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What is Flavour Physics!?

® Informal but useful definition:
Physics in which the flavour quantum numbers of
quarks and leptons are important.

® This covers a lot of ground!
® Neutrinos: masses, oscillations, and CP violation
® Mixing and CP violation of hadrons
® Hadron families and spectroscopy
® Decays of hadrons
® L epton and baryon number violation
e ...in fact, nearly all weak interactions



What is Flavour Physics!?

® Most of the INTERESTING parts of flavour physics
are related to interference effects.

® This is good old QM: if there are multiple paths from

the initial state to the final state, they interfere.
® In the jargon: sum of complex amplitudes.

* When there is only one path (or one dominant path),
this is kind of boring.

® [t gets much more interesting when there are
competing effects of similar order.
® Especially if they don't have the same time-dependence...



Today's talk

® Focus today will be on the quark sector

e ...since that's what | work on
e ...and since there's a separate lecture on neutrinos.

e Can't hope to cover everything, but | want to give you

a taste of

e what the point is

e what flavour physics is like in practice

® important recent (and near-future) results

e [ et's begin at the beginning.



Flavour in the Standard Model
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for image licence and authorship.
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http://en.wikipedia.org/wiki/File:Standard_Model_of_Elementary_Particles.svg

Chirality

® [n the Standard Model, chirality is a big deal.

® The SU(2) -- i.e. weak -- interaction only talks to left-handed
fermions.

® 5o in the SM, each fermion generation is represented as
® a doublet of left-handed particles with SU(2) interactions
® two singlet right-handed particles

® These weak flavour eigenstates are different from the mass
eigenstates, but can be expressed as superpositions of them.

® Phase convention: up-type quarks are aligned. Then:

U C t <— weak isospin +!/;

d/ . ) S/ . ) b/ ’ <— weak isospin —!/,

e{ u,c,t}are also mass eigenstates
o{d,s',b' } are linear combinations of mass eigenstates...



The CKM Matrix

* Write linear relation between mass eigenstates (d,s,b) and
flavour eigenstates (d',s',b") as a matrix Vcim:

d’ d
S/ - VCKM S
b’ b
¢ Notation:
Vud Vus Vub
Vexkvr = | Vea Ves Ve
V;fd V;fs V;fb

®* The complex elements of this matrix are free parameters
in the SM and have to be determined experimentally.

® Fine print in a couple of slides.



The CKM Matrix

Vud Vus Vub
Vea Ves Veb
Viae Vis Vi
S b
u L] -
\ These two elements have
Cc . o non-tiny complex phases
Co

Current best-fit magnitudes, from PDG 2014:

VokM =

0.97427 +0.00014  0.22536 + 0.00061  0.00355 4 0.00015
0.22522 + 0.00061 0.97343 +0.00015  0.0414 4 0.0012
0.00886 10 00055 0.0405100015  0.99914 + 0.00005

Image by Anna Phan, Quantum Diaries.
http://www.quantumdiaries.org/2012/05/10/needle-in-a-haystack/


http://www.quantumdiaries.org/2012/05/10/needle-in-a-haystack/

Wolfenstein parametrization

® There's a useful approximation to the CKM matrix
proposed by Wolfenstein:

1— 2\ A AN (p — in)
—A 1— 272 AN
AN — (p+in)] —AN 1

® This is only an approximation and it hides a few things
® e.9.V has an imaginary component at order A*

o ..but it is pretty good and conveys a lot of key information:

® diagonal elements al
® several key places w
® Far corners are sma

close to |
nere Vij — —Vji

| (A\3) but contain the main imaginary part
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http://dx.doi.org/10.1103/PhysRevLett.51.1945

CKM Unitarity

® Within each basis (mass, flavour) eigenstates are orthogonal.

* Therefore the CKM matrix has to be unitary:Vckm V*ckm = |

® If your system has n quarks when expressed in one basis, it better still
have n quarks in the other basis!

* This gives us 9 constraints of the form ViV'ix = 0 :
e 6 are sums to 0, like:VudV'ub +VedV'eb +VedV'ep = 0

® So the actual number of free parameters is 9 instead of 18.
e Of those 9, 5 are just relative phases between the quarks.
® That leaves 4 free, physically meaningful parameters.

® These can be expressed as angles that mix between

generations (02, 013, 023) and a complex phase 0.
® This is similar to what's done for neutrinos.



CKM Unitarity

® The unitarity constraints give us a powerful way to test the
internal consistency of the model, e.g.:

*ViudV'ub +VedV'eb + VedVp = 0
® Represent this as a triangle in the complex plane.

o=@

ViaVis P=q1 ¥ =

This particular one is often
called "the unitarity triangle",
even though there are 5 others.

e Can make independent measurements of the angles and
sides and ask: does the triangle close? Are they consistent!?

12



CKM Unitarity

® Does the triangle close? Are they consistent?

1.5IIII|

|~ | excluded area has CL > 0.95

1.0 —

0.5 —

< 0.0 :—

a |
- | Vub |
-0.5 — 5 —
-1.0 — 8K |
B fitter Y E sol.w/cos <0
- Summer 14 E (excl. at CL > 0.95) —
15 L T L clva s By
-1.0 0.5 0.0 0.5 1.0 1.5
P

2.0

1= F
’

0.5

UTrit

Summeri4

-0.5

¢ So far, looks like the CKM model describes the data

very well. (Disappointing!)

® Game is not over yet: moved from looking for big
effects to subtle ones.
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CP violation

e C = charge conjugation
® P = parity
® Weak interaction violates C and P.

® [t can also violate CP. This occurs when a process and
its CP conjugate have different rates, for example:

[(B —f) = [(B — f)
®* How can this happen?
® |t's always, always an interference effect. For example...

| 4



CPVinBs = K™ 117
d

R. Fleischer, Eur.Phys.]. C52 (2007) 267-28

Vud -I-l-+
-I-l-+

44

b U b
B.O O Vb O K- B.O O Vi
S q

Tree decay Penguin decay K~
T VJqud P V;tbvtil
T X Vubv,;d ? X ‘/;}I;‘/;d

*For B = K™ 11*, amplitude = P+T
eFor B, = K*11°, amplitude = P+T
® Phases of P and T differ => so can magnitudes of (P+T) and (|5+T) .


http://arxiv.org/abs/0705.1121

Direct CP violation

® Full condition to get non-vanishing CPV is:
® Must have [at least] two contributing amplitudes

® They must have different weak phases (part that gets complex-
conjugated under CP)

® They must have different strong phases (part that is invariant under CP)

® To see why, let's work through the possibilities...

Ul
—|
Ul
_|_

—|

Phases are zero => magnitude is same for both => no CPV.
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Direct CP violation

® Full condition to get non-vanishing CPV is:
® Must have [at least] two contributing amplitudes

® They must have different weak phases (part that gets complex-
conjugated under CP)

® They must have different strong phases (part that is invariant under CP)

® To see why, let's work through the possibilities...

=

Strong phases differ, no weak phase. (P+T) and (P+T) have the

same magnitude and phase => no CPV. .



Direct CP violation

® Full condition to get non-vanishing CPV is:
® Must have [at least] two contributing amplitudes

® They must have different weak phases (part that gets complex-
conjugated under CP)

® They must have different strong phases (part that is invariant under CP)

® To see why, let's work through the possibilities...

weak phase /g
-------- p+T

—|

Weak phases differ, no/same strong phase. (P+T) and (P+T)

have opposite phase but the same magnitude => no CPV. .



Direct CP violation

® Full condition to get non-vanishing CPV is:
® Must have [at least] two contributing amplitudes

® They must have different weak phases (part that gets complex-
conjugated under CP)

® They must have different strong phases (part that is invariant under CP)

® To see why, let's work through the possibilities...

weak phase (+15°) T
Sstrong phase (+24°) %
------------ | P+T

weak phase (+15°)

Strong phases differ, same weak phase. (P+T) and (P+T) have
the same magnitude => no CPV.
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Direct CP violation

® Full condition to get non-vanishing CPV is:
® Must have [at least] two contributing amplitudes

® They must have different weak phases (part that gets complex-
conjugated under CP)

® They must have different strong phases (part that is invariant under CP)

® To see why, let's work through the possibilities...

weak phase (+15°) T
Sstrong phase (+24°) %
i T \é) strong phase (—45°) P+T :

weak phase (—15°)

_ __E P T
T\@) P+T —m&8m

Strong phases differ, weak phases differ. (P+T) and (P+T) have
different magnitudes => CPV.

20



Direct CP violation

Let's be a bit more quantitative. If the two amplitudes are:

Tree: T = |T|e*te'?"

PengUin: P — |P‘€i(9p€i¢l7 — T‘T| €Z(9t+A9)ez(¢t+A§b)

.. then the total amplitudes for B and B decays are:
a7 = T 4+ ? — |T eiete—iqbt (1 1+ ,reiAﬁe—iAg/))

The difference in the rates will be proportional to:

lap|? — |ag|? = —4rsin Af sin Ag

We usually express this as an asymmetry:

4 las > — |agl|? - —4rsin Af sin A¢

anl? + a§2_ 2+ O(r)

CPV requires strong and
weak phase differences.

~ —2rsin Af sinAg if r <1

21



CPVinBs = K 117

Phew! So now we've understood this in general, what do we
see in our example mode?

d
de. ‘ “‘ ™t N
' S » “\ " ({’ { " T
W A4 « U
b o w b ‘ u, c,t) v tg
. . . 0 ' V*ub _ 0 vtb _" Oy
Watch out: change in sign convention... B | K B ) G »
AB s f) = (B — f)-T(B—f) 5 ¢
'B— f)+T'(B—f) Tree decay Penguin decay (; [ ' K™
T o V7, Vua P x Vi Vi
T o ViVl P o V3 Vi

LHCb measures:
(Acp(B? — K~n*) = 0.27 4 0.04 + 0.01)
I’(Eg — KT7r7)

— ~ 1.74 Big effect!
(B0 — K-7+) °

Phys.Rev.Lett. [ 10 (2013) 22,221601 -



http://arxiv.org/abs/1304.6173
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http://arxiv.org/abs/1304.6173

... SO!

® That's a nice measurement, but why do we care?
® |[n short: powerful precision test of the SM

* Fairly large (10%) CPV had been seen in B = K* 11~

® Large enough to make people ask: is there New Physics at work!?
e .. but very hard to calculate a SM value due to QCD effects

® Robust theory prediction:

A _ Acp(BY = K*n™) | B(BY? K 7") 14 0
- Acp(BY— K—7t) - B(BY—= K+7n-) 7,

® Plug in this asymmetry measurement and compute A:

A = —0.02+£0.05£0.04

* SM wins once again...


http://arxiv.org/abs/1304.6173
http://arxiv.org/abs/1304.6173

That theory prediction

! The recently observed direct CP violation in By — K7~ has raised sug- |
; gestions of possible new physics. A robust test of the standard model vs. new '
‘- physics is its prediction of equal direct CP violation in By — K~ 7" decay. ‘.’;
CPT invariance requires the observed CP violation to arise from the interfer-
:‘4 ence between the dominant penguin amplitude and another amplitude with a '
,- different weak phase and a different strong phase. The penguin contribution i’g'"
fto By — K7~ is known to be reduced by a CKM factor in By, — K~ n™. '
{ Thus the two branching ratios are very different and a different CP violation ,’;?
1s expected. But in the standard model a miracle occurs and the interfering §
tree diagram is enhanced by the same CKM factor that reduces the penguin to
glve the predicted equality. This miracle is not expected in new physics; thus 'f

a search for and measurement of the predicted CP violation in By — K~

decay is a sensitive test for a new physics contribution. A detailed analy- ‘

{sis shows this prediction to be robust and insensitive to symmetry breakmg
effects and possible additional contributions.

" Phys Lett, B621 (2005) 126:132

25
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Other types of CPV

® We talked about direct CP violation, which is a difference
between

* the |amplitude| for a process X — f
® and the |amplitude| for its conjugate process X — f

® There can be special cases, but the same rules apply.
® In particular, when f = f (e.g. f = K* K°): "self-conjugate”

e But there is also indirect CP violation (aka "mixing-induced")

where mixing plays a role.
® There are two subtypes, as we'll see.

® But first | need to explain mixing...

26



Mixing

e If you have a neutral meson M and:
* |t is not its own antiparticle (M® + M?)
* |t lives long enough to decay weakly
® |t is not distinguished from its antiparticle

by an conserved quantum number
e ...then there is no rule to say M°
can't turn into MP...

e ...and "anything which is not
forbidden is mandatory".

o Effect seen many decades ago in
kaon system; more recently in
beauty, charm.

27



Mixing: how does it work!?

Here's one box diagram that turns a B into a B°:

>

* V
l th t td,s d. s

\.&4
Va)
A

M

The virtual t quarks could also be u or c...
but the t dominates in practice (diagram ~ [mq/mw]?)

Can draw similar diagrams for K° (Sd), D° (ct), and B® (bs).



More on how mixing works

e For B? and Bs, box diagrams like that are the main
mechanism.

* For K° and especially D9, life is more complicated.
Main contribution is from rescattering diagrams, like:

® These are governed by long-distance (strong) physics.

¢ For KO there is a limited number of on-shell intermediate
states. For DU it's a nightmare.

e Upshot: SM calculation for D mixing is very rough even

today -- could be an order of magnitude off! .



Standard mixing formalism

Mixing occurs for neutral mesons MY = K°, D°, B®, B,°

Decompose into mass eigenstates |M):
—0
M) =p|M°) £q[M ") for | +[p|* =1

M o(t)) = e_i(ml’Q_irl’Q/z)t|M1,2(t =0)) Schrodinger

..and we can invert to get [M%(t)) given mi, I'12, q/p...

General time evolution (for reference!)

Qi e~ im1=3T DY (I \1Y 4 g|BT)) + e~ 1 (M2= 32Dt (p|01) — Q|M>)]
DL

1_—im—i T —im—i -
oo |7 TR IM) - g[N)) — e ST plr) — g D))

[M(t)) =

[M(t))

Mixing is driven by differences Am, Al between mass eigenstates.

Am => oscillations; Al => different lifetimes (like Ks vs Ky)
30
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Indirect CPV

® We saw earlier that CPV can occur when different
amplitudes contribute with different phases.

® For direct CPV this means Feynman diagrams whose
amplitudes have different phases.

® For indirect CPV, one of those phases is related to mixing.
e Conceptually this isn't so different, e.g.

T Tt
%% %%
b u N U

PN S W
o e W e e
b O
d d
ub Vud b Vid Via Vi, Vub Vg

Clearly different weak phases.
(But, caveat: mixing is often not just one diagram.) 3



Indirect CPV

e Key practical difference: direct CPV is time-independent

whereas indirect CPV is time-dependent.
® And, of course, indirect CPV can only occur in neutral mesons.

* Two subtypes of indirect CPV:
e CPV in mixing; just what it sounds like; mixing phase violates CP
e CPV in the interference between mixing and decay

® Most famous measurement: sin2f3 in the "golden channel",
B® — J/Y Ks

VCd VC#;) ]

ViaVib B = arg [—
% VeaVyi

B=p1 ¥ =

33



CPV formalism

Remember our relation between mass and flavour eigenstates:

—0
-q|M ) for |g|* +[p]? =1

to a phase rotation):

M) =p|M°) -

CP eigenstates are (up
1

My) = —|M"°) -

| R—
ZE\M>

If |[a/p| # | then we have CPV in mixing.

® This makes sense: i

f |g/p| # | then the CP eigenstates are

not mass eigenstates, so CP is not a conserved quantum

humber.

¢ e.g.a pure CP-even state at t=0 will have a CP-odd component at t>0

34



CPV formalism

- 0
M) =p|M®) £q|M7) for |gf* +pf =1

But we can still get indirect CPV even if |g/p| = |.
Write the decay amplitudes to a common final state f as:

Af = (f|H|B%), A; = (f|H|B")

Define:
= 1 & A(t) = Ssin(Amt) — C cos(Amt)
pAf o _ 2 Tm\ 0_1—\)\\2
7 LR 14
We have CPV if A # I

* |q/p| # | would be CPV in mixing
 |A/Ad # | would be direct CPV

e ...and if the moduli are both | but there's a relative phase between
them, it's CPV in the interference between mixing and decay.



sin2 in B® = J/P Ks

CC sd

* Final state (J/Y Ks) is a CP eigenstate with eigenvalue ns= —|

*BY% = J/P Ks is dominated by tree diagram
® There is a penguin diagram, but it has little effect and we'll ignore it.

® So the contributing parts are:

b ‘ ¢ b Vit Vi d.s d ,
§< :
By W 1% By, 1% W
S ] § § 7 r § §
d a Ve 1 Vi S K e
0 0 B-mixin -MIXINg
B” = J/g K 5 (Ks vs KO)

Putting these together and comparing B® — J/\p K% K® = Ks to
B® = B% = J/ KO K? = Ks ...

O |

36



sin2 in B® = J/P Ks

|
—

Decay amplitudes:
B mixing:

=

> e Ny

BO — J/y KO

Vcb V(;I; cti Vcs

KO — Ks

t}k)‘/;id
Vie Vi

g4y

- pAy

PR VN VAN VAR e

ViaViy VoV

"V Vig Vea Vo,

Our CP-violating observable is S = -1)¢ sin23

C =0 here.

Ne=—1 is CP eigenvalue of B = |/ Ks

A(t) = Ssin(Amt) — C' cos(Amt)

2ImA 1A

g — _
14+ |A]? 1+ | A2

p = arg

Vcd V;[; |

ViaVi,

From
earlier
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sin2 in B® = J/P Ks
Whew! That was a lot of work, but we have what we need:

We can look for:
® 3 time-dependent asymmetry

* whose frequency is Am A(t) = Ssin(Am¢) = C cos(Am )

* and whose amplitude is S = -ns sin2
BABAR

400 —*

o]
S
S

Combination of CP
odd modes (= —1)

oS O

—
[ 11

A

S &

||L%
i

Sk b O N B

DO O D
||||||||| |||||||||‘|||||||||||||||
A>—< K u] .
i

W
S

[\
(=]
[«]

—_
=
S

Combination of CP
even modes (Nf= +1)

o o

Raw Asymmetry Events/ (0.4 ps) Raw Asymmetry Events/ (0.4 ps)

1 1
S 5

[entanglement] 38



Combined results

Putting together many modes:

Table 17.6.1. Summary of the time-dependent CP-asymmetry measurements using B° decays to charmonium + K final states, for each decay mode and for all
modes combined. Niag and P are the number of candidates and signal purity (in %), respectively, in the signal region after flavor tagging and vertex reconstruction
requirements have been applied. S and C are the CP asymmetry parameters for the final state with the CP eigenvalue 7.

BABAR (Aubert, 2009z) Belle (Adachi, 2012c¢)

Mode Niag P —1¢S C Niag P —m¢S C
Jjp K2 6750 95 0.657 £0.036 £0.012  0.026 & 0.025 £ 0.016 | 13040 97 0.670 & 0.029 £ 0.013 0.015 4 0.021 T5932
Jhp K2 5813 56 0.694 +0.061+0.031 —0.033 +£0.050 +0.027 | 15937 63 0.642+0.047£0.021  —0.019 4 0.026 9971
P(29)K S 861 87 0.897+0.1004+0.036  0.089 +£0.076 £0.020 | 2169 91 0.738+0.079+£0.036  —0.104 & 0.055 2037
Xe1 K2 385 88 0.614+0.160+0.040  0.129+0.109+0.025 | 1093 86 0.640 %+ 0.117 % 0.040 0.017 £ 0.083 5038
ne K3 381 79 0.92540.160+0.057  0.080 & 0.124 & 0.029

Jhp K*° 1291 67 0.60140.23940.087  0.025 =4 0.083 & 0.054

All 15481 76 0.687 £0.028 £0.012  0.024 £0.020 £0.016 | 32239 79 0.667 +0.023 +0.012 —0.006 & 0.016 4 0.012

...and then putting together BELLE and BABAR:

S1N 25 = 0.677 =

- 0.020
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This is [largely] where
the extremely precise
constraint on f3
comes from.

Other measurements
(CPV, mixing, ...) give
the other constraints.

So far, mutually
consistent.

The big picture

1T 1 | T 1 | 1 |® 1 1 I I
: excluded area has CL >0.95 | % :
I LA -
1.0 — \]% _
\ | o Amd & Ams ]
0.5 — _
IS 0.0 — —
-0.5 — —
-1 0 __ SK __
B ‘ fitter sol. w/cos28<0
— Summer 14 (excl. at CL > 0.95) —
_1 .5 i [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 11 1 | R I
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P 40



Summary of CPV

* Big topic! Key points:

® Only seen in weak decays (need complex phases)
® Driven by interference

e Can be time-independent (direct)...

e ..or time-dependent (mixing-induced)

® Allows precision tests of the SM to test for NP

The level of CPV in the SM isn't enough to generate the
matter-antimatter asymmetry of the universe, so there HAS to be a
NP source of CPV out there... but it may not be in the quark sector.

41



Rare decays

® Same basic idea: precision tests of the SM.

* Instead of CPV, look for processes which
® are highly suppressed or forbidden in the SM
® are well-predicted in the SM
® and could be enhanced by NP

® | ogic is: NP effects are usually small (otherwise we'd have
found it already). Hidden "in the noise” for many
observables. But if SM effect is teeny, could have a big impact.

* We'll look at one famous example: Bs = U™ U-

42



B @ U" U™ in the SM

Suppressed by CKM (V¢ ~ 0.04)
and helicity (J° = 0™ = '/2* '/;%)

- + - +
0 W+ZO 0
B, t A B, tA B
/ W /'\A‘f/\vf\:\m\
S — S —
! I3

SM predictions:
BR(Bs — pu"u™)
BR(B? — p* ")

(3.65+0.23) x 1077
(1.06 +0.09) x 10719

Phys.Rev.Lett. | 12 (2014) 101801
43



http://arxiv.org/abs/1311.0903

Bs @ U* U~ beyond the SM

BR can be enhanced by NP -- especially SuperSymmetry (SUSY), e.g.

+ - +

8 b\___)_(j__/lu
Bg tA %

. s/ e

v

6
BR in SUSY scales approximately as tan4,8

[details depend on model and on parameter values] IIlA

|deal probe: SM prediction tiny and precise, NP effects potentially

large, decay clean and easy to reconstruct.
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Measurements
LHCb and CMS combined search for Bs) = Y™ 4~ in Run | data.

CMS and LHCb (LHC run I)
T T | T T T

@)

| MS and LHCb (LHC run I)

(o2}
o
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D {B(Bg —utp”) = (28%55) x1077 6.20
ata BB’ — p ™) = (3.9579) x107" 3.20
BR(Bs — = (3.65+0.23)x107°
TheOr)’{ X :u U ) ( ) 1
BR(B - utu™) = (1.06+0.09)x10 Phys.Rev.Lett. 112 (2014) 101801

Measurement of B(Bs = M™ U7) in good agreement with the SM.
What about B® = p* p?
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B(B® = p* ) / B(Bs = p* )

*Both B(B" = u* Y-) and B(Bs = pY* Y-) are precisely

predicted in the SM...

e ..and in particular their ratio:

B(B® — pp”)sm
B(B) — pp~)swm

0.0028
— 0-0295J—r0.0025

e Test for BSM models with non-minimal flavour violation.

e Current measured value higher than expected... but not

statistically significant.
® More data in Run 2!

SM expected

%

CMS and LHCb (LHC run I)
T T T T | T T T T | T T T T

SM and MFV

0.1 T 0.2 0.3 0.4 0.5

Data
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Summary of rare decays

® Again, precision tests of the SM, sensitive to NP
e Often impose severe constraints on NP

® Best example: Bs = U Y-

e ..but many others too!

® Recent interest in B = K® u* yu~- wherea ~ 30
deviation from SM has been seen at LHCb in | fb~!
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http://arxiv.org/abs/1308.1707

Dalitz plots & interference

® So far we've only talked about 2-body decays.
B, & K 117
eB% = J/P Ks [quasi-two-body]
*Bs) = U
® Easier to explain and understand -- fewer degrees of
freedom.

® But multi-body decays carry more information
e ..and often have interference effects built right in.
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3-body hadronic decays

e For D% = K~ K*, there's only one possibility.
* [A non-spin-0 initial state would open up a bit more freedom, but still.]

®But for D* = K™ K" 117, there are many routes:
o D* = T* d(K* K")
e D* = T+ ag(K* K")
e D* — KO(K™ 11%) K*
o D* = Ky (K~ 11*) K*
e D" = K* K™ T nonresonant

e QM:All possible paths contribue and interfere.
® But note: by itself this doesn't cause CPV if same weak phase for each

® This is a very rich system!
e ..but also complex. How can we visualise it?
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Amplitude analysis

e Dalitz plots are a great way to visualise 3-body decays
o strictly: decays of a pseudoscalar to three pseudoscalars

® ..but we want to make quantitative measurements.

® Treat the amplitude as a sum of individual components
® Here "amplitude” = "matrix element”
® Fermi's Golden Rule: transition probability = Q%IM\%
e Nice feature of Dalitz plots: phase space uniform in m3j, vs mi,

® Fach component varies across the phase space
ec.g. D' = K'(892)° K* will be largest near m(K™11*) = 890 MeV
® Phase of each component varies as well as magnitude

® So we can model the amplitude (=> partial BF) as a
function of position in the Dalitz plot.

® Float free parameters of model and fit => measure the
components!
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Amplitude analysis

Skipping over details here to give you a flavour:

®* Model-dependent:

e Amplitudes correspond to real resonances, e.g. D* = K(892)° K*

® Model each with an appropriate function (e.g. relativistic Breit-
Wigner) that includes variation in magnitude & phase

® Free parameters are relative magnitude & phase of each
component, maybe also lineshape stuff like mass and width.

® Pro: fit results easy to interpret in terms of physical quantities
e Con: fit depends on model assumptions (often multiple solutions)
® Con: normalisation/unitarity is [usually] not built in

®* Model-independent:
® Amplitudes correspond to partial waves sampled across phsp
® Truncate sum (typically L=2,i.e. S,PD-waves only)
® Pro: no model input or systematic uncertainty
® Con: physical interpretation may not be obvious
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Why!?

* Why go to all that work to understand the

substructure of multibody hadronic decays?
® Well, there's good physics in the decay itself, but also:

® Valuable input to analyses of mixing and CP violation!
® For example...
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BY = TT7"1TT 1T

* In 2-body B decays, sometimes see relatively large

asymmetries of 10-30%.

*n BY = TT"TT 11" the overall asymmetry is 6%, but if you

look in detail...

L L
= 25F
Another model- % -
independent method: O, 20 -
divide the Dalitz plot [
into bins, measure ~= 15 -
asymmetry in each E 0 3
bin independently. el -
S -
Sr
Phys. Rev.D 90.112004 2014)
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* Huge effects, 80%+!
® Where does it come from!?
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BY = TT7"1TT 1T

® Where does it come from?

® Rough answer: remember that direct CPV asymmetry with
two amplitudes is proportional to r sin(AB) sin(A¢)

® For a two-body decay those values are just fixed...

o ..but for 3-body they can vary across the phase space.

® That's the rough answer. Precise answer is... not yet known!

e To understand the mechanism in detail -- and to see if it's SM

or not -- we need to move to a
model-dependent analysis.

* Work ongoing at LHCDb!
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Last words

® Flavour physics is a broad topic.

e | ots of stuff we didn't talk about
® spectroscopy, kaon physics, neutrinos, production, ...

® But the heart of it is:
® Precision tests of the SM, searching for / constraining New Physics

e Usually with interference effects
¢ |SM+NP[2 ~ |SM|2 + |NPJ2 + 2c|SM||NP|

® With special focus on mixing, CP violation, and rare decays

® Sensitivity to NP comes from off-shell virtual particles (esp. in
loops) -- including effects at energy scales >> LHC collision energy
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Some handy resources

* "The BABAR Physics Book" ( )

® Especially chapter | ("A CPViolation Primer") and 2
("Introduction to Hadronic B Physics")

® [t's |16 years old now, and the experimental bits are getting
outdated, but it's still a great introduction to the physics.

*"The Physics of the B Factories" (

)

® Collected wisdom of BABAR and Belle (and theory!)

® Physics overviews, plus discussion of experimental methods and
results.
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