Topical Lectures — Rare Decays

N. Tuning
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“Leerdoelen”

e Knowledge of historical insights
e Introduction to Wilson coefficients

e Explain the latest results / tensions

Co
P’ 74
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Volkskrant, 23 maart 2015

Geruchten over nieuw deeltje in
Geneéve
De metingen waarmee in 2012 het befaamde Higgsdeeltje werd gevonden op

deeltjeslab CERN in Genéve hebben mogelijk een tweede onbekend deeltje
opgeleverd.

Door: Martijn van Calmthout 23 maart 2015, 05:52

OO

rijdag kondigde het LHCb-

experiment op CERN afwijkingen in ‘ ’

de metingen met de LHC-
deeltjesversneller aan, die daarop zouden Het is te vroeg om de
kunnen duiden. ontdekking te claimen,

. . maar de speculaties

Bij de deels door Nederlandse fysici gerunde :
LHCb-detector wordt gekeken naar het verval over Z' zullen
van zogeheten B-mesonen, die kunnen waarschijnlijk wel
ontstaan als protonen in de versneller met toenemen nu
hoge energie op elkaar botsen. De zogeheten
B-fysica geldt als een domein waar eventuele — Marcel Merk

afwijkingen van de bestaande deeltjestheorie
kunnen opduiken. Daarvan is bekend dat hij niet volledig is.

Afwijking

Vrijdag maakten de onderzoekers op de
jaarlijkse winterconferentie van CERN in ski-
oord Moriond bekend dat het verval van de
mesonen anders gaat dan de theorie zegt.
Aanwijzingen daarvoor waren in 2011 voor het
eerst gezien, maar nu staat de afwijking vast.

Het gevonden effect kan duiden op een Het CMS (Compact Muon
onbekend deeltje, een zogeheten Z'-deeltje, dat ST LI ELOAR?
mogelijk duizend keer zwaarder is dan een

proton. Eerder in de week gingen al geruchten over de vondst van zo'n Z', dat zelfs

kan duiden op een nieuwe natuurkundige kracht.

Zover is het zeker nog niet, zeggen groepsleider Marcel Merk bij LHCb en zijn

Het gevonden effect kan duiden op een
onbekend deeltje, een zogeheten Z'-deeltje,
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Plan

= Introduction
= My motivation for flavour physics
= History of indirect measurements
= HQET: Wilson coefficients

= Rare Decays
= BO2uu
= BOS>K*uu

= Present tensions in (rare) B decays
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Rare Decays - Outline:

e O9h30 - 10h15 Lecture 1: Introduction

e 10h30 - 11h15 Lecture 2: Effective couplings
e 11h30 - 12h15 Lecture 3: B.2>ppu

Lunch

e 13h45 - 14h30 Lecture 4: B> K*ppu

e 15h00 - 16h30 Discussion Session
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Road to discovery: Wilson coefficients

Theory

(What are Wilson coefficients?)

<>

Measurememnts
(sensitive to Wilson coefficients)

-

[FiiE

(i.e. determine Wilson coefficients)

<>

Interpretation

(which models correspond to theses Wilson coefficients?)
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Jargon

-

CP violation

CP violation: neutrinos

CP violation: hadrons

~

Flavour Physics

<

B physics

Kaon physics

/

Rare Decays

charm physics/
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Introduction: it's all about the charged current

e "CP violation” is about the weak interactions,

e In particular, the charged current interactions:

e The interesting stuff happens in the interaction with
quarks

e Therefore, people also refer to this field as “flavour
physics”
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Flavour physics — Current Experiments

set of topics
Sketch adopted from Marie-Héléne Niels Tuning (9)
Schune ECFA2013, 1 Oct 2013



Grand picture....

These lectures
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Motivation 1: New Physics in loop diagrams?

e Precision measurements
e Find deviations from the Standard Model

e Sensitive to heavy particles in loop diagrams

"Box” diagram: AB=2 “"Penguin” diagram: AB=1

|




Motivation 1: New Physics in loop diagrams?

K° —uu pointed to the charm quark:

GIM, Phys.Rev.D2,1285,1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasnow, J. Iriorouros, axp L. Marantf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our Tfbdel to a complete Yang-Milis theory is discussed.

splitting, beginning at order G(GA?), as well as con-
tributions to such unobserved decay modes as K;—
wrp—, K+— xt4-I+1, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our
in a quark model, but one involvin four, not three,
fundamental fermlons the weak intera

new quantum number € fo

B% mixing pointed to heavy top quark:

ARGUS Coll, Phys.Lett.B192:245,1987

DESY §7-029
Rpril 1987

OBSERVATION OF B'".B MIXING
The ARGUS Collaboration

In summary, the combined evidence of the investigation of B meson pairs, lepton pairs

and B° meson-lepton events on the Y(45) leads to the conclusion that BO-F° mixing has

been observed and is substantial,

Parameters Comments

r > 0,09 90%C'L This experiment

x > 0.44 This experiment

Bifg ~ I, < 160 MeV B meson (= pion} decay constant

my, < 5GeV /! b-quark mass

n < 14:107"% ’ B meson lifetime

[Vig| < 0.018 Kobayashi-Maskawa matrix efement
QCD correction factor [17]
t quark mass




Motivation 2: at the heart of the SM




Origin of "B 4
CKM matrix A Pt




Motivation 2: at the heart of the SM

L SM — Ek inetic T [:H 1ggs T LY ukawa

it (D" Vo) (_DH(."))T(D’ ‘h) — /12(,“’)T(f) — /\((;’>T(:"))‘2 Yijtri © V¥R,

Charged current: Yukawa couplings:
flavour diagonal mix between generations

\,...




Motivation 2: at the heart of the SM

L SM — Ekr inetic T [:H 1ggs - LY ukawa

Charged current:
flavour diagonal
9 —7

—=1 zL H
V2

W _“(I

Yukawa couplings:
mix between generations

)5 () i SO ([

Diagonalize Yukawa matrix:

@ Off diagonal in CC Mass terms

( - —
I ar (Vv iy Wy
v 2 9

I

t;

I
d;

= Vexwmd,;

—I—§ “QLI [0 II%J

o

—— 2 rd | ' ru
dri (M) diag drj + Uri (M;)diag UR;

Vers = (VEVE )i



Motivation 2: at the heart of the SM

L SM — »th inetic T £H 1GQgs + LY ukawa

V(DY) 0 | [(Deo) (D6) — 120 — No'o)? | | Yijthr: & Vr;

.(l Tu “,'d“i‘ TI7— 5 — U
\V 4

v'»_ — ! J [ >) 1 /.
7 _ ysuysdt L4
Verv = (VEVL )i 4 w <3

» Flavour physics closely connected to Higggs



Motivation 3: CKM magnitude mysterious

CKM matrix:

e Coupling strength of charged current

e Completely different hierarchy !

d

V wd

u

Ve L're 1 Ue'z L'reB 1 d' >- ‘/Ld Vu.s v;;b d)
Vpl = (U U Uzl |12 ve Y| = |Vea Ves Ve s)
K<d _Url Usg Urs_ | V3] i b')_ _V;d Vis V;b_ i b)_
ﬂa\l;)ur m;l;ss ﬂa\\fl(/)ur mal;s

0.85 0.53 0 0.97428 0.2253  0.00347
Uynsp = | —037 060 0.7 Verar = | 0.2252 097345 0.0410
—0.37 0.60 —=0.71 0.00862 0.0403  0.999152




Motivation 3: CKM magnitude mysterious

CKM matrix:

e Coupling strength of charged current

e Completely different hierarchy !

vs

d

u

PhD thesis R. de Adelhart Toor



Intermezzo: what does the size tell us?

H.Murayama, 6 Jan 2014, arXiv:1401.0966

» Neutrino mixing due to "anarchy ": ’

2N =)
«®
" quite typical of the ones obtained by randomly drawing
a mixing matrix from an unbiased distribution of unitary 02 04 06 02
3x3 matrices sin“29

and found that it is 47% probable [21]! So we learned indeed that the neutrino masses
and mixings do not require any deeper symmetries or new quantum numbers. On the
other hand, quarks clearly do need additional input, which is yet to be understood.

Harrison, Perkins, Scott, Phys.Lett. B530 (2002) 167,

hep-ph/0202074 e H g " %) V3

1 e e 10 /L
>Neutrino mixing due to Ul(g v i) U,,( Al 02) ()
underlying symmetry: 5OV Vs 505

ie. UIM2U, = diag (m2, m2, mZ2) and USMZU, = diag (m7, m3, m3), so that the

lepton mixing matrix (or MNS matrix) U = U; U, is given by:

e
I
pu .

1 120} V3 1

1 1 2

3 0 =3 e 3
- 0 1 0 = | —/5

1 1 T

3 U W2 —\s

-
&

P
I o
S S
N~——
—
Ut
S—

Sle Sl G-
Sl Sl G-

(20)



Motivation 4: EWSB / Antimatter / Cosmology

e Electro-weak symmetry breaking

- CKM matrix is related to Yukawa couplings

- The Yukawa couplings arose when particles acquired mass

e Antimatter — matter asymmetry

- CP violation only known mechanism to distinguish

- Warning: CP violation # Baryon number

e Cosmology

- Aspects above determined our faith



Recap:

e CP-violation (or flavour physics) is about charged
current interactions

e Interesting because:

1)

2)

3)

4)

Bevond Standard Model:

measurements are sensitive to
new particles

Standard Model:

in the heart of quark
interactions

Mysterious: magnitude CKM

elements

Cosmology:

related to matter - anti-matter
asymetry

Dominates !



Personal impression:

e People think it is a complicated part of the Standard Model
Why?

1) Non-intuitive concepts?
= Imaginary phase in transition amplitude, T ~ ¢
= Different bases to express quark states, d’=0.97 d + 0.22s + 0.003 b

= Oscillations (mixing) of mesons: |K'> « |[K7>

2) Complicated calculations? 0(8° > 1), o (O +14F Lo (0 + 2R (22 (1) ()]
o (O + e (0 + 2R (22 (1) (1))

—0 — 2
r(#~1)-fal pr

3) Many decay modes? “Beetopaipaigamma...”
— PDG reports 347 decay modes of the B%-meson:
e [, I*v, anything (10.33 +£0.28 ) x 1072
e [, VVvy <4.7 x 10~ CL=90%

— And for one decay there are often more than one decay amplitudes...

Niels Tuning (23)




What is a kaon? (KL = 1K) + elKr)
. |Ks) = |Ky) + € |K3)

e Different notation: confusing!

K, K, K. Ko K., K, K K;) = p|K’) ~q|F)
y By Ky, Ko Ky, K >

Kg)=p }K“> + ¢ |KY

K)=[K")+[K")

KK2>=‘K0>—‘F> /

e Flavour eigenstate KO; well-defined quarks

e Mass-, lifetime eigenstate Kq, K, : well defined mass

e CP eigenstate K, K;: well-defined CP eigenvalue

e Similar for B, but then B, = K¢ and B, = K

> Total confusion??

Niels Tuning (24)




Break
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Rare Decays - Outline:

e O9h30 - 10h15 Lecture 1: Introduction

e 10h30 - 11h15 Lecture 2: Effective couplings
e 11h30 - 12h15 Lecture 3: B.2>ppu

Lunch

e 13h45 - 14h30 Lecture 4: B> K*ppu

e 15h00 - 16h30 Discussion Session
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Historical perspective
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Historical perspective: W

e Radioactive decay was “discovery” of weak interaction?

28



jrect

Imndal

Historical perspective: W

e Radioactive decay was “discovery” of weak interaction?

U q
a e h S
W= %4 =3
- / @
Ve q 0
> =
gro § 2 i
: &
Kigin r 1 \ y
&=0 E 0 ! | % L
10 20 30 L0 GeV
, Transverse electron energy (GeV)
Fig. 1.

E.Fermi, Z.Phys. 88 (1934) 161

UAI1 Coll., Phys.Lett. B122 (1983) 103



Inadirect

Historical perspective: V

e Radioactive decay was “discovery” of neutrino?
u Ve e

<

A

gro

Klein

&=0

Fig. 1.

E.Fermi, Z.Phys. 88 (1934) 161
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Historical perspective: charm

e Kaon decay was “discovery” of charm quark?

S v e C

v S

€
=
o
o
75
<
~
<

réec
5

= d L et C @)
E q q S000 | (::
E::] 2000 | .P* §
3 M 1l T ’r o 1000 | [ -
: ' soo | 1 §
2 200 | "’ \ ]
b .* Y W
100 i SSo -
50 f 'I ¥ 1
/ ' ' 1 r ’;. \*\f
1 J 1 1 A j‘ . 20 L B
iy Y I(I\ 1 1
‘E L 3.10 3.2 3.04
Ec.m. (GeV)

GIM, Phys.Rev. D2 (1970) 1285 B.Richter et al, Phys.Rev.Lett. 33 (1974) 1406
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Historical perspective: charm

e There was however one major exception which Cabibbo
could not describe: K® 2> u*t w

— Observed rate much lower than expected from Cabibbos rate
correlations (expected rate ~ g8sin6.cos?6,)

d S
Cos(_ ¢ ® Sing,
. u .
w w
V

[1"' u Niels Tuning (32)



Historical perspective: charm: GIM-mechanism

e Solution to K% decay problem in 1970 by Glashow,
Iliopoulos and Maiani = postulate existence of 4th quark

— Two ‘up-type’ quarks decay into rotated ‘down-type’ states
— Appealing symmetry between generations

d’=cos(6_)d+sin(6_)s s’=-sin(6_)d+cos(6_)s

d' cos). sinf \/d
s —sinf, cosf. )\ s

Niels Tuning (33)



Historical perspective: charm: GIM-mechanism

Phys.Rev.D2,1285,1970

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Iniorouros, axp L. Maranif
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)

We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading
divergences respect all observed weak-interaction seleetion rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

splitting, beginning at order G(GA2), as well as con-
tributions to such unobserved decay modes as K»—
putu—, K+ — xt4I+41, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our model is founded
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-

new quantum number @ for charm.

Niels Tuning (34)



Historical perspective: charm: GIM-mechanism

e How does it solve the KO 2 u*tu problem?

— Second decay amplitude added that is almost identical to original
one, but has relative minus sign - Almost fully destructive

interference

— Cancellation not perfect because u, ¢ mass different

-------
. ..

+ - + U
‘Ll ,u Au Niels Tuning (35)
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Historical perspective: bottom

e CP violation was “discovery” of 3 generation?

S d

3

M\ "\
14

C
W
NS\

494 < m*< 504

0.9996 0.9997 0.9998 0.9999 1.00

cos @
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Cronin and Fitch, Phys.Rev.Lett. 13 (1964) 138

b
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L.Lederman et al., Phys.Rev.Lett. 39 (1977) 252
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Historical perspective: top

Bottom mixing was “discovery” of top quark?

d b
A\

Fig. 2. Completely reconstructed event consisting of the decay Y’
(4S)—BoB°.

ARGUS, Phys.Lett. B192 (1987) 245

q W

@

o

]

10

S
IS

100 120 140 160 180 200 220 240 260 280
Reconstructed Mass (GeV/cz)

CDF Coll., Phys.Rev.Lett. 74 (1995) 2626
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Historical perspective: Z

e Neutral current interaction was “discovery” of Z?

q

@

o

<
N
DSl

1%
U /
7

p \
1:} @ NC Events
5 .

H a)
[ |

T B 0 <200

2 - Final Cuts

L Events

6

4

2 I ‘
0 1 1 I

0 50 100 150

1 1 I
1

Uncorrected invariant mass cluster pair (GeV/c?)

Gargamelle Coll., Phys.Lett. B46 (1973) 138

UA1 Coll., Phys.Lett. B126 (1983) 398
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Historical perspective: Higgs

e Precision measurements at LEP were “discovery” of Higgs?

et H

€
6
(5 _
5 J Aoy = |
— 0.02758+0.00035
----- 0.02749+0.00012 :
4 - -« incl. low Q7 data Fi -
Vo
I 38 ]
> _
1 _
| Excluded
0 L s E— ' '
30 100 500
m,, [GeV]

g

--- H

Events / 2 GeV

" Events - Bkg

T T T
Sig+Bkg Fit (m =126.5 GeV)
-------- Bkg (4th order polynomial)

{s=7 TeV, [Ldt=4.8fb"

{s=8 TeV, [Ldt=5.9fb"
H—yy

100 110 120 130 140 150 160
m,, [GeV]

LEP, Phys.Rept. 427 (2006) 257

ATLAS Coll., Phys.Lett. B716 (2012) 1

@

o

IS
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Historical perspective

e Historical record of indirect discoveries:

v B decay 1932

W B decay 1932

C KO2>uu GIM 1970

b CPV K°>nn  CKM, 3@ gen 1964/72

7 v-NC Gargamelle 1973

t B mixing ARGUS 1987

H ete EW fit, LEP 2000

? What's next ? ?
Uu
d ——};:;C:;E e~ v —————j;;//

Ve S p

M\ \
|4
W
AvYaY,

W->ev

J/w
Y

t> Wb

Z2> ete

H=> 4u/yy

UA1, UA2
Richter, Ting
Ledermann
UA1

DO, CDF
CMS, ATLAS

= =

Reactor v-CC  Cowan, Reines 1956

1983
1974
1977
1983
1995
2012

?
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Historical perspective

e Historical record of indirect discoveries:

vV B decay 1932 Reactor v-CC  Cowan, Reines 1956
W B decay 1932 W->ev UA1, UA2 1983
C KO >up GIM 1970 J/w Richter, Ting 1974
b CPV K%>nn  CKM, 3 gen 1964/72 |Y Ledermann 1977
7 v-NC Gargamelle 1973 Z> ete UA1 1983
t B mixing ARGUS 1987 t> Wb DO, CDF 1995
H ete- EW fit, LEP 2000 H-> 4u/yy  CMS, ATLAS 2012
7' pp~>B X LHCb 2019 pp>2Z2>Y FCC 2038

b, pr

S uo

Niels Tuning (41)



Heavy Flavour = Precision search for NP

Depending on your model, sensitive to multi-TeV scales, eg:

[Charles et al., 1309.2293]
LHCb 50 fb-1 & Belle Il 50 ab-1
p-value
0-5 B T T T T l c; 0'95' T I T T T T | T T T T I T T T T 4] 1.0
K 1 Moo
oS === 95% CL no theory o e ]V[{IQ = (M{IQ)SN[ (1 + hq ezwq)
N uncertainties ] 0.7
03 - - Bos
g K 1 B os
02|~ - Bloa hq parametrizes magnitude
i 1 Bos of NP in B, mixing
b - Eo.2
’“"” ‘,} 0.1
0.0 A T A T 0.0
0.0 0.1 0.2 0.3 0.4 0.5

2103 TeV, anarchic tree
haS5% AR
1.4TeV, MFV loop

From Uli Haisch, 31 Aug 2016
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Heavy Flavour = Precision search for NP

e Depending on your model, sensitive to multi-TeV scales, eg:

b

S

ut

7' 2
47 v
- - ~14
>>WV\C< S g2 [ViVis|? A2

“B—> is ratio BRexP/BRSM
D— UL A

(50 TeV, anarchic tree

\0.6 TeV, MEFV loop

From Uli Haisch, 31 Aug 2016
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Introduction Meson mixing Rare decays Flavour physics beyond the SM

SM as effective theory

Any new physics that is too heavy for us to produce directly (yet) can show up
as a new local interaction among SM fields = a higher dimensional operator

L= Lgu+ ZZ %Ol(d)

d>4 i

» At D = 5: neutrino mass term (L eH)(H eL;)
» Needed anyway to explain neutrino oscillations

> At D = 6: numerous operators, including flavour-changing ones such as
(Q*" @)

David Straub (Universe Cluster)



Introduction Meson mixing Rare decays Flavour physics beyond the SM

How to probe higher-dimensional operators?
Need to look at observables that

» can be measured to an extreme precision and/or

> are suppressed in the SM but not necessarily beyond the SM
Examples

> (9—2)u

» Electric dipole moments

» Charged lepton flavour violation

» flavour-changing neutral currents

g,’y,Z a V;g u,c,ti Viv b,

David Straub (Universe Cluster)



Rare Decays
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Effective couplings

e Historical example:

e Both are correct, depending on the energy scale you consider

47



Effective couplings

e Historical example

Ve

u
d h / )
<
Ve

e Analog: Flavour-changing neutral current

S

S
W
> - b /,L_
’Y>Z‘\‘\<
ut




Ingredients to B-decay calculations

Niels Tuning (49)



Example: B*2 tty

e Example: leptonic

e Factorization:

9
g _
Ty = — §2 ubluwo‘(l — 75)%1

~N~

(0lan” 1—75)5\3 )

0
S

Dirac spinors hadronic ME

|

Strong interaction collected in matrix element

Niels Tuning (50)
From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882



Example: B*2 tty

e Example: leptonic

e Factorization:

2
Tyi = = LV, [560°(1 = 15)0.) [ o ] (087 (1 = 13)b/B)

N g > | k2 — M3, |~ /
Dirac spinors hadronic ME
9o _ YaB _ 8Gw
k2 — M2, M2~ \Vag ) %
_ Gr — . —
Tti = —=Vup [uey™ (L = 75)vp] (0]uya (1 = v5)b|B7)

V2

From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882
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Example: B*2 tty

e Example: leptonic

e Factorization:

93
Tr = — 2 ub [y (1 = y5) vy

~N~

Dirac spinors

From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882

=

(0lary” (1 —75)5\3 )
hadromc ME

1
ik

<O|ﬂ’7/ozb|B_> =0,

(O]uyay50|B™(q)) = ifBGa

B meson is pseudo-scalar

Niels Tuning (52)



Example: B> Duty

e Example: semi-leptonic !
W 8%
e Factorization: X e
B, D (1
d

Gp

Ty =
AR

o [aey* (1 — 5)v,] (DT |eya(1 — 45)b| By)

|

Strong interaction collected in matrix element

Niels Tuning (53)
From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882



Example: B> Duty

e Example: semi-leptonic !
W v
e Factorization: X e
B, D (1
d
Gr _ +1x 0
sz — —=Veb [uE”Y (1 — 75)UV] <D ‘C”Yoz(l — 75)b|Bd>
V2
\ J
|
(D (k)|evabl Bi(p)) = Fi(q°) |(p+ K)o — (M% ;Ml%> Go | + Fo(q?) (M%;M%) Ga

Niels Tuning (54)
From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882



Example: B> Duty

e Form-factors:

1
W v
b c (u)
B, D (1
d

(D™ (k)[evabl Ba(p)) = Fi(q®)

Niels Tuning (55)

From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882



N:\ 0'0045§ ................ ,_+ ..........................................................................................
. 0 +,,1 % 0_004§ BO_>DlV ........................................
Example: B uty .
NLD 00035; .................. S
'a 0_003: T SO OO SO RORR RO ROUOE SOOI
e Form-factors: m; Rongrred == N N S B
E 0'00]5 ...........................................................
'E 0.00] ...............................................................................................
0.0005 ............... s ...................... P TN B
I D z* (2.52 +0.13) x 1073
I D*(2010) "zt (2.74 +0.13) x 1073
W v S
b ¢ (u) ~
g
-0 + N
By D (7)) S
-
" ~

Niels Tuning (56)
From: Robert Fleischer, Flavour Physics and CP Violation, arXiv:0802.2882



Effective Hamiltonian — Operator Product Expansion

e Hadronic decays, typically factorization does not hold any longer

e Separate calculable short distance effects, from non-perturbative
long-distance effects

AM — F) = (F | Hegt | M)

GF
He — Vi Ci(p
o = Sevon Y
GF
AM — F) = VCKMZC )(E | Qi(p) | M)

7

« (,;: calculable Wilson coefﬂents

e To be compared to experiment Niels Tuning (57)



Effective couplings

e Hadronic decays, typically factorization does not hold any longer

e Separate calculable short distance effects, from non-perturbative

long-distance effects

Niels Tuning (58)



Effective couplings: b—>sqgqg

e Hadronic decays, typically factorization does not hold any longer

e Separate calculable short distance effects, from non-perturbative
long-distance effects

C S C S

w g

b (a) Current-current® 0 (b) Current-current”
operator Oy operator Oy

q q

b W 8§
(c) QCD penguin op-
erators O3_g

Q
- == =&
(=)
= §c—< = Cg}cmm< = 9c<
I | I

q q
q q q q
/% /%
b S
b ¢, 1 b W s
(d) EW penguin op- (e) EW penguin op-

erators O7_qg erators O7_qg Niels Tuning (59)



Effective couplings: b->sll

e Hadronic decays, typically factorization does not hold any longer

e Separate calculable short distance effects, from non-perturbative
long-distance effects

Ay

X

O?’y OSG
Electromagnetic (g) Chromomagnetic ( d) (e)
penguin operator penguin operator
077 OSG
14 14
" é \/ e
b = S
b W s Ogv—104
(h) Semi- (f)
leptonic operators
Ogv—104

Niels Tuning (60)



Operators for b->sll FCNC

e Remember C,, Cq, Cyy:

— 7mb§aawj(1 - 75)bOZF,U,I/

Niels Tuning (61)



Operators for b->sll FCNC

e Yet another graph:

“Genuine” b->sll b->sy b->s cc

Niels Tuning (62)



Effective couplings

e Effective coupling can be of various “kinds”

— Vector coupling Gr

Hot = 2V, Ci(1)Qs
— Axial coupling 2 CKM; ()@
- Left-handed coupling (V-A)

- Right-handed (to quarks)

63



Effective couplings

e Effective coupling can be of various “kinds”
— Vector coupling: Cq Gr
~ Axial coupling: o V2
- Left-handed coupling (V-A): C4-Cy, ) o plaschen B
- Right-handed (to quarks): C,’, C,,/, ... —

v/Z

From Buras & Fleischer, hep-ph/9704376

At this stage it should be mentioned that the usual Feynman diagram drawings of _|_

ut

the type shown in fig. 11 containing full W-propagators, Z°—propagators and top-quark M
propagators represent really the happening at scales O(Myw) whereas the true picture of
a decaying hadron is more correctly deseribed by the local operators in question. Thus,
whereas at scales O(My) we have to deal with the full six-quark theory containing the X h e d ’ h d ’

phaton, weak gauge bosons and gluons, at scales O(1GeV) the relevant effective theory t e tr ue p lCture 0 a ecay ln g a r On lS mor e
contains only three light quarks u, d and s, gluons and the photon. At intermediate energy

scales 1 = Q(mp) and 1 = O(my) relevant for beanty and charm decays, effective five-quark Correctly deScrl.bed by th e lOCal Opera tO ]"S ”
64

and effective four-quark theories have to be considered, respectively.




Measuring the Wilson coefficients

e Rare B-decays to probe Wilson coefficients:

Decay c\) o) W
B — XY X
B — K*v
B — Xepm i~
B— Kutp™

X X X X
X

B— Kutp™

X
X X X X

Bs — ptp”

Niels Tuning (65)



Measuring the Wilson coefficients

e Rare B-decays to probe Wilson coefficients:

Decay c\) o) W
B — XY X
B — K*v
B — Xepm i~
B— Kutp™

X X X X

B— Kutp™

X X X X

<0‘E’Ya')’5b|B_(Q)> = 1fBqq Niels Tuning (66)




Road to discovery: Wilson coefficients

Theory

(What are Wilson coefficients?)

<>

Measurememnts
(sensitive to Wilson coefficients)

-

[FiiE

(i.e. determine Wilson coefficients)

<>

Interpretation

(which models correspond to theses Wilson coefficients?)

Niels Tuning (67)



b->s pypu

e Flavour changing neutral current: FCNC

e In SM only at higher order:

Decay
B — Xgy
B — K"~
B — Xeputp™
B— Kutu~
B— Kutu™
Bs — pp”

N. Tuning (3)



b->s pypu

e Flavour changing neutral current: FCNC

e In SM only at higher order:

Decay
SM B — Xs7
W s(d) B — K*~
t B — Xeputp™
70 pt B— Kptp~
’ B— Kutu™

N. Tuning (3)



Specific decays

BY

(s)

0,+
b (s)
+ |
g 3
b
- <
| o
I N
|
I -~
|
)

e Specific decays:
> B-2>uu
> B-2>Kuu

N. Tuning (4)



Break
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Rare Decays - Outline:

e O9h30 - 10h15 Lecture 1: Introduction

e 10h30 - 11h15 Lecture 2: Effective couplings
e 11h30 - 12h15 Lecture 3: B.2>ppu

Lunch

e 13h45 - 14h30 Lecture 4: B> K*ppu

e 15h00 - 16h30 Discussion Session

Niels Tuning (72)



B9 2uu

Niels Tuning (73)



B°2uu

Small BR...

1) FCNC: b->s transition only allowed at higher order

— GIM cancellation!

2) Weak interaction: helicity suppressed

— Sensitive to new physics: (pseudo)scalar operators

spin

> <
H < > H7

Lefthanded: OK Lefthanded: not OK

Niels Tuning (74)



B°2uu

e Historical endeavour!

'E —
— v
@ —X
E 104k g Y
o = e
S — >|< v V A
& 10°k v WV
£ F 8
[ & K
m O Uk %
L = A A
S\ 10—7 ;_ ................................................................................................... A* * ...............................................
O = * D a
X . 0AS
S 10°E{ X cLEo A Belle | |
2 — | * ARGUS [] BaBar
- SM: B — u*u- |
= VV uAt BN LHCb -Bs —~ U U
£ 107 E| ok coF ®0 cms [
— — | VV L3 () ATLAS 0 i
o[ | AA DO ®® cms+LHCb | SM: B” — u‘u-
10 = I | | | | I | | | | I | | | | I | | | | I | | | | I | | | | I
1985 1990 1995 2000 2005 2010 2015

Year
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B°2uu

e Historical endeavour!

'E —
— v
D —K
E 10k Y
) = >K*
S — >|< v V A
2 —
© 10° = h 4 3V
e F *
L - # K
o 1E %
= X
S L
[®) —
j LA L H
@) —
X sl
© 10°E| ¥ CLEO /\ Belle
2 — * ARGUS [ ] BaBar
=N IR RAAA'LY BN LHCb
E 107E| Xk coF ¢4 cus
— — | VV L3 (> ATLAS
1010 | AA DO @®® CMS+LHCb
E | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
1985 1990 1995 2000 2005 2010 2015

Year
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B°2uu

e Historical endeavour
e Sensitive to SUSY

n s
IR G4
" heob 12
s
pob

i
+
i
2
i
+...
i

K

S
b
S
b
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B°2uu

e Historical endeavour
e Sensitive to SUSY

e In terms of OPE:

b H b M b H
Z HY AC

q H q H q H

(a) V-A form (C1p) (b) Scalar (Cg) (¢) pseudo-scalar (Cp)

From: PhD Thesis, Siim Tolk, Apr 2016
Niels Tuning (78)



B.92uu: Observation

e Challenge: huge amount of events with two muons!
- Background: BR(B = Xu*) = 10-1
- Signal: BR(BYS>u*u) < 108

1012 B produced; probability of yuy decay 10-°; eff ~5%

- Expect ~50 events

Thesis S.Oggero (2013)

W

uwH

Sigmnall

1: 107 Background

Niels Tuning (79)



B.92uu: Observation

e Good luck...

-l 1011 | | 1 IIIIII | | | | | | IIIIII | | 1 | | IIIIII 1 1
2 imi Iy 10°
; 1 010 LHCb Preliminary 40— '
O o E 2011+12data 2 10 Y (15)
La 10 Single muon ‘I (28) g
O 1 08 Charmonium ; 20F
o " F [ Bottomonium 2 10 YGS)
E 10 B Other triggers E . . .
3 10 955 10 105 11
= Dimuon mass [GeV/c’]
= 5 plo 6
A 10
I Z
10* |
3 |
107
10* |
10 §
1| -
0.2 1 2 345 10 20 100 200

m(!.,l,l,l,) [GeV] Niels Tuning (80)



Candidates / (50 MeV/c?)

B.92uu: Observation

[
S N s

S N B, O

C Baclfgrild only

LHCDb collaboration, Phys. Rev

. Lett. 110,021801 (2013)

1) MR

L

5000

|
5500

6000
m,+,- [MeV/c?]
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Candidates / (50 MeV/c?)

B.92uu: Observation

-y
(>R S EEN N

S N B &

I T T T T I T T T T
LHCD collaboration, Phys. Rev. Lett. 110,021801 (2013)

B aclfgri.nd +

. . | . . .
5000 5500 6000
m,+,- [MeV/c?]
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Candidates / (44 MeV/c?)

B.92uu: Observation

16
14
12
10

S N B~ QN ©

LHCb

PRL 111 (2013) 101805

1 =
T LHCb E
al BDT>0.7 =
;.“ 3 fb! E
T AV 3
— 4. c ol -
SRR VYN Y A SLENLED ALED SIS A
5000 5500

2
m., [MeV/c?]

CMS
PRL 111 (2013) 101804

CMS-L=5fb"{s=7TeV,L=20fb" {s=8 TeV

—_
N

—o— data
— full PDF
Bg—>u“u'

!B —utu’
----- combinatorial bkg
----- semileptonic bkg
----- peaking bkg

@
<
n

-
N

-
o

S/(S+B) Weighted Events / ( 0.04 GeV)
o2

roddtglld iy

0 cabete £ ] ¥ I
49 5 51 52 53 54 55 56 57 58 59
m,, (GeV)

Mini Workshop Nikhef 26 June 2015 N. Tuning (26)



B.92uu: Observation

SM:

CMS and LHCb (LHC run [)

60

(&)
(@]

S
I,'|II]II|+IIII!IIII|II

1
’

N
O

Weighted candidates per 40 MeV/c?
w
(e]

—_
o

o - — o — o o o — - - - — -

—— Data

— Signal and background
[ 180 —»uw

LB 5 uw

— = = Combinatorial background
----- Semi-leptonic background

— — Peaking background

IIII|IIII|IIII|IIII|IIII|II

5,400
My (MeV/c?)

5,600 5,800

= (2.87%7§) x 1077
(3-9%%) x 1077

(3.66 4+ 0.23) x 1077
(1.06 4 0.09) x 10~

Bobeth et al, PRL 112 (2014) 101801

(STOZ @2uUNn( v0) ¢/Z-89 ‘¢S 24meN

3 fb!2.30
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B.>uu: Ratio B® / B.°

e BR(B? > yu): a little high?
— First evidence at 3.00

— 2.30 above SM prediction:
e Rgy = 0.030 + 0.003

® Reyp = 0.140 #0080 ¢,

0')_| 0_8 LI T T Ii T T 1 T T I.= T T | T TR T 7 T T T 7T

o i . ATLAS ]
: ~ .'=-= [ — -1 -
% - \s=8TeV, 20" -
(. | | _
o | \ \ 1 -
Q L | il
m - \ N, ' / i
0.2~ RN N AN / -
0_ e 'I - '... S, o i R B R B 1
[ N\ N\ ]
ATLAS Contours for -2 Aln(L) = 2.3, |
—O.Zk‘ 6.2, 11.8 from maximum of L  _|

— L1 | 1 .I 1 | | I | L1 | 1 \\ 1 ‘ | T - hl | -

0 1 2 3 4 5 6 7
B(BY - u+ u)[1079
ATLAS, EPJ C76 (2016) 513

_ B(BY—pup) +0.08
It = B(Bg—ﬁZ) — 0‘14—0.06

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

—2AInL
)

s\ | SMand MFV

LS (e}

no

(=]
oIII‘II\|III‘II\

0.1 0.2 0.3 0.4

o o
(8]

LHCb & CMS, Nature 522, 68-72 (2015) Niels Tunlng (85)



B.S2uu: 2016 ?!

e Mick unblinded last week...

e Run-I: 3 fby?, Vs=7,8 TeV

e Run-II: 1.4 fb'!, V/s=13 TeV (Rel. stat: 13/8 * 1.4/3 = 0.75 )
— 0.6 fb-1 extra on tape...

» Expect 1.75x more events + analysis improvement
~ X2 sensitivity
50X V2 > 70

Niels Tuning (86)



B.92>uu: Aspects relating theory/experiment

1) Relative production rate of B/’

2) Correct BR for B/ lifetime difference

3) Effective lifetime

Niels Tuning (87)



1) Relative production rate

e From N(B/-2>uu) to BR(B.L22>uu)

fa €x Nuy

BR(BY - utu")=BR(B, - X
(S /J/ILL) (q )fSGILWNX

e But N is the product of production and decay ...

Np.x fs €D.x BR(B? — Dfn™)
NDdK fd €ED K BR(Bg —>D+K_)

Niels Tuning (88)



1) Relative production rate

e Reverse the argument!

e From which processes do we know relative BR’s ?

Np.x fs €D.x BR(B? — Dfr™)
NDdK fd EDLK BR(Bg —>D+K_)

Niels Tuning (89)



1) Relative production rate
e Dominant systematic uncertainty for BR(B.°> uu)

e Relies on theoretical knowledge of ratio of BRs:

— Semileptonic: (B> uX) =I(B 2> uX)

1

0
= 1
nes(B = D) = gm0 S Kont)e(B = DY) @
0y oty €Be DY) e(Ay = D)
(D) = (DK )P ot S

corr EO D+ =
eonr(Bs = Dy p) Bo_>D+ [BD+—>K+K )

N(B”+ B7)B(B = DfKp)e(B — DI Kp)]

« Mind the cross feeds....
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1) Relative production rate

Dominant systematic uncertainty for BR(B.°> uyu)

Fy® (m?2)

™

m} = 1.046 + 0.044(stat) = 0.015(sys)
Fy™ (m)

Relies on theoretical knowledge of ratio of BRs:

_ Sem i I epton iC : F(BSO 9 Iu)() _ I_’(B 9 ﬂX) Bailey et al, PRD.85(2012)114502
2 ™
L BR(BY — Din~) _ (Dur) 7, [Vaa|” (£ \* [ F7m2) ] | an(Der) [* N ’
- Hadronic: BR(B) = D K-) — (D) 1, | Vas (h() prcamend I Pavesw ol i 14.2 + 1.3(FF) = C
Fleischer, Serra, NT, PRD82 (2010) 034038 D
=0 ‘\\
B 0
d BS J
)

Mind the form factor ratio....
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1) Relative production rate

Dominant systematic uncertainty for BR(B.°> uyu)

Fy¥(m2)
d
Fy(m%)

Relies on theoretical knowledge of ratio of BRs:

Bailey et al, PRD.85(2012)114502

— Semileptonic: (B> uX) =I(B 2> uX)

} = 1.046 + 0.044(stat) = 0.015(sys)

_ 2 T
. BR(B — Din) _ ®(Dyr) 75, |Vaa (fw ) Fm2) 1 | (D) P _ , ’
Fleischer, Serra, NT, PRD82 (2010) 034038 b
BR(B;s — J/v¢) . .
Liu, Wang, Xie, PRD89 (2014) 094010 c

I/

b c b * %
B? B!
S S S
¢

S S

« Mind factorisation and penguins?!
Niels Tuning (92)



1) Relative production rate
e Dominant systematic uncertainty for BR(B.°> uu)

Fy (m?2)
Fy (m%)

} = 1.046 + 0.044(stat) = 0.015(sys)

e Relies on theoretical knowledge of ratio of BRs:

Bailey et al, PRD.85(2012)114502

— Semileptonic: (B> uX) =I(B 2> uX)

. BR(B? — Din~) _ &(D.r) 7, N\ [Em2) | adem) P , ’
— Hadronic: BR(B) » D*K-) ®(DK) 5, Vus (fK) ng)(mf()] (D)~ P ELAE " .
D

Fleischer, Serra, NT, PRD82 (2010) 034038
BR(Bs — J/¢9)

h., _ ~ 0.03 0.01 0.01 0.01 0.03
- B%J/LIJX Rg/é = BR(Bd _ J/¢K*O) ~ 0-83t0.02( )+o oo(fM)+0 02( )+0.02 (mc)[0.83f0.03]
Liu, Wang, Xie, PRD89 (2014) 094010 ¢
~0.35 ———— I I I I I/ L2 JY
S~ - T e LHCb (Do D) . b ¢ 0" ¢
~ - LHCb 00000 - LHCb avg: 0259 0015 B! By
> i ATLAS  (J/ypo, J/IpK*0) ] 5 5 s s
031 CDF  (J/ypd, JJpK=0) | ¢ ¢
L LEP (HFAG avg) il s s
0.25 BT # + -
A _

02F

oS L
10 20 30 40 50

p.(B) [GeV/c]

)
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1) Relative production rate
e Dominant systematic uncertainty for BR(B.°> uu)

e Measurements

Norrrizlizztior) Dagearidarice
LHCb Semileptonic B->Dh
Phys. Rev, D 85 (2012) 032008 JHEP 04 (2013) 001
B->Dh
LHCb-CONF-2013-011
CDF Semileptonic B2>J/wX
Phys. Rev. D 77, 072003 (2008). Public Note 10795
ATLAS B=2J/yX B>J/wX
Phys.Rev.Lett. 115 (2015) 262001
3 - ' L e LHCb (D;n‘fl,D'n")
™~ - LHCb e LHCb avg: 0.259 =0.015
e B m ATLAS (J/yd, J/YK*0)
031 e CDF (JIpo, J/YK*0)
L -%)—({) LEP (HFAG avg)

0.25 ------ . W "% ---------- + --------------------- 7
e, JAN

0.2

« Mind kinematic dependence...

oS L
10 20 30 40 50

p.(B) [GeV/c]

)
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2) Correct for lifetime difference

e Branching fraction at t=0 different from all (time-
integrated) decays

B 8
g\ o
S P
— L
8 S
% O
Q
Decay time [ps]
° BS,H: CP-odd: long-living
e B, : CP-even: short-living

Niels Tuning (95)



2) Correct for lifetime difference

Candidates / (0.2 ps)

1 llllu]] 1 llllu]l 1 111l

Decay time [ps]

: CP-odd: long-living
: CP-even: short-living
B = D;D;

Number of decays

1c®

103
R —
103

102

1 =

CPLEAR

.,
.:.
o ....
- -
= e
[ >l -

Treg spP R

: CP-odd:

: CP-even:
K'—>atn

e I ] Bos i et el A e O R il ! |
8 10 iz 14 15 18 20
Neutral kaon decay time [-107'%s]

long-living
short-living
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2) Correct for lifetime difference

e Branching fraction at t=0 different from all (time-

integrated) decays

De Bruyn, Fleischer, NT, et al. Phys.Rev. D86 (2012) 014027

B, f PR = Jews AL (SM) BR(B. = oo /BR(Be = f) oy
(measured) From Eq. (8) From Eq. (10)
J /1 £0(980) (1.2979-59) x 10~* [18] 0.9984 4 0.0021 [14] 0.912 4+ 0.014 0.890 + 0.082 [6]
J/YKs (3.5 4+ 0.8) x 1075 [7] 0.84+0.17 [15] 0.924 +0.018 N/A
Dt (3.01 £0.34) x 1072 [9] 0 (exact) 0.992 + 0.003 N/A
KK~ (3.54+0.7) x 107° [18] —0.9724+0.012 [13] 1.085 4 0.014 1.042 £ 0.033 [19]
DID; (1.04792%) x 1072 [18] —0.995 £ 0.013 [16] 1.088 +0.014 N/A

1/Tx [PS]

1.7{

1.6

1.5}

Contours of A(logL) = 0.5

7(BY — DDy J/¢n) HFAG
|

T(BY — J/yrm, T/ fo)

Combined
A
0 S
BY — c¢K 20
S K \
G
N
-
)
(O
C}/-
%

ICHEP 2016

13 14 15 1.6
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2) Correct for lifetime difference

e B92uu: P(seudo) and S(calar) amplitude
e SM: P-amplitude dominates, selecting CP-odd (= B.%,)

— _ _ — GF =
A(BY = iy ) = (py ) [Her| B)) = ——=Vis Ve
| Vo
X fg, MBSmuclsé\del¢CP<NM)(1_nA)/2 [P +S], (5)
where Mp_ is the Bg mass, nr, = +1 and g = —1, and
Cio—C}, M} Cp — C},
= 10 10 B, ( my ) ( P p) (6)

SM SM

M% 2m,, \ mp + m i '

) 1 — ¢ )
BR(B,s — ptu~) = [ Y ] BR(B, — 1t 1t exp.

S

BR(B,; = utpu )smly, = (3.54+0.2) x 1077
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BR(B°2uu)

e BR(t=0) BR(B, — u i )sm =325 x 1079

) M, 3.07 Fp, 2 5. ViV,
173.2 GeV 225 MeV 1.500ps | [0.0405

2

[Buras, Girrbach, Guadagnoli & Isidori (2012); address also soft photon corrections|

e Time integrated:

Fleischer (Nikhef) 3.5 0.2 PRL 109 (2012) 041801 arXiv:1204.1737
Buras, Fleischer, Knegjens 3.56 0.18 JHEP 1307 (2013) 77 arXiv:1303.3820
Bobeth, Gorbahn et al 3.65 0.23 PRL 112 (2014) 101801 arXiv:1311.0903
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BR (BSO 9””) Courtesy Lectures Robert Fleischer

e Most relevant recent changes:

— Lattice QCD progress [FLAG]: Fig, = (227.7 + 4.5) MeV
— Experiment [HFAG]: 75, = (1.516 £ 0.011) ps
— Theory: [Bobeth et al., arXiv:1311.0903]

NLO electroweak effects [Bobeth et al., arXiv:1311.1348] and NNLO QCD
matching corrections [Herman et al., arXiv:1311.1347]:

= | BR(B,s — ptp )sm = (3.38 4 0.22) x 1079

[supersedes prediction by Buras, R.F., Girrbach & Knegjens (2013)]

e Time integrated:

Fleischer (Nikhef) 3.5 0.2 PRL 109 (2012) 041801 arXiv:1204.1737
Buras, Fleischer, Knegjens 3.56 0.18 JHEP 1307 (2013) 77 arXiv:1303.3820
Bobeth, Gorbahn et al 3.65 0.23 PRL 112 (2014) 101801 arXiv:1311.0903
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3) “effective lifetime”

o Effective lifetime: ~"single exponential fit to double exponential decay time”

e Different CP admixture affects effective lifetime

- possibly not affecting the BR, when |S| and A,r compensate...

» Could be due to scalar amplitude |S| from NP

R

BR(Bs = pt 1™ )exp _ [1 + AATYs

2 2
BR(Bs — ptu~)sm 1 —y2 ] (P +15T)

S

14k @ Upper Bound (R = 1.4)
Excluded at 95% C.L.
Lo — lustration for Aar(pps =0, ) |

sM |

’P| Niels Tuning (101)
De Bruyn, Fleischer, NT, et al. Phys. Rev. Lett. 109, 041801 (2012)
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Rare Decays - Outline:

e O9h30 - 10h15 Lecture 1: Introduction

e 10h30 - 11h15 Lecture 2: Effective couplings
e 11h30 - 12h15 Lecture 3: B.2>ppu

Lunch

e 13h45 - 14h30 Lecture 4: B> K*ppu

e 15h00 - 16h30 Discussion Session

Niels Tuning (103)



b->s pypu

e Flavour changing neutral current: FCNC

e In SM only at higher order:

Decay
SM B — Xs7
W s(d) B — K*~
t B — Xeputp™
70 pt B— Kptp~
’ B— Kutu™

N. Tuning (3)



BO2>K*uu

e Diagrams:

0 g_
- V/Z
€—|-
5 - b - - - 5
_ i,C f
d (a) d d (b) d
b - - -
w b ., t
-
d © d d () d
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BO2>K*uu

e Decay rate

e (Observables

e Wilson coefficients

Niels Tuning (106)



BO2>K*uu

e Decay rate

1 d3(T' +T) 9
T dcos 0y, d cosOk do 327r

— cos? O cos 20, +

1
(1 —  )sin®fg +  cos’Ok + Z(l —  )sin® Ok cos 26,

sin? Ok sin® 0y cos2¢ +  sin 20k sin 26, cos ¢ +
sin20k sinfpcosd +  sin® O cosbyp +

sin 20k sin @y sin ¢ +

sin 20k sin 20;sin ¢ +  sin? Ok sin? @, sin 2¢ }
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BO2>K*uu

‘_A‘f+

/.11.‘2 A L2
- 45 - |
T 11

o A AR A{]"z + A2

R(Af"A})

: , , -+ L - R
ALPALE + ALP

e Observables : RAFAD = p
S = AL + AL + JAFR

R(ALAL) 4
—L— R= —A}-‘h

= ll‘ 2 4 |:11’j2 I All_.’ 2 3

(AL AL)

AL|2 AL|2 ol bl B L
n"l‘) _T_ ‘1 | “1()

(AL AL)
A2 +|Af|? + |Ag[?

3 .-l{' *AL)

AL|12 4 |ALY:

0

08)



BO2>K*uu

s ¥ & V(q* 2m
ALR o ((C5T! + 05! 7 (O5f! + O3 — L) 4 T

eff eff’T
mp + mg- q (C +C ) ( )]

p) ‘
BT S = C(:ff/ A]((I ) 27”’b Ccff i3 Ceff/ T 2
10 10 )’m[}+7"}<‘ 7 - q2 (C7 7 )T2(q7)]

/12((12)
mp + Mg~
A

F (C53 — C4IN] x [(m% — m%k. — ¢%)(mp + mk-Ai(g?) — A

eff o oefN[(m?2 2. — ) Ta(q?
2my(C7"7 + C777")[(mp + 3mi- — q°)T2(q”) — m

e Wilson coefficients
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b-=>s uu

e B-2Kuu spectrum

Br|1077]

“large-recoil”

A :
B ol
|
%
Q
Y
0
IS
g
N
>
g% [GeV?]
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b>s uu b()

o B2>Kuu or B=2>2K(J/Y=2)uu ?
- If m(pp)=3.1 GeV, we hit the J/W ...

Goo) 4

(1)
C7
dI’
dg?
/ /
1 el C§ ana C1f
interference Long distance
contributions from CC
above open charm
threshold
2
4[m(p)]

—>q°

Sketch from Christian Linn

Mini Workshop Nikhef 26 June 2015
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BO2>K*uu

e Event selection:

g* [GeV?/c?]

10?

|||||||J!|'|'||'| '
=

1

o
e

A
F

2 53 54 55 56 57
m(K*mw utw) [GeV/c?]
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BO2>K*uu

e Event selection:

LHCb
- 1.1 <¢*<60GeV¥c* A
100

)
-

Candidates / 5.3 MeV/c?

m(K " utu”) [MeV/c?]
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b-=>s uu b()

e (Observables:

1) Decay rates
2) Angular distributions

3) Ratio of branching fractions

Niels Tuning (114)



dB/dg? [10°® x ¢*/GeV?]

dB/dq? [107 x ¢* GeV?|

1) b=>s yu: Decay rates

3 fb1, arXiv:1403.8044
B*>Kfuu B> Koup B> K*up

N[ CSR  Lattice --Data BE[CSR  Lattice —-Data MMLCSR WMLattice --Data

[
S

B — K*utu” % i3 B'— Kutu™ > | B =K utu ]
LHCb 4§ 9 4 LHch 4 9 sp LHCb -
1 % 1 S 1
4 x 3 4 X of _ N
++ 3 8 2f i =2 :x I ‘ +

] a ] o 5+ —

e b by b 1 N m - e e by ), N CQ . .. PR

% 5 10 is 20 < 9% 5 10 is 20 = % 5 10 15 20

¢ [GeV?/c4] ¢ [GeV?/c4] g [GeV¥c4]

1 fb'l, arXiv:1304.6325 3 fb-!, LHCB-2015-023 3 fb-!, arXiv:1503.07138

+Enecobry B Binned BO%K*OMM Bsoeq)uu AboéAl’l“'
I I I T 9:_' v T Y T ME B = —: 1.8: L B R B
LHCb 1 © sp LHOb 3 £ 1of Mumen E
{1 & 7F 3 8 ME -J- E
L 1 % 6-—-}— 1 =" [ [ 3
] = I Y B e S 8 ]
n | s T g LA i _;
0.5 ] /i 3 E— —E : o6fF .t ‘;
[ f 1§ i Logk 3
[ 1 & E E g 02f _{11:{* LHCD -
i T Q E o 1 1 1
0 2 M L " 1 L " i " 1 " L L " 1 " E 0'- 1 : N 1 3 . . 1 0 5 10 15 20
0 5 10 15qg [GeVZ/CAZ]O © : 10 ql25 [GeV?¥/c4 q? [GeV?/c*)

» Lower BRs consistent with modified C,, it seems
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2) Angular analysis BC2>K*uu

Ny
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2) Angular analysis BC2>K*uu

= [ LHCb |
— 80 2 ]
- - 1.1 <¢*<60GeV/ct 4
D) | .
= i i
S 60 _I_ -{- s
4 - | .
© 40 .
20¢ S
HMHMHMHMIMHITTHIHIIidmaimb -

-1 -0.5 0 0.5 1
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2) Angular analysis BC2>K*uu

s f LHCb |
2 8o- -
i - 1.1<¢?><6.0GeV/c*
8 - _
cs - -
S 60 _I_ -l— .
> % i |1 ] :
z _ 1 _
O 40¢ -
20§ s
0— L L L L | L L L | L L L | L 1 L L ]
1 05 0 0.5 1
m T T T cos 6
I l
< 0.5 — -
' e
. —— 1
L . T
" e e
L - O
——— Q
0 X
| — - <
[ I
i LHCDb i _;
I BSMfromABSZ | &
-0.5F — ﬁ
T B R S T B T T SR R B . N
0 5 10 15

qz [GeVz/c“] N. Tuning (12)



2) Angular analysis BC2>K*uu

NY

cos(6,)

-1

-3 -2 -1 0 1 2 3

Counting Ss: blue minus red
Such a mix of events can hardly

cause an artificial experimental
asymmetry...
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2) Angular analysis BC2>K*uu

O_T _
3r:+ 4 ——

NY

LHCb .
Il SM from ABSZ

g [GeV?/c4]

cos(6,)

-1

1 2 3

o

-3 -2 -1 0

Counting Ss: blue minus red
Such a mix of events can hardly

cause an artificial experimental
asymmetry...
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2) Angular analysis BC2>K*uu

P|

>
Z
: ! | | ! ! | :
2F 3
. LHCDb i
1:— SM from DHMV—:
Mg ]
T
n —— ]
- —t— —4— -
_1— —
L 2.90 in each bin -
2F ~
il L | L L | L L L L | L -
0 5 10 15

g* [GeV?/c]

cos(6,)

K

-3 -2 -1 0 1 2 3

[
Counting Ss: blue minus red

Such a mix of events can hardly
cause an artificial experimental
asymmetry...

N. Tuning (12)



Fy

BO2>K*uu

e Many observable, many measurements...

08 LHCb E
L B SM from ABSZ 1
06 —+ 4 3
04 _|
—
02 3
1 1 1
00 5 10 15
¢ [GeV¥ ¢4
T T T
0.5 —
LHCb
I B SM from ABSZ |
T
: + —
-0.5F —
1 1 1
0 5 10 15
q? [GeV?/c4]

FB

T T T 5" T T T
0.5 0.5 -
I J I LHCb
I + | ? i B SM from ABSZ |
?EF =1
L LHCb — * _+_ —
i I SM from ABSZ ]| i 1
0.5 - 0.5 -
1 1 1 1 1 1
0 5 10 15 0 5 10 15
q* [GeV¥c4] q* [GeV¥/c4]
05_ T T T ] 3 05 B T T T ]
+ LHCb F LHCb 1
I B SM from ABSZ | I |
ot faps | . ]
e T ]
0.5 - 0.5 -
1 1 1 1 1 1
0 5 10 15 0 5 10 15
q* [GeV?/c] ¢* [GeV¥c*

T T T
0.5 —
3 LHCb 1
0 -| +—T—I - 1.' —+—
0.5 | | | —
0 5 10 15
¢* [GeV?/c4]
T T T
0.5 —
- LHCb
B
705 C 1 1 1 ]
0 5 10 15

¢* [GeV?/c4]
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BO2>K*uu

e Many observable, many measurements

» No wonder there is some deviation somewhere?!

[Fit
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Road to discovery: Wilson coefficients

Theory

(What are Wilson coefficients?)

<>

Measurememnts
(of Wilson coefficients)

-

[FiiE

(i.e. determine Wilson coefficients)

<>

Interpretation

(which models correspond to theses Wilson coefficients?)
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Fit to b>spp

e Agreement of various measurements:

Decay obs. ¢? bin SM pred. measurement pull

BY — K*0utpu~ Fr [2,4.3]  0.814+£0.02 0.26+£0.19 ATLAS +2.9
BY — K*utpu~ Fr, [4,6]  0.74+0.04 0.614+0.06 LHCb +1.9
BY — KOyt~ Ss [4,6] —0.334+£0.03 —0.154+0.08 LHCb -2.2
BY — K0yt~ P! [1.1,6] —0.4440.08 —0.05+0.11 LHCb —2.9
BY — K*0utp~ P! [4,6) —0.77+0.06 —0.304+0.16 LHCb -2.8
B™ — K* pfp~ 107 2% [4,6]  054+£0.08 026+0.10 LHCb +2.1
B — Kprp~  10% 43¢ [0.1,2]  271+£050 1.26+£0.56 LHCb +1.9

B — Kurp~  10% 43 [16,23] 0.93+0.12  037+022 CDF 422

By — oéptu~ 107 6235 [1,6)]  0.4840.06 0234+0.05 LHCb +3.1

Table 1: Observables where a single measurement deviates from the SM by 1.90 or more (cf. ° for the B —
K*ut ™ predictions at low ¢2).

Altmannshofer & Straub, arXiv:1503.06199
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Fit to b>spp b CQB\/
\

_ ARe(Cy) = —1.04 £ 0.25
e C,NP deviates from 0 by >40 (Co)

e (Caveat: debate on non-pertirbative charm-loop effects

| Altmannshofer & Straub, arXiv{1503.06199 3| Descotes-Genon, Matias;|Virto; arXiv:1510.04239
2| | 1 Branching Ratios
[ i% SM | Angular Observables (P))
: \Q | All
1t I
| 1 i
~ r
Ao I I
S [ B
*
T | Z > \
qu L ®/> [ 1 s \.
I (o} ; i A w
— 1 - O/ 1 - - \\ I'
[ S, | N ;
[ ) | Pullgy p-val _+ee -2| Pulle,, p-val
-2l SM (x?/ndof=117/88) 2.1% 0.9% | I SM (x?/ndof=110/96) 16%
- CyNP=-1.07 t 3.70 11.3% 4.30 I CoNP=-1.11 4.50 62%
[ | (.:QT\IP.:-.CJ'OI\‘IP.:-.OI.S 3..1.0-. .7'|10./0 . 3..9.0| —3 [ CQNP‘:-C]'O\NP:‘-OI7 4.‘10 \550/0 ]
-3 -2 -1 0 1 2 -3 _2 -1 0 1 2 3
p NP
Re( CSI ) Cy
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BR(b=>supu)

VS P5"in B> K*pupu

dB/dqg? (10-7 GeV~?)

dB/dg? (10~7 GeV™?)

Horgan et al, arXiv:1310.3887

1.0
0.8
0.6
0.4
0.2

1.2

1.0}

0.8
0.6
0.4
0.2

i BO — K*O,uﬂf

15 16 17 18 19

By = pptu”

15 16 17 18 19

¢ (GeV?)

Altmannshofer & Straub, arXiv:1411.3161

Low BR points in same direction

as angular observables

Mini Workshop Nikhef

26 June 2015
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Fit to b>spp

e Fit could be better if SM is not imposed...:

Coeff. best fit lo 20 \/X%.f. —xXéy P %)

ChP —0.04 [-0.07,—0.01]  [-0.10,0.02] 1.42 2.4

o 0.01 [—0.04,0.07]  [-0.10,0.12] 0.24 1.8

Vv: ‘ CiP —1.07 [-1.32,-0.81] [-1.54,—0.53] 3.70 11.3
C} 0.21 [—0.04,0.46]  [—-0.29,0.70] 0.84 2.0

CY 0.50 [0.24,0.78] [—0.01, 1.08] 1.97 3.2

o —0.16  [-0.34,0.02]  [-0.52,0.21] 0.87 2.0

V+A: CY =Cly  —0.22  [-0.44,0.03]  [—0.64,0.33] 0.89 2.0
V-A: ‘ cif = - —-0.53 [-0.71,-0.35] [-0.91,-0.18] 3.13 7.1
Ch = C1, —0.10  [-0.36,0.17]  [-0.64,0.43] 0.36 1.8

Ch = -0, 0.11 [—0.01,0.22]  [-0.12,0.33] 0.93 2.0

Table 2: Constraints on individual Wilson coefficients, assuming them to be real, in the global fit to 88 b — su™ ™
measurements. The p values in the last column should be compared to the p value of the SM, 2.1%.

Altmannshofer & Straub, arXiv:1503.06199
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Fit to b>spp

e Fit could be better if SM is not imposed...:

Coefficient Best fit 30 Pullspvy p-value (%)
SM - = = 16.0
cF —0.02 _ [-0.07,0.03] 1.2 17.0
v: ‘ cNP ~1.09 [-1.67,—-0.39] 4.5 gi_.j
T 0-56—=071271:36] 275 .
cor 0.02  [-0.06,0.09] 0.6 15.0
Cor" 0.46  [-0.36,1.31] 1.7 19.0
Ciyr —0.25  [-0.82,0.31] 1.3 17.0
V+A: i\TP — C’RP _022 [=0.74 0 50] 1.1 16.0
V-A: @VP = —Chy¥ —0.68 [—1.22,—0.18] 4.2 56.(J
o =Clor —0.07  [~0.86,0.63] 0.3 140
Cort = —Ciyr 0.19  [-0.17,0.55] 1.6 18.0
Co'¥ = —CyF —1.06 [—1.60,—0.40] 4.8 72.0

Descotes, Virto, Matias, arXiv:1510.04239
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Fit to b>spp

Fit could be better if SM is not imposed...:

Leave 2 coefficients free in fit:

Coefficient Best Fit Point Pullgym p-value (%)
SM - = 16.0
(RO (—0.00, —1.07) 4.1 61.0
(AR (—1.08,0.33) 4.3 67.0
(cg't,chF (—1.09,0.02) 4.2 63.0
(NN (—1.12,0.77) 4.5 72.0
(cg't, (—1.17,—0.35) 4.5 71.0
(Co'F = —Ccyf,cit =Ci)) (—1.15,0.34) 4.7 75.0
(CyF = —Ccyf, ciyf = —Ciy (—1.06,0.06) 4.4 70.0

Descotes, Virto, Matias, arXiv:1510.04239
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Fit to b>spp

e Fit could be better if SM is not imposed...:

e |eave 6 coefficients free in fit:

Coefficient lo 20 30

cr [—0.02,0.03] [—0.04, 0.04] [—0.05, 0.08]
NP (1.4, —1.0] [1.7,-0.7]
Cio- [—0.0,0.9] [—0.3,1.3] [—0.5,2.0]
chr [—0.02,0.03] [—0.04,0.06] [—0.06, 0.07]
Cor" [0.3,1.8] [-0.5,2.7] [-1.3,3.7]
Cior [—0.3,0.9] [—0.7,1.3] [—1.0,1.6]

> Cy consistent with SM only above 3 0.

Descotes, Virto, Matias, arXiv:1510.04239
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Fit to b>spp

e Fit could be better if SM is not imposed...:

Rk <Pé>[4,6],[6,8] BR(BS — ¢/~LIJJ) low recoil BR
e\ T
||][> > - v v v
CNP + v v v
10 _ v
¥ oo - v
100 _ v v

> Co9 < 0 consistent with all the anomalies

Virto, CKM2016
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Slide from Tom Blake

Interpretation? (Both affect the vector coupling, Cq ...)

If the problem is charm, the effect
should get larger closer the JA.

Optimist’s view point Pessimist’s view point

.
9 ‘.":'v Nr‘:C p
B O O K*
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.qg.
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




3) b2 sll_: Ratio of branching fractions

» FCNC: EW penguin

-o-LHCb -m-BaBar -a—Belle

S e L B S S e S

LHCb

[a—
)
lllllllll
B
lllllllll

2.6 0

O
N
L B B I L

O PR S T SR RN ST ST SUNT SN [ S S S SHN N S T S S '
0 5 10 15 20

g2 [GeV?/c?]

LHCb, PRL113 (2014) 151601
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b-> sl

: FCNC anomalies!?

» FCNC: EW penguin

e Curious tensions:

- Lepton flavour universality

— Decay rates

— Angular distributions, P.’

-o-LHCb -m-BaBar -a—Belle
S e A L
= LHCb
L5 - -
1: SM ]
0-5¢ ‘ 2.6 0 i
0- PP RPN R S SR
0 5 10 15 20

LHCb, PRL113 (2014) 151601

q? [GeV?/c4]

I

Ly

{

=
Q

S = N W A N 0 0 O

dB(BY—ouu)/dg? [10°GeV2c4)

LHCb, JHEP 1509 (2015) 179

) 4
W L
S
]
v/Z°
7]

0.5F

~JHEP 02 (2016) 104

SM from DHMV

® LHCb Run 1 analysis
o Belle arXiv:1604.04042

of
0.5 t
| R .

3.4 o
| I

0 5

LHCb, JHEP 1602 (2016) 1\8

[ SR
10 15

q* [GeV*c4]
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b-> sli

: P5"and LFNU ?

> Belle: CKM workshop 2 weeks ago

70

60

50

Events / ( 0.003 GeV/c?)

30

20

10

Pull

40

955 5.04 5.06 5.08

I:*:_L.l{—!— 4.

T T

508
M, (GeV/c?)

B — K*(892)% e~
Bt — K*(892)tete™
127 £ 15 signal candidates

Simon Wehle (Deutsches Elektronen-Synchrotron)

Wehle, CKM2016

Events / ( 0.003 GeV/c?)

Pull

100

80

60

22 5.24 5.26 5.28
TS e b W
S C D e e
-y Ty T '

508
M, (GeV/c?)

B — K*(892)°utpu~
BT — K*(892) Tt~
185 + 17 signal candidates
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b—-> sll : P5" and LFNU ?

> Belle: CKM workshop 2 weeks ago
» Agreement with LHCb

. -
Belle preliminary =0 DHMV

4+ LHCb 2013

* LHCb 2015 ﬂ
H4  This Measurement

1.0

+
N = T
0.0 - & ]
i ++ | _t— ] :
-05 } + -
i —. [T J,—*—}Qi—i 1
' | | 1 1l ‘
-1.0 | ]
-1 . . o . . . . ..
0 5 10 15 20
2 2 4
Wehle, CKM2016 q [Gev /C ]
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b-> sll : P5" and LFNU ?

> Belle: CKM workshop 2 weeks ago

» e - [ difference ...?!

- Belle preliminary B DHMV
1ol i All Modes .
Tt ¥ Electron Modes -
j ] 4+  Muon Modes ]
0.5 i -
g
_ Iﬂ’_i .
-05 F N -
-1.0 f -
15— . . . 4 . R
0 5 10 15 20

Wehle, ! \liels Tuning (138)



Lepton Flavour Non-Universality

e More?
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Lepton-Flavour Non-Universality ?

. . . ,U+/T+
e Surprises possible in tree-level decays?
b 1%
W+
e B> D*lv B
— Measure ratio T/ : c
- SM: R(D*)=0252:|:0003 Fajfer, Kamenik, Nisandzic PRD 85, 094025 (2012) D*

R(D*) = B(B® - D**rv,)/B(B* - D u v,
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Lepton-Flavour Non-Universality ?

e Spot the differences ...

B 5 D*"r 1w
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Candidates / (0.3 GeV/c*)

Lepton-Flavour Non-Universality ?

e Missing mass
° EIJ
e Result:
R(D*) =
4000 935 <q? < 12.60 GeV/c* LHCb

B— D*rv

0.336 == 0.027 = 0.030

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

miss

=

Candidates / (75 MeV)

4000

3000

2000

935 <q> < 12.60 GeV/c* " LHCb

IIIIIIIIIIIIIIll

E—reopoep oo boopocpeopeoages 1--9--9--93::3.- | IR | WP P ey

500 1000 1500 2000 . 2500
E,* (MeV)

Energy of muon in B rest frame

—— Data

I B — D*1v

I B — D*H (— X)X

I B > D**lv

Il B - D*uv
Combinatorial

7 Misidentified p
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Lepton-Flavour Non-Universality

e Surprises possible in tree-level decays? Ry

e There is more than “roadmap” channels with

b + 1%
loops . W
&
e B> D*lv D*
_ . . |R(D*) = B(B® — D*7r77,)/B(B® — D™ pum,)| /0t 4 q
Measure ratlo T/IJ ) Fajfer, Kamenik, Nisandzic PRD 85, 094025 (2012) ? a /T
O

~ SM: R(D*)=0.252+0.003

- R(D) and R(D*) combined: 4.00 B B
¢ c
D* D*

! —~ 05— -
BaBar * [ = BaBar, PRL109,101802(2012) ) ]
0392 %0024 £0018 - =) = Belle, PRD92.072014(2015) Ax'=10 3
¢ 0451 LHCb, PRL115,111803(2015) —
Belle - = Belle, arXiv:1603.06711 -
0.293 £0.038 £ 0.015 r = HFAG Average, P(x?) =67% ]
LHCb 3 04F  — sMprediction E
0.336 + 0.027 + 0.030 S '—j:‘_'_' B ]
Q i \ 035 =

Average . Y
0322 £0.018 £ 0012 E l\ —— ’} E E
SM prediction i E \\\\\\\ & 0.3 :_ C _:

0.252 £ 0.003
© ) r 4.00 = « ~—~—0VWU_/ E
[~ E 025 T R(D),PRD92,054510(2015) ]
HFAG E S I R(D*), PRD85,094025(2012) E
0 < 0L N S I B
. 0'2 LB 0'3 S 04 0.2 0.3 04 0.5 0.6

‘ ' R(D*) R(D)

Niels Tuning (143)



More Measurements

“Interesting” recent measurements at LHCb:

vR(D*) and R(D):

VR,:
VP’

vI(b>s uu)

Lepton universality B>Kee / B2>Kuu

Lepton universality B->D®1u / B>D(*uu

Angular observable B9 >K*uu

Decay rates of B ,2K(p)uu

BSLDpp

Other interesting measurements and constraints:

v BR(B°> uu):
vV, incl vs excl:

v g-2
Eib@s@onance
v H>Tu Diphoton

v e'/e

O B-mixing

Q m2upu

a u->ey

high?
different?
high?
high?

Diboson

,8_ 10°

high? ,

h>uT

hry 19.7fb", (s=8TeV
A P

x10 high? =

W 2 Jets

ur,, 0 Jets
1085

e, 1 Jet
085 o

ur,, 2 Jets
158

h—ut
0.89 P30%

1S=81eV. 203"

ub
e PDG 2014
S\Y arXiv:1501 05373
Eé‘Clm[l N T* (RBC/UKQCD)
(B—mlv) arXiv:1503.07839
(FNAL/MILC)
e"e -based) .
o arXiv:1503.01421
=65 > (RBC/UKQCD)
DHMZ 10 (z-based)
[P B R
197254 —a—
35 0.004 0.0045 0.005
—o— Data ; —e— |\/ub |
—— Background model =
1 e
—— Significance (stat) A
. Significance (stat + syst) El
WW4+ZZ+WZ Selection =

Best Fit to Br(h—ut), %

- ;
1 1 il él:
A T T
. 3
co e b L E
5 25 3 35
m; [Tev]
——
| | i | | | |
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LHCb/CMS Nature 522, 68 (2015)
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BNL E821 PDG
ATLAS arXiv:1506.00962
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Other puzzles involving LFNU ?

W2 /W2 uv:

Proton radius puzzle

2.6 0

70

B(W — uw,) | B(W — e7,) = 0.993+0.019, (5.2)
BW = 17,) /| BOWW = ev.) = 1.063 +0.027 .
B(W — 77,) / B(W — pim,) = 1.070 + 0.026. (5.4)

The branching fraction of W into taus with respect to that into electrons and muons differs
by more than two standard deviations, where the correlations have been taken into account.
The branching fractions of W into electrons and into muons agree well. Assuming only partial
lepton universality the ratio between the tau fractions and the average of electrons and muons
can also be computed:

2B(W — 17,) / (B(W = eve) + B(W — uv7,)) = 1.066 £ 0.025 (5.5)

resulting in an agreement at the level of 2.6 standard deviations only, with all correlations
included.

a,(Expt) = 11659 208.0(6.3) x 107" (0.54 ppm).
The difference
Aa,(Expt — SM) = (22.4 £ 10 to 26.1 £9.4) x 107", (64)

has a significance of 2.2 to 2.7 standard deviations. Use of the 7-data gives a smaller

discrepancy.

obtained value of 0.84087(39) fm differs by about 4% or 7 standard deviations

from the CODATA [3] value of 0.8775(51) fm. The latter is composed from the
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LEP EW WG, arXiv:1302.3415

BNL, hep-ex/0602035

Pohl et al, arXiv:1301.0905
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Tinamnik you
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FOKKE & SUKKE

WETEN WAAR HET IN PE WETENSCHAP OM PRAAIT

... ZEER INDPRUKWEKKEND, COLLEGA ...

MAAR WERKT
HET OOK IN
THEORIE ?

http://www.foksuk.nl/
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Road to discovery: Wilson coefficients

Theory

(What are Wilson coefficients?)

<>

Measurememnts
(of Wilson coefficients)

-

[FiiE

(i.e. determine Wilson coefficients)

<>

Interpretation

(which models correspond to theses Wilson coefficients?)
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One Leptoquark to Rule Them All:
A Minimal Explanation for Rpw, Rk and (g — 2),

Theory: 1) Leptoquarks
arXiv:1511.01900
e Example: “Bauer/Neubert” model ¢
- Leptoquark m, ~ 1 TeV _ - <
- g-2 b g < ¢ T
- R(D¥) \
- Ry 1%

- b->c : tree level, b>s : loop level

Ly u§ALer ¢*—diALvLd* +uG Al e ¢* ”

e Predictions: b
— 1o effects on BR(Z>uu)
- B-mixing affected
- (BR(h=>T11)~1077)
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T h e O ry : 2 ) h e a Vy Z ’ Admir Greljo®?, Gino Isidori®*, David Marzocca®

On the breaking of Lepton Flavor Universality in B decays

e Example: “Isidori” model

arXiv:1506.01705
C

New Z’ boson

Relatively simple model
/

Describes all (most?) data

A

- Extra SU(2),_ symmetry, coupling to 3™ gen 0,
_ . . . . /
Ji = gg)i; (QEWMTQQ‘7L> + gey; ( ZL%TGLJL) AL = 0i303; 5

e Predictions:

b >

CNP10=_CNP9
T,M difference universal: R(D)=R(D*)=R(A_)=... ~ 30%
e, M difference: ~1-2% 4+

/

AN

B-mixing: 10% deviations from SM
T>MMM not far from present bound
No coupling to bosons, so cannot explain diboson excess...

Z’ >tt,bb,TT not very easy in ATLAS, most stringent constraint from
m(Z’ >1T1)>300 GeV, ruling out most minimal version of this model!

151



LPT-ORSAY/15-68
FET-2015-20
8 5 ZU-TH-16/15
SL-HEP-2015-10 June 2015
Global analysis of b — sff anomalies
- Sébastien Descotes-Genon On the breaking of Lepton Flavor Universality in B decays
= Laboratoire de Physique Théorique, ONRS, Univ. Paris-Sud, Université Paris-Saclay, v
[ 91405 Orsay, France <;| Admir Greljo®", Gino Isidori®¢, David Marzocca®
5 —
o =
=T Fl LMU-ASC 22/15, IFIC/15-23, FLAVOUR(267T104)-ERC-95
- Institut — Family non-universal Z' models with protected flavor-changing interactions
= Pt i .
— D Alejandro Celis,"* Javier Fuentes-Martin,® ! Martin Jung,®% ¥ and Hugo Serédio® ¥
=y UdeM-GPP-TH-14-230 &, ’ * Luduwig-Mazimilians- Universitit Manchen, Fakultdt fir J*Awf
5 UMISS-HEP-2014-03 L Amold Sommerfeld Center for Theoretical Physics, 80333 Minchen, Germany
= =, L 2Instituto de Fisica Corpuscular, Universita de Valéncia - GSIC, Apt. Correus 22085, E-{6071 Valincia, Spain
— n vij STUM Institute for Advanced Study, Lichtenbergstr. 2a, D-8574¥ Garching, Germany.
— . . ol ity ( * Breellence Cluster Universe, Technische Universitat Minchen, Boltzmannstr. 2, D-S57{8 Garching, Cermany,
> Simultaneous Explanation of the > both ¥ Department of Physics, Korea Advanced Institute of Science and Technology,
& > #5 Cwahak-m, Yuscong-gu, Dacgeon 305701, Repubisc of Korea
A Ry and R(D(*)) Puzzles = that (Dated: June 29, 2015)
ol coup
<+ v = signi o
~ oy = creas w0
= o = O P ) i MITP/15-100
— I N CERN-PH-TH-2015-091 = P - <t Navember 9, 2015
n o = P15-018 — o =t . One Leptoguark to Rule Them All:
I b Lepton-flavour violating B decays in generic Z’ models (N o] = - A Minimal Explanation for Rpe), Ric and (g — 2),
'y' th f Andreas Crivellin,' Lars Hofer? Joaquim Matias,?® Ulrich Nierste.® Stefan Pokorski.* and Janusz Rosiek? >fi vect = Martin Bauer® and Matthias Neubert®®
= en] {CERN Theory Division, CH-1211 Geneva 29, Switserland = non-g o 9 nstifud fiir Theoretische Physik, Universitt Heidelbery, Philosophenwen 16, 69120 Heidelberg. Germany
« — 2 Universitat Autémoma de Barcelona, 08199 Bellaterra, Borcelona, Spain high] PPRISMA Cluster of Excellence & MITP, Johannes Gutenbery University, 55099 Mainz, Germany
= Institut fir Theoretische Teilchenphysik, Karlsruhe Institute of Technology, 76128 Karlaruke, Germany The Standar, ©Depariment of Physics & LEPP, Cornell University, Ithaca, NY 1§85, U.S.A.
of T =" tions [1], based]
noe T il o b CERN-PH-TH-2014-220
o = oo A lnst decades -PH-TI-2014-2
= D physics (NP) s LAPTH-227/14
a1 - e = volve a very b
ol - " — vor structure, of
! p—— At pre: o s as Tas performed s i H i
I P I . New physics in b —+ s transitions after LHC run 1 [ B Lepton Flavor Violation in B Decays?
o = JOSTRN e o oot 2 i
. ~ the . ) o \ . . .
o (L=ef 1 e Wolfgang Altmannshofer® and David M. Straub® S cmmlvamei > peremen Sheldon L. Glashow'*, Diego Guadagnoli* and Kenneth Lane'#
— diction a9 for €0 ity at the 23% ©  LHC man 1 ’ 8 § Tniversity
- wewpl| 2 P @ Perimeter Institute for Theoretical Physics, 31 Caroline St. N, Waterloo, Ontario, Canada N2L 2Y5 S teobsenable ] 2 i, Department of Physics, Boston University
o particl s ¥ Breellence Cluster Universe, TUM, Boltzmannstr. 2, 85748 Garching, Germany pt} | v largely consid 590 Commonwealth Avenue, Boston, Massachusetts 02215
£ Mol & 5 @ vith 200 s anomalis of 2L ahoratoire d'Annecyle. Views de Physioue Théori
= nm“o? [} v Eomail . stituto.ca, david de wn }:;{:r:.;amr. 8 = reinforced by aboratoire d’Anneey-le-Vieux de Physique Théorique
= . :p b=y N - = ‘;‘x‘;\;ﬁ";];l UMRS5108, Université de Savoie, CNRS
= = — = (i) Sizable cor & ampe ol . y
e = . ) £ the SM expe P. 7. . -x, Fra
the dof T We present results of global fits of all relevant experimental data on rare b — s = o o] 2 vl B.P. 110, F-74941, Annecy-le-Vieux Cedex, France
O While most decays. We observe significant tensions between the Standard Model predictions. < ’ = ] = - ..
=, their Standard and the data. ARer critically reviewing the possible sources of theoretical uncer- Extensions of 4 & November 17, 2014
exceptions in s tainties, we find that within the Standard Model, the tensions could be explained if U(1) factor ar = >
< ‘ “ could explain Anexcessof | 5
<+ fora recent rev S
o a e unaccounted hadronie effects much larger than our estimates. Assuming ations have e = by Babar [1] -3
go  [forthe violatior hadronic uncertainties are estimated in a sufficiently conservative way, we discuss U models b ot be oxpla] 2
e B . BB the implications of the experimental results on new physics, both model indepen- many years, s = models. Th{ =F Abstract
2q0] T dently as well as in the context of the minimal supersymmetric standard model ever, the majol O tmtﬁ Nth‘t‘h - The LHCb Collaboration’s measurement of By — BB+ — K*u*u=)/B(B* —
af T 5 ‘ . ) g ‘ - T confrmed by] laboration’s measureme: !
Sl D wnich deviates | A and models with Havour-changing 2" bosons. We discuss in detail the violation N  decaysarem] = K*ete) lies 2.60 below the Standard Model prediction. Several groups suggest this
bl < EM 10003 T of lepton flavour universality as hinted by the current data and make predictions. , lgenewpl| o ) -
= " o ) Arge new-pl e deficit to result from new lepton non-u ctions of muons. But non-universal
O hareporteddd O for additional lepton flavour universality tests that can be performed in the future. - sepndrocoion]  —  explin thed| L 0 e .
T edemB g — We fnd thar the ratio of the Porwand-backward ssymmerria in B 3 K'u p and freesan] a5 leptonic interactions imply lepton flavor violation in B-decays at rates much larger than
T ablecalled L by - - . . marinjungoud 2 ol Belle | o are expected in the Standard Model. A simple model shows that these rates could
e Bl = B — K*c*e™ at low dilepton invariant mass is a particularly sensitive probe of heodonia] L7 Pendfdel < §
disagrecs with a lepton flavour universality and allows to distinguish between different new physics Al =S, & lie just below current limits. An interesting conscquence of our model, that B(Ba —+
>,’~ Interestingly| N scenarios that give the best description of the current data. @ ) H i )erp/B(Bs — pp~)sa = Ry =2 0.75, is compatible with recent measurements of
S = mod 5 from lepton 1| 17 these rates. We stress the importance of searches for lepton flavor violations, especially
3;1?:1:2 p‘t\rl;‘o ; = Contents 1 l\r: for B — Kpe, Kpr and By — pe, pr
5 e S R == X
erator Oy that <=
sencouraging{ T L. Introduction 2 —
R withoge 7, inthedilepto  —
for B = Kol o 2. Observables and uncertainties 3 reported by 1) =
into account 1 Effective Hamil s hadronic und
released by the] ey fective Hamiltonian - physics. Eq| 5
nificance is fou] 7 BoKp'p™ oo 1 lar ohservabl]  : =
ouly, and 3,134 B Kyt~ and B - Ky 6 by LHCD 1 24
Manymodel{ = Beob OU e 8 hadronie une| 5
contain a he — duced by loof
35“* a “]“”:‘[; u 3. Global numerical analysis 9
o couples il v 3.1. Fit methodology . .. ...... J A 9
f 3.2, Compatibility of the data with the SM 1
= 3.3. New physics in a single Wilson coefficient 16
3.4, Constraints on pairs of Wilson coefficients 18
3.5. Minimal Flavour Violation . . 19
3.6, Testing lepton flavour universality 20
*slgGiphysics. bu.cdu
4. Constraints on new physics models 23 +diego. guadagnoliGlapth.cnrs.fr
4.1. SUSY models with generic flavour violation 23 Hlanc physics. bu.cdu
4.2, Flavour changing Z' bosons . . . 23
1
1

152



Interpretations

Descotes-Genon, Matias,
Virto

Altmannshofer, Straub

Glashow, Guadagnoli,
Lane

Bhattacharya, Datta,
London, Shivashankara

Crivellin, Hofer, Matias,
Nierste, Pokorski, Rosiek

Celis, Fuentes-Martin,
Jung, Serodio

Greljo, Isidori, Marzocca

Buras, Butazzo, Knegjens
De Fazio

Hiller, Schmaltz
Becirevi¢, Fajfer, Kosnik
Freytsis, Ligeti,

Ruderman

Bauer, Neubert

Model independent

Model independent

zZ W’

Z' SU(3),

Leptoquark

Leptoquark
(scalar, or vector)

Leptoquark
(scalar/vector)

Leptoquark
(scalar)

b->sll, b> sy
b->sll, b> sy
BO>K*uy, Ry,
B>

R, R(D*)

B2K*uu, Ry
(723U, pey,
g-2, B-mix)

BOK*up, Ry
BO%K*IJIJ/ RK/ R(D*)/
723U, B-mix, B=2>Xv
€7, K, 2up, BLup
R¢ b=> suu
BR(B>Kuy), BL>uu

R(D*),B* 21U

RK/ R(D*)/ g_2
(B-mix, T2uy, D2uu)

* CgNP='1
. CNP10=_CNP9

. CgNP:_l
. CNP10=_CNP9

LFNU > LFV
R(D)=R(D*)

1) CNP1p=0 2) CNP ;=-CNPy
Limits on B=2>(K)ue.
(h>pv 1503.03477)

RK=RK*
R(D)=R(D*),
Duv/Dev ~ 1-2%

K=>nvv, BO2>K*uu
my.~3 TeV

Cg, ='C10, 7 RK=0-88

B*/B- CPV,
D-=>nvv~10->

BR(Z>uu), B-mix
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1307.5683
1510.04239

1411.3161
1503.06199

1411.0565
1507.01412
1412.7164

1504.07928

1505.03079
1506.01705
1507.08672
1512.02869
1408.1627

1503.09024
1511.06024

1506.08896

1511.01900



New physics?

e More involved Standard Model calculatiol

e Statistical fluctuations?

e Or first hints for new particles??

>

Leptoquark ?

Couples to quark and leptons

Explaining many open questions
e g-2, B2>Kuu, B>D*uv, diphoton

Z ?

New symmetry, new boson (force)

Explaining many open questions
o B-2>Kuu, B=>D*uv

K*

L

Y

<P

t

.
/
<

> 2
7
S
-
ut
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The need for more precision

Imagine if Fitch and Cronin had stopped at the 1% level,
how much physics would have been missed”

— A.Soni

. “A special search at Dubna was carried out by Okonov and
his group. They did not find a single K °>n*n™ 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.”

— L.Okun

(remember: B(K °—>mn*n™) ~ 2 1073)

ICHEP 2016 -- I. Shipsey




Backups

M “Extraordinary claims require Extraordinary evidence”
1 — C. Sagan
) 2
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Strange
e New field within LHCb
e Dedicated triggers

LHCb Preliminary

b

500 550 600
m,., (MeV/c?)

LHCb-CONF-2016-012

e Rich program:
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e BR<58x10°@90% CL
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Strange

e New field within LHCb HyperCP Coll. 1
e Dedicated triggers %] (b)
%‘ 2 7 # Data
e Rich program: 3 = I
- (Tp] 1
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Searches

Dark photons, Majorana, light scalars

50

[UH & Kamenik, 1601.05110]

Light scalars
- A>pu

Majorana neutrino’s
—_ B+9 n-u+u+
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Common misunderstandings

1)
2)
3)
4)
5)

CP violation # Baryon number violation

Meson mixing # CP violation

Mixing phase ¢, # Mixing phase @,

CP violation in Kaon system # CPV in decay K 2> 1t

K # CP eigenstate
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Impr

LHCb = more than

heavy flavour
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