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What?
Experiments
Observables

Rare decays and anomalies
The field in 2018



C and P transformations

* “C” = charge conjugation. Replace particle with antiparticle.

— For example: a left-handed neutrino becomes a left-handed antineutrino

(= C (=

_— —
V V

* “P” = parity transformation. Mirror flip of spatial coordinates (angular momentum unchanged).

— For example: a left-handed neutrino becomes a right-handed neutrino.
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C and P transformations violation

Neither of these are
seen to interact via

« “C” = charge conjugation. Replace particle with antiparticle. the weak interaction
(maybe don’t exist?).

— For example: a left-handed neutrino becomes a left-handed antineutrino
- Weak interaction
violates C and P
separately in the
Standard model.

* “P” = parity transformation. Mirror flip of spatial coordinates (angular momentum unchanged).

— For example: a left-handed neutrino becomes a right-handed neutrino.
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CP violation then?

* Neutrinos seem to be OK with CP transformation. Both at once changes a left-handed neutrino into
a right-handed antineutrino. (All good.)

*  What about CP violation? Well, it does happen.

- First discovered with kaons.

* | want to show some more recent b-physics...

— It's a good first b-physics analysis to look at. And it's very dramatic.
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How to measure CP violation

You need to find some decay (initial state to final state: i — f ) where you have reason to suspect the rate will
be different than it's CP conjugate.

[Hint] two diagrams + weak interaction + phases.

Like B® — K*1r...
S
KT b -t
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[ B — K]
Phys.Rev.Lett.110, 221601
K
-
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=
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* Can see the difference by eye! =
Q
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« A Is measured, basically 3 o
from these plots: S oo
-0.080 * 0.0076 g
100
0 B : }ﬁn-.i.:-.iih.;u. T S R . '
5 52 53 54 55 56 57 51 5.2 53 54 55 5.6 5? 58
K7~ invariant mass [GeWcz] K r*invariant mass [Ge‘w:: ]

I'(B—- K nt)-T'(B° - Ktn™)
I'(BY - K—7t)+T(B° - K+tr—)
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Homework*

Find this paper.
Volume 192, number 1,2 PHYSICS LETTERS B
Read it.

| hope you will be able to get the gist of

what’s going on, based on what I've told OBSERVATION OF B°-B® MIXING
yOu. ARGUS Collaboration
H. ALBRECHT, A.A. ANDAM ', U. BINDER, P. BOCKMANN, R. GLASER, G. HARDER,
What do they measure? What to they A. NIPPE, M. SCHAFER, W. SCHMIDT-PARZEFALL, H. SCHRODER, H.D. SCHULZ,
: ) P R. WURTH, A. YAGIL 23
make a hIStOgram Of Why 1S It DESY, D-2000 Hamburg, Fed. Rep. Germany
significant? Can you draw a Feynman
_ . J.P. DONKER, A. DRESCHER, D. KAMP, H. KOLANOSKI, U. MATTHIESEN, H. SCHECK,
diagram of it? B. SPAAN, J. SPENGLER, D. WEGENER
Institut fiir Physik *, Universitdt Dortmund, D-4600 Dortmund, Fed. Rep. Germany
Bonus question: could this bring about C. EHMANN, J.C. GABRIEL, T. RUF, K.R. SCHUBERT, J. STIEWE, K. STRAHL, R. WALDI,
CP violation? S. WESELER
VIO atlon . Institut fiir Hochenergiephysik 3, Universitit Heidelberg, D-6900 Heidelberg, Fed. Rep. Germany

K.W. EDWARDS ¢, W.R. FRISKEN 7, D.J. GILKINSON %, D.M. GINGRICH 8, H. KAPITZA ¢,
P.C.H. KIM 8, R. KUTSCHKE %, D.B. MACFARLANE °, J.A. McKENNA ¥, K.W. McLEAN ®,
A.W.NILSSON °, R.S. ORR ?, P. PADLEY 8, J.A. PARSONS %, P.M. PATEL °, ].D. PRENTICE &,
H.C.J. SEYWERD %, J.D. SWAIN 8, G. TSIPOLITIS°, T.-S. YOON & J.C. YUN ¢

Institute of Particle Physics '°, Canada
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Homework*

*worth nothing apart from your own happiness

Find this paper.

25 June 1987

Volume 192, number 1,2

Read it.

| hope you will be able to get the gist of
what’s going on, based on what I've told OBSERVATION OF B

yOu. ARGUS Collaboration »

H. ALBRECHT, A.A. ¢/

What do they measure? What to they A. NIPPE, M. SCHAFI|
i ) ‘o R. WURTH, A. YAGIL . R e b=
make a histogram of? Why is it DESY. 12000 Homburg. Fo s
significant? Can you draw a Feynman VB FIC
. ) J.P. DONKER, A. DRESE f SCHECK,
diagram of it? B. SPAAN, J. SPENGLIES PR
Institut fiir Physik *, Universims "
. . . ~d
Bonus question: could this bring about C. EHMANN, J.C. GA : R. WALDI,
CP violation? e i o
- Institut fiir Hochenergiephysi

K.W. EDWARDS ¢, W
P.C.H. KIM 3, R.KU1
AW.NILSSON®°, RS..
H.C.J. SEYWERD &,
Institute of Particle Physics

RENTICE 2,
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What?

Experiments
Observables

A touch of CP violation

The field in 2018



Some pre-questions this time

* Can you draw the Feynman diagram for a b — s quark transition.

* How about b — s with two generic leptons (this is kind of famous, it's called “b — slI”) ?
 Can you draw the full Feynman diagram for a B ° (sb) meson decaying into two leptons?
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b — sli
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b — sli
A hot topic

Na)!
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b — sli
A hot topic
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b — sli
A hot topic
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b — sli
A hot topic
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b — sli
A hot topic

p.s. g2 is the squared
Invariant mass of the
two leptons.

qZ — mppz
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* Take the b — su*u-diagram H

- +y gty -
—
B Ky ... add a spectator u... 2’/ H
JHEP06(2014)133 « Make invariant mass (m,,,) plot, t
* Fit to extract signal yield. N A )
. B AT U K
* Measurement is low wrt SM -

predictions at low g2.

- T T T ] Em].CSR Lattice —e-Data
Q (.'\] ! L L e e ]
E 1000-— B+ BN K+Ll+!.l_ —- E B+% K+ﬂ+ﬂ_ _E
s LHCb - 3 LHCb .
= X =
g 50 5 4+ Tttt E
"g - 2F ++ -
S ~ . .
kS S If :

0 Eé 0: PRI S RS S S S SR -

5200 5400 5600 0 5 10
m(K'u'u’) [MeV/c?]
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* Take the b — su*u-diagram H

0 oty
B° — KS MM * ... add a spectator d... 2/ 8
JHEP06(2014)133 « Make invariant mass (m__, ) plot, t

- -

* Fit to extract signal yield. \ /!

* Measurement is low wrt SM -
predictions at low g2

Candidates / ( 10 MeV/c?)

— : , , : , . : , — ”Latt}'ca-::TOTDatla”. -

sk B - Kww ] 73 B'—>K'uu -

- LHCb { ¢ LHCb -

‘tl'b .

X =

20 S :

s T -2

0 = T T — :
5200 5400 5600 ~ 10 15 20

m(K§ W) [MeV/c?) ¢ [GeV?/c
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* Take the b — sy*y- diagram

* ... add two spectators and flip the
b quark direction ...
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AS— NP

b quark direction ...

 Make invariant mass (m

* Fit to extract signal yield.
* Measurement is low wrt SM

predictions at low g2

Candidtates per 30 MeV/c?

| 5800 | | 6000
M(App) [MeV/c?]
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* Take the b — sy*y- diagram
* ... add two spectators and flip the

Z° |
t
pmJU) pIOt’ ’ l\ o ’
AN

Ay v A°

u > u

d > d
i 1.8 - | | | vt | :
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[ — e
E,, 14: =®= Data .
o 12F =
T B :
< 08F Fem=es —
= : “““ T S [ L - — = — = =) .
< 0‘6_— PR —
T_,:, 04 _:
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BS N <P°H+IJ' * Take the b — sy*y- diagram 2 y
JHEP09(2015)179 * ... add a spectators... ;
- Make invariant mass (m,,,,) plot, ; - - ;
\ /
* Fit to extract signal yield. B N ¢
* Measurement is low wrt SM 5 > s
predictions at low g2.
S - | | : * B | | LHCH
> : LHCb - > S =
Q  100F Bl—outu— O TF E
= : OHH g 3 y
- _ i — =5
T sb - v E /-y -+
E : : g: 3;_ * _{— SM pred. _;
O -~ . 4+ h S 2F L SMIGED 3
5300 5400 ~ 5500 ] Q oE ., . . NS e =
m(K'K utu) [MeV/c* 2 5 10 15
q* [GeV?/c?]
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What’s so great about muons?

Lepton flavour

* Every sentence has started “take the b — sp*u-diagram”.
* But the transition is b — sll ... what about electrons, taus, and neutrinoes!?

* Well I=T has never been seen. They are difficult because we have to reconstruct them from:
- T — 1y “three prong”
- T — JVV  “one prong”
these tracks tend to have low momentum and there is either many tracks or a lot of missing energy.

And there are two taus. So the possible wrong combinations of tracks becomes a bit boggling.
— Belle Il will probably not observe a b — sT*T-transition. But we will try.

* |=e and I=v , on the other hand is cool, interesting, and do-able. @
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B - K*vv
Belle Il

Measurement that hasn’t happened yet.

Belle |l
ﬂ simulation

Belle Il expected to observe the K* and K version

: — signal
of this process —
- the K* is a little bit easier, because K* — K1t —
is helpful ... can you figure out why?  —
B uds

Assuming Belle Il stays on schedule: sometime
between 2021 — 2022.

Events (arbitrary scale)

Mock up a histogram with fake data to see how it

looks. (Do a pretend measurement) 1 o 3 4 5 6

- Histogram variable is a little bit different: the E. icc+CPmiss [GEV]
sum of missing energy and the missing 3
momentum in the centre-of-momentum frame.
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R, = B[B*—K*u'u] I B[B*—K'e*e]

Phys.Rev.Lett.113,151601

Candidates / ( 12.5 MeV/c?)

5200 5400 5600
m(K ) [MeV/e?]

[\ (I8 B
O IOI LI I?

[E—
()

Candidates / ( 40 MeV/c?)

-}

DESY

+ j{ LHCb -

5000 5200 5400 5600
m(K*ete") [MeV/c?]

Remember why ratios are a good idea?

Look at the x labels of the hisograms, which is
which mode?

R, in nature seems to be about 0.7... does this

make sense based on the number of entries in
the histograms? Why not? What information
are you missing?

--LHCb -m-BaBar —a—Belle

R e e nan

= LHCb

—

N
||||I|||

L
I A B A R

[SY
—_—
w2
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o
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0'....|....|....|....|.
0 5 10 15 20

g2 [GeV?/c4]



R,.. = B[B'—K*uu] /| B[B*—K*%e*e’

JHEP08(2017)055

oo
<

Pulls Candidates per 10 MeV/c?

LHCb
______ BO_s KO L
P Combinatorial

1.1<¢?<6.0 [GeV*/ 4]

DESY.

5400 5600

m(K* - utu) [MeV/c?]

Pulls Candidates per 34 MeV/c?
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5500
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* Same story.
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Everybody take a deep breath.



How to understand it all?
Global fit phenomenology

Make a Standard Model prediction for these observables — many of them are slightly different.

Now what? Do we have to make a prediction in every model? (SUSY, particle compositeness,
extended electroweak sector, ... probably others)

(Re) express all of these observable quantities in terms of an effective field theory.

— A phenomenologist’s trick.

Or

Y
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Remember this?

* Alagrangian density which is the closest we've come to finding the
Lagrangian density of nature.

Precision of statement
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How to understand it all?
Global fit phenomenology

If you like Lagrangian densities, then this is writing down all possible terms with their perturbative and
non-perturbatively calculable parts separately.

This is called an "Operator Product expansion”. ['eff — E Cz (Q) Oz :
1

You can just think of it as an alternative way to write down a general QFT (like the SM, or SUSY, or...)

Or

Y
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Wilson Coefficients
Global fit phenomenology

* The purple blobs all have an associated size (which we call “Wilson Coefficients”).

* You could think of them as a model-independent coupling to the form of the interaction.

« ... anyway! We re-express the results in terms of these coefficients (C ). Then many observables
constrain the same coefficient.

- Run a fit to try and find them, based on all measured quantities that you think are relevant.

— Interpret the results in terms of a general theory, and see which interactions are favored.
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Lets take a look
Phys.Rev.D.96.055008

—— LFU observables
b — sppu global fit

flavio vo.212

-1

0
Re C¥
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—1.01~ flavio<o.21.2

—— LFU observables
b — sup global fit
all
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—1.0
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Is this the way the hints are pointing us?

7/ / 7

Ve 7

¢ Z
7
Vd
7
‘ yd
b \ / S b S
V4
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What?

Experiments

Observables

A touch of CP violation
Rare decays and anomalies



Belle Il 70

. ; Super
...again ] ; ' KEKB
P : Target dataset: 50 ab” P
3 D) [ e B
> -
‘» C
2 40—
S u o
= 30 Commissioning e*e”
ks - collisions, w/o vertex
% 20 detector (April — July)E
= : '
10—
C I I [ |
u i i i 1 i | i
35 . F
Right now: between x10 8 /
our first run and the = 5
start of “real” data 2 6 ‘Run 1°
8 —~ 4 - Full physics data w/
E b - vertex detector
__: g y| early ?019
R DIPIITE I Er i I I I I I
2?)1? 2018 2019 2020 2021 2022 2023 2024 2025
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... In summary

Only somewhat impartial overview
* There are plenty of things still to do!

* Belle Il will soon start up (“real data”).
* LHCb is taking data (probably right now).

We need:

* Precision on rare B decays. Particularly
ones with neutral particles.

* To measure things that require knowledge
of the full event (remember the part about
B factories).

* Very high statistics measurements of rare processes.

* | hope you consider a PhD in this (sub)field.
* If you don't, at least be friends with us!
Now you know a bit of the lingo.

Belle II
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