belle
I SM from ABSZ I SM from ABSZ
—r 1 1 LLT] T T |
Jﬂj ———— :
_ I | -
_1'....|....|....|...' O'...l....l....l..H.'
0 5 10 15 0 5 10 15

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

 New results for AL and Arg last year from LHCb [JHEP 02 (2016) 104] ,
CMS [PLB 753 (2016) 424] and BaBar [arXiv:1508.07960] + older measurements
from CDF [PRL 108 (2012) 081807] and Belle [PRL 103 (2009) 171801].

 SM predictions based on
[Altmannshofer & Straub, arXiv:1411.3161]
[LCSR form-factors from Bharucha, Straub & Zwicky, arXiv:1503.05534]
[Lattice form-factors from Horgan, Liu, Meinel & Wingate arXiv:1501.00367]

T. Blake



Results

 [LHCb has performed the first full angular analysis of the decay:

= Extract the full set of CP-averaged angular terms and their
correlations.

= Determine a full set of CP-asymmetries.

[LHCb, JHEP 02 (2016) 104]

@ L DL L L s NI L DL L L DL L L L gl T
705k 4 7 ost 47 osf- -
I LHCb | ! LHCb ] . LHCb
I B SM from ABSZ | B SM from ABSZ | ? i Bl SM from ABSZ |
o+ HZEHH 0+ 0 ——
] I } + : | [ — + ¥_
0.5 - 0.5 - 05 |
o s 10 15 0 5 10 15 o 5 10 15
q* [GeV?*/c*] q* [GeV?/c*] 4% [GeV¥/c4]

NB: These observables cancel when integrating over the ¢-angle
(e.g. in the CMS analysis).

Statistical coverage of the observables corrected using Feldman-Cousins
(treating the nuisance parameters with the plug-in method).

T Blake | 49




Form-factor “free” observables

T. Blake

In QCD factorisation/SCET A" T T T T T T o

there are only two form-factors - LHCb
= One is associated with Ao 0'5}+ SM from DHMY-
and the other Ajand A.. ]

Can then construct ratios of
observables which are
independent of form-factors at
leading order, e.q.

P; = S5/\/F.(1 - FL)

'LHCb, JHEP 02 (2016) 104]

! 1|5 ! !
g* [GeV?*/c4]

local tension with SM predictions
(2.8 and 3.00)

P’s is one of a set of so-called form-factor free observables that can be
measured [S. Descotes-Genon et al. JHEP 1204 (2012) 104].

50



Form-factor “free” observables

T. Blake

In QCD factorisation/SCET A" T T T T T T o

there are only two form-factors : LHCb
= One is associated with Ao 0'5}+ SM from DHMY-
and the other Ajand A.. ]

Can then construct ratios of -
observables which are 0oF + *
independent of these soft form-
factors at leading order, e.Q.

o | T T R
0 5 10 15

2 27 .4
P5/:S5/\/FL(1—FL) q* [GeV/c?]
local tension with SM predictions
(2.8 and 3.00)

P’s is one of a set of so-called form-factor free observables that can be
measured [Descotes-Genon et al. JHEP 1204 (2012) 104].




Form-factor “free” observables

- W) 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I

 |In QCD factorisation/SCET &~ 1

H e LHCbdata © ATLAS data i
there are only two form-factors - « Belledata © CMS data i
. . . O.5pf e SM from DHMV
- b -
One is associated with Ag : 2 S SM from ASZB -
and the other Ajand A.. of ‘ L i

N

e (Can then construct ratios of
observables which are 05
independent of these soft form-
factors at leading order, e.Q.

2

= | T R N R
/ 0 5 10 15

P5 = S5/ \/F L(l — FL) LHCb, JHEP 02 (2016) 104], > [GeV?/c4]

Belle, PRL 118 (2017) 111801],

ATLAS-CONF-2017-023],

'CMS-PAS-BPH-15-008]

I I 1 1T 1 I I 1 1T 1
JIp(1S)
[ p(2S)
. jé

e P’ is one of a set of so-called form-factor free observables that can be
measured [Descotes-Genon et al. JHEP 1204 (2012) 104].
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Global fits

e Several attempts to interpret our results through global fits to b— s data.

'W. Altmannshofer et al. EPJC 77 (2017) 377]
2.0 T 2.0
—— ATLAS —— ATLAS
—— CMS —— CMS
1.5 - + —— LHCb 1.5 1 —— LHCb
—— BR only —— BR only
— all all
1.0 A 1.0
+
i? 0.5 %2 0.5
p QO
~ &
0.0 0.0 ®
SM SM
—0.5 1 —0.5 1
~1.0 —1.0 A
flavio vo212 flavio vo.21.2
71-5 T / T T T T 71-5 T T T T T
—-2.0 —-1.5 —1.0 —0.5 0.0 0.5 1.0 1.5 —-2.0 —-1.5 —1.0 —-0.5 0.0 0.5 1.0 1.5
Re CP Re CYP

* (General pattern of consistency between experiments/measurements.
Data favours a modified vector coupling (CoNP = 0) at 4-5c.

T. Blake
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Interpretation of global fits

__ Optimist’s view point

Vector-like contribution could Vector-like contribution could
come from new tree level point to a problem with our
contribution from a Z’ with a understanding of QCD, e.q.
mass of a few TeV (the Z’ will are we correctly estimating
also contribute to mixing, a the contribution for charm
challenge for model builders) loops that produce dimuon

pairs via a virtual photon.

More work needed from experiment/theory to disentangle the two

T. Blake
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Lepton universality

e |nthe SM, ratios
_ JdU[BT = K*ptp~]/dg - dg?

Ru —
“ [dT'[BT — Ktete™]/dq? - dg?

only differ from unity by phase space.

 The dominant SM processes couple equally to the different lepton
flavours (with the exception of the Higgs).

* Theoretically clean since hadronic uncertainties cancel in the ratio
(same hadronic matrix element).

* Experimentally more challenging due to differences in muon/electron
reconstruction (in particular Bremsstrahlung from the electrons).

T. Blake
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Bremsstraniung recovery

Magnet high B-field low B-field H Brem. after of the
magnet ends up in
the same ECAL

cluster as the e+
low B-field H .

bending (® or ©)
plane

II#

Brem. from the
VELO region

= 10GeV
 Large energy loss through a 12 t@v Bremsstrahlung
Bremsstrahlung in the detector i | 1TeV
(significant fraction of the ex energy). 3 087
<
 Recover clusters with £r > 75 MeV/c2 & |
to correct for Bremsstrahlung X | T g |
emission. it ). AL
0 0.25 0.5 0.75 1

[http:/pdg.lbl.gov/2017/reviews/rpp2016-rev-passage-particles-matter.pdf]
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B+— K+ +¢ - candidates

 Have to correct for energy loss due to Bremmstrahlung (look for
photons in the detector).

 FEven after Bremsstrahlung recovery there are significant differences
between dielectron and dimuon final states:

_LHCb [PRL113 (2014) 151601 ]

p— 3 ’_" 25 |
R 13100 % T B+ % K+ + =
3 : L ,f LHCb o5 “ 1 1o
O " o 20r o £
9, N, 2
10 i 102
18 10
= 10
0 Pl 3 s - PPN RN N I 1 0 i e T T o mt Y Y Ty et e e 1
4800 5000 5200 5400 5600 4800 5000 .5200 5400 5600
m(K*ete™) [MeV/c? "m(KT MeV/c?]
( ) [ ] partially (K™uwu) [
reconstructed

decaxs N | B
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Lepton universality tests

« 20
oS I
- LHCb
1.5 L
| )
T
! = BaBar
0-5__ s Belle
E e LHCb Run 1 +2015 + 2016
cl e b
O'OO 5 10 15 20
g% [GeV?/c4]
LHCb , PRL113 (2014) 151601]

‘BaBar,

T. Blake

'LHCb, JHEP 08 (2017) 055]
LHCb, arXiv:1903.09252]

PRD 86 (2012) 032012]

Belle, PRL 103 (2009) 171801]

RK*O

2.0

1.5

1.0

0.5

0.0

| | | | | | | | | | | | | | | | | | |
| e -
e -
: 1256 1 h
g4 :
B ® LHCh 7]
i B BaBar -
| LHCDb A Belle 7

I I I | | I I | I I I I

5 10 15 20

¢* [GeV?/c]]

NB Rk = 0.8 is a prediction of one class of

model explaining the B> K*u+*u-

angular observables, see Lu - L models
W. Altmannshofer et al. [PRD 89 (2014) 095033]




Rare kaon decays )

* [wo new rare kaon decay experiments:
= KOTO at J-PARC, searching for K? — 7%up
= NAB2 at CERN, searching for K+ — 7 Tvp

* The main advantage of final states with neutrinos is that there is no
contribution from quark loops involving light quarks (which can
annihilate to produce charged leptons).

T. Blake



K decay events in the fiducial decay region

o [
S MUVO Ng [ K'>mnmw 10*
o = STRAW CHOD : 0.1~
| i i T e Sy
= RicH i on ] . S | 510°
Target KTAG GTK SAC 005 .
0 — s CHANTI Vacuum U Y SRS Sl S ]
- m? o — ; -
N .- — 102
I RICH ‘ HASC O - E
i l' l " Dump '
] IRC
o Fad ~0.05 10
'l_” y ) ' . T T T T T T T T T T T T T T T T
0 100 150 200 250 A
Z [m] -0 WRE] L L : 4-:|E|2{L1#1 I'[llll 1
"0 2050 40 50 60 70 80 90 100

P.. [GeV/c]

e Aim to collect a dataset of ~100 K+ — 7 v decays.
e (Current best measurement from BNL:

B(Kt — ntwp) = (17.37152) x 107!
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| epton Flavour Violation

LFV muon and tau decays



_epton flavour violation

e Essentially forbidden in SM by smallness of
the neutrino mass.

= Powerful null test of the SM.

 Any visible signal would be an indication of
BSM physics.

T Blake - |
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LV

* Three different signatures

1. u — ey at rest (MEG at PSI).
2. u— 3e (SINDRUM at PSI).

3. u conversion in field of
nucleus.

19891993

S|

A exit beam solenoid F inner drift chamber
B gold target G outer drift chamber
C vacuum wall H superconducting coil
D scintillator hodoscope | helium bath

E Cerenkov hodoscope J magnet yoke

xxxxx
xxxxx

— n_©
%

l:

configuration 2000

SINDRUM lI

1 oo paeg M

Liquid xenon gamma-ray detector

MMEG\IH
2008-2013
Sto@Flg-lg t

Timing counter,

5.7x10-!3

T. Blake
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T LFV

_arge number of experimental signatures
Q - 0 0 0 ]
= by P IS IV 1l lhh BNV |
&) ® Summer 2014
L 10° ° E
© — * o ®%°%0o0 ®.® o ° =
(=) — ® * * _
= [ o °° ® ¢ ¢ @ ° -
!j i ¢ ...00. * e |
5 10'6§— * oo E
%) — , , v " :
- — — ' v —
g B vv' v M v' ' vvv \ N
— 7 & Yy M v v M e« CLEO
o 107 Ay 4 M A A = BaB
Q. = v 4 M vv = Ba"ar
Q_ — ’ A A v v v A A [ ] A A A A A A ] A e e
N O A PO O O o I o)
1 4 4 14
O 10'85—' ‘ E
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q’imiq’imim'zm%i o'z '0's? °’1<D<D LS50 ke t:t:xzxxo“"“’@iwiwig ‘*’xxii
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Charged LFV

 Upgrade to MEG underway,
aiming for O(10-14). Expected
to start data taking soon.

* New y —3e experiment
(Mu3e) at PSI.

 TwO new conversion
experiments, one at PS|
(Mu2e) and one at J-PARC
(COMET).

 Expect improvements for LFV
T decays from Belle 2.

Interesting challenges, e.g.
very thin detectors for y— 3e.

T. Blake
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Flavour anomalies

Does the pattern make sense?



New Physics?

 As we saw in the last lecture, measurements of the CKM matrix
and the properties (closure) of the Unitarity triangle are consistent
with the Standard Model picture of flavour physics.

= Nobel prize for Kobayahsi and Maskawa in 2008.
* However, there are some interesting “hints” of new physics:

= Tension in Vub (and Vep).

= Enhancement of DMzv.
| allat =30
= Anomalies in B—=K*O u+Lr ‘

= Muon g-2.

* We should be able to resolve all of these in the next 5 years.
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Recap

T. Blake

In today's lecture we discussed:

-

Flavour changing neutral current processes and constraints on
new particles.

Minimal tlavour violation.
Charged lepton flavour violation.

Future tlavour experiments.
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Further readin

T. Blake

There are a number of good sets of lecture notes on tlavour physics
available on arXiv that give a more detailed overview of this field.

= A.J. Buras, “Weak Hamiltonian, CP violation and rare
decays,” [arXiv:hep-ph/9806471].

= A. J. Buras, “Flavor physics and CP violation,” [arXiv:hep-ph/0505175].

= @. Isidori, “Flavor physics and CP violation,” [arXiv:1302.0661].
= Y. Grossman, “Introduction to flavor physics,” [arXiv:1006.3534].
= Y. Nir, “Flavour physics and CP violation,” [arXiv:1010.2666].

= M. Neubert, “Effective field theory and heavy quark
physics,” [arXiv:hep-ph/0512222].
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Further readin

 Most introductory particle physics text books include a basic
iIntroduction to flavour physics.

 There are also more specialist books available, e.g.
= |. |. Bigiand A. |I. Sanda. “CP violation”

= CP violation, G.C.Branco, L.Lavoura & J.P.Silva

T Blake - |
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Future experiments
What next?



L HCb running conditions

T. Blake

LHCDb is currently running at a luminosity of 4x1032cm-2s-1 .

Displacing LHC beams to run at a
lower luminosity that ATLAS and CMS. .

Ewo- — T ———

running at a levelled luminosity -—-—-}*—"‘r*w‘ﬁj

= ATLAS AUCE — CMS LH

How do we interpret this number?

o(pp — bb) = (75.3 =

- 5.4 -

- 13.0)pub in LHCb acceptance

—> ~ 30k bb pairs per second

Higher luminosity means more B mesons produced per year and
In turn better statistical precision.
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| HCb upgrade o

~ > >

LO Hardware Trigger : 1 MHz
readout, high Et/Pt sighatures

e Aim to run at 2x1033

e Main limitation with the current detector is
the 1 MHz readout rate.

450 kl-lz 400 kHz 150 kHz
« Need to cut much harder maintain the H/Hp e/y
1MHz rate with higher luminosity (end up
removing as much signal and Software High Level Trigger
backg I’OUﬂd). 29000 Logical CPU cores
Offline reconstruction tuned to trigger
* Ambitious plan to read out the full time constraints

detector at 40 MHz to a software farm. Mixture of exclusive and inclusive
selection algorithms

* Also plans to replace vertex and tracking

detectors to cope with higher luminosity.

2 kHz

« Upgrade planned for LS2 (2018). 2 kHz Inclusive/ 1 kHz

Inclusive Exclusive Muon and
Topological DiMuon

Charm

A A
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| HCb upgrade

e Aim to run at 2x1033

e Main limitation with the current detectq ‘
the 1 MHz readout rate.

/ 400 kHz 150 kHz
e Need to cut much harder maint; H/Hp e/y

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive
selection algorithms

ex and tracking

detector igher luminosity. 5 kHz Rate to storage

2 kHz

y . 2 kHz 1 kHz
* U pgr Q ' Inclusive IE":CI:':;;':Q/ Muon and

Topological Charm DiMuon
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KEKB to SuperKEKB @ iéﬁ’f;

<~ Belle Il Colliding bunches

——

New superconducting
/permanent final focusing
quads near the IP

- New beam pipe

& bellows
Replace short dipoles
with longer ones (LER)

b ~
%H=WW=%F

Damping rmg

Add / modify RF systems b
for higher beam current &= =

Positron source

["”I
- ?}

New positron target /
capture section

Redesign the lattices of HER &

LER to squeeze the emittance ' ‘

TiN-coated beam pipe Low emittance gun
with antechambers Low emittance
electrons to inject

[NEG Pump]

To obtain x40 higher luminosity

[SR Channel]
[Beam Channel]

SR
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Bs— u*u~ etfective lifetime

« The Aar parameter modifies the effective lifetime of the decay:

B, (14+24arys +u) _ Al
1_y§ 1—|—AAFy3 wnere Ys — 7B

Teff — s 9

« |LHCb have performed a first measurement of zeft, giving

7[BY — ptpu~] = 2.04 +0.44 £ 0.05 ps

lifetime acceptance, due to impact

NB Not yet sensitive to Aar parameter requirements on the muons

(the stat. uncertainty is larger
than the change in the lifetime
from AT,). This will become more
Interesting during Run 3 and 4.

LHCb

—— Effective lifetime fit

Weighted B(S) — wru” candidates / (1 ps)

. . N M
0 5 10

Decay time [ps]

[LogL6L (2102) 8LL THd ‘ADHT]

T. Blake
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Resonance structure

T. Blake

See large resonant contributions
from cc states at large dimuon
masses.

We can fit this with a
Breit-Wigner ansatz

(but only after assuming some
g° parameterisation for the non-
resonant part) to extract
magnitudes and relative phases.

l.e. use a shape

e
()
-

Candidates / (25 MeV/c?)
o

-

BT = KTputp~
T g 1 ' I ' ' '
[H * data
B Cb total n
----------- nonresonant
interference
--= TESONANCEs  —

e
-------------------

drinyy,
[LTh
3
Tlaeryy 14
i
i iy
re
i

background

1 1 1 1
4000 4200

A T
4400 4600

5
M., - [MeV/c?]

phsp X (‘-AV(muu) - Zei(biAi(mum L Fz‘)‘z T ’AA‘Q)f-ZF(muu)

for narrow states this needs to be convoluted by our experimental resolution

[LHCb, PRL 111 (2013) 112003]
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No FCNC at tree level in SM

 Charged current interaction is the only flavour changing process
in the SM.

qi qi qi qi qdi d; q; qi
Vi
Y ZY W g
* Flavour changing neutral current processes are therefore

forbidden at tree level (require a loop process involving a virtual W
exchange).

 (Consequence of the GIM mechanism.

T. Blake



Bs— utu-results

* Experiments perform a simultaneous fits to determine the B° and Bs
branching fractions.

[ ] i n | n rmalised to O'I)_' 0_8 | | | | | | | | | | | | | | | | | I\ | | | | | | | | | | |
Ey oo S S AN -
1/} | T = . 6_—\ First observation (s=7TeV, 49" - Q— ;
and Bs—J/y¢ in LHCDb), z Te— (s=8TeV, 2070 &
with input on the b- - 5| 12 @
: ! 0.4— 1 @ —on S
meson production 2 — 12 %
fractions. o i 1y @
N oo
Nv
e N a
O - | | | | | | | | | | ﬁ w
182
) ATLAS Contours for -2 Aln(L) = 2.3, :E',
_O_QX\ ? 6.2, 11.8 from maximumofL _| o
[ ] ] I ] .1 ] I I I I L1 1 I ] \1 ] I L1 1 1 \1 L1 I_El
0) 1 2 3 4 ) 6 7/
0 . -9
Correlation between BY and B(Bs — u* 1) [1077]

Bs due to mass resolution
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Bs™ |

e Very rare decay with branching fraction of 10-°;

25fb~! and 3fb™! respectively

[PRL 111 (2013) 101804] |CMS

CMS-L=5fb"Vs=7TeV,L=20f" \s=8 TeV

S
] 14__ —o— data
o L — full PDF
< = T Bty
Q 12__ BS_’P*M'
8 I O O L combinatorial bkg
~ e T N semileptonic bkg
® 10 -.-.= peaking bkg
C -
q>) -
w gL
o L
O L
-
o L
D g
() L
= -
-,

—_ s,
a’ L

2r AN ua

55 56 57 58 5.9
m,, (GeV)

B(BY — uu) =3.0519 x 1079 (4.30)
BBY — ptp™) =3.5%4 x 10719 (2.00)

T. Blake

Nov. 2012: LHCb found
the first evidence of the

B(B’s—p ) with 2.1fb™!

[PRL 111 (2013) 101805]

‘g 16 '
E 145 LHCb
51 BDT>0.7
< 10H 3 fb’!
8
3 8p
E 6
© 4

) |

2 s
cacnra ;........-:r',' ‘a,‘,_zu . N . 1

5500
my., [MeV/c?]

B(BY — utp™) = 29711 x 1077 (4.00)

BB = ptu™) =372 x 10719 (2.00)
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Testing MFV

~1/25

* Ratio of therates of the _ CcMSandiHCo(HCrun) &
two decays is a test of g 10 -3
MFV which predicts: A\ | smand mrv 1T

Vial? f7 6 5

R(B"/BY) ‘V ‘2 ai S
’ ts, fB(S) 4 %)

&

4=

Ko

O

L

-

0 0.1 0.2 0.3 0.4

from Lattice

JJ_O|||||||||||||||
(@)

Data are consistent with SM/MFV
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SM contributions

* |nterested in
new short
distance
contributions.

* We also get
long-distance
hadronic
contributions.

e Need estimate
of non-local
hadronic matrix

elements
[Khodjamirian et al.
JHEP 09 (2010) 089]

T. Blake

S -_— e -

Short distance part
integrates out (as a
Wilson coefficient)

oooooLl
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Resonance structure

Im[h(+/q?)]

T. Blake

Can try determine the factorisable Charm+logp contribution from
vacuum polarisation data , i.e. from o(e” e~ — hadrons)

55 L2S) | ¥(25) [R. Zwicky, arXiv:1406.0566]
| ' \11'4040 ‘ ' ' ) . Factorisation —
3t (3040) | - U(3770) U (4160) LHCb —

| 2.5
f 3
2.5 M U(4160) (4415 C
(3770) I (4415) Y| + ¥(4040)
2 o |I\I’ l.‘ S‘ +
[l i =)
| 11 | 2 15}
1.5 1 9
j ) T )
q £ _+_ -
A 3
/ s

0.5 { §§ 0.5
0 WA . . \ . . . ) ) ‘ ‘

3.6 3.8 4 4.2 4.4 4.6 4.8 36 38 4 19 14 y
\/EZ/GGV \/Ej/GeV

Large difference between prediction and observed spectrum
seems to imply that there are huge non-factorisable effects.
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What can we learn from the data”

e |f we are underestimating cc¢ contributions then naively expect to see
the shift in Co get larger closer to the narrow charmonium resonances.

1.0 ;J | | | | ] | Khod jamirian eTI al‘. 2010‘
0.5 el ) $  SM@HEPfit, full fit
- ¢ !
3 ¢ :4mf,
SR o S e £ i (N ;
i 1 : + } |
++++++++++++++++++++++++++++++++++++++++++ ' NEREERRRELES
0 5 10 15 20 q° [G6V2/04 ]
q° (GeV) [M. Ciuchini et al, JHEP 06 (2016) 116]
Fitting separately for Co in different g2 contributions in BY — K*0uT
regions. decays with Co = CoSM,

= No clear evidence for a rise in the data (but more data is needed).
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Fffective litfetime

 The untagged time dependent decay rate is
P[Bs(t) = pp~ [4T[Bs(t) — pp™] o

AL, AL,
e t/7Bs {cosh( 5 t) + AArT sinh( 5 t>}

» Aar provides additional separation De Blyn ot a1, PRL 1098022:0:/?) 041801]

between scalar and pesudoscalar w0 o
contributions. ol '

 Inthe SM Aar = 1 such that the li 02|
system evolves with the lifetime of CZ 00
the heavy Bs mass eigenstate. .

1
):7'(',"/4

Non —,i ,Scalz;r
NP(C), Cy)

; mm |S|, ¢s free, |P| =1, pp =0
¥Yp = 7’#/2 — |P|=1.0£0.1, p free, |S| =0
IP|=1,]S]=0 7= LHCb, PRL 118 (2017) 191801
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
R=B(B; — p' ) /B(Bs — "1 )|sm

Based on De Bruyn et al.,|PRL 109 (2012) 041801
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ATLAS Bis,oy— u*u— result

A new result from ATLAS
was presented at Moriond
EW using their full Run 1
data sample

e QObserved limit (95% CL):
BB} — ptp™) <3.0x107

 Expected limit (95% CL):
BB} — ptp ) <1.8x107

NB ATLAS sensitivity is

approaching that of LHCb
and CMS.

T. Blake

B(B" — ut )10

[From talk by S. Palestini at Moriond EW 2016]
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