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Introductory remarks

The extensive experimental and theoretical explorations of flavor-
changing processes in the past decades have taught us a great deal
about the structure of the fundamental interactions and the properties of
elementary particles at and beyond the electroweak scale.

While the discovery of the massive electroweak gauge bosons W and Z
(1983), of the last missing third-generation fermions t and v (1995 and
2000), and of the Higgs boson (2012) have confirmed the particle content
of the Standard Model (SM), precision measurements of couplings (in
particular the Yukawa couplings) have confirmed the deeper structure of
the SM as the correct (effective) qguantum theory of the weak scale.

Today, and even more so in the coming decades, flavor physics and
precision collider physics (LHC, ILC and beyond) provide complementary
and competitive tools to probe for physics beyond the SM.
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Flavor physics in the Standard Model



Flavor physics in the Standard Model

The SM description of flavor and CP violation originating only from the
weak charged-current interactions and described by the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix has been spectacularly

confirmed by the B-factory program (ARGUS, CLEO, BaBar, Belle, CDF,
DO, LHCDb, ATLAS, CMS):
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Flavor physics in the Standard Model

The SM description of flavor and CP violation originating only from the
weak charged-current interactions and described by the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix has been spectacularly
confirmed by the B-factory program (ARGUS, CLEO, BaBar, Belle, CDF,
DO, LHCb, ATLAS, CMS):
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Flavor physics in the Standard Model

The CKM mechanism explains all flavor phenomena studied so far, often
with incredible precision.

A few ~30 “anomalies” exist and should be studied seriously; often such
anomalies have disappeared with more data and improved theoretical
analyses.
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Flavor physics in the Standard Model

The CKM paradigm does not explain:
- the hierarchies of fermion masses and mixing angles

ne origin of fermion generations

t
- the mechanism of baryogenesis
t

ne matter-antimatter asymmetry in the Universe

We do not understand the SM before we have an answer to these
questions, which call for a deeper theory of flavor.

The flavor puzzle is one of the few robust reasons (besides the existence
of dark matter) for why we need to keep searching for new physics!



Flavor physics in the Standard Model

But we have learned much more!

The minimal model of electroweak symmetry breaking via the vacuum
expectation value of a single scalar doublet ¢ predicts the absence of
tree-level flavor-changing neutral currents (FCNCs), since the
couplings of the neutral bosons Z and H (and, more trivially, of y and g)
are automatically flavor diagonal!

FCNCs in the SM are small due to their loop and GIM suppression — a
wonderful protection mechanism!



Flavor physics in the Standard Model

Extensions of the SM such as two-Higgs doublet models, SUSY models,
extended gauge models (Z’), ... tend to predict large FCNCs and can thus
give rise to visible effects in many observables:

ex, B— Xy, Bs = nu u~, K — v, D—D mixing, ...

This is a huge constraint on BSM model building!

In fact, flavor data and the existence of dark matter are the most robust
constraints we have on model building (the role of “naturalness” is
currenty being questioned in view of the absence of new colored particles
at the LHC).



Flavor physics beyond the Standard Model



Flavor structure beyond the SM

FCNCs provide prime tools to probe the SM at the quantum level and
search for (even minute) hints of new interactions or the existence of new
virtual particles:
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Flavor structure beyond the SM

FCNCs provide prime tools to probe the SM at the quantum level and
search for (even minute) hints of new interactions or the existence of new
virtual particles:
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Example 1: Rare leptonic decays Bsia— ptp-

Generically, very large deviations from
the SM predictions for the Bqs—pty-
rates are expected in SUSY models,
unless one imposes some ad hoc flavor
structure such as MFV to keep these

corrections small:
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Much smaller corrections are predicted
in dynamical flavor models such as
warped extra dimensions (RS models),
since the RS-GIM mechanism naturally
suppresses flavor-changing interactions
of light fermions:
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Example 1: Rare leptonic decays Bsia— ptp-

Generically, very large deviations from Much smaller corrections are predicted
the SM predictions for the Bas—pty iIn dynamical flavor models such as
rates are expected in SUSY models, warped extra dimensions (RS models),
unless one imposes some ad hoc flavor since the RS-GIM mechanism naturally
structure such as MFV to keep these suppresses flavor-changing interactions
corrections small: of light fermions:
60 ) m 20
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Example 2: Split SUSY with PeV-scale sfermions

Generically large SUSY flavor effects can be tamed by raising the mass
scale of scalar super-partners into the 1000-TeV range (which also helps
explaining their non-observation at the LHC:-)

: mass |TeV
This has several advantages: ;[ |

a 125 GeV Higgs can be accommodated i

effortlessly

heavy sfermions open up the possibility of

radiatively generating fermion mass hierarchies G0 HO* A
. . . 3 —-
gaugino masses from anomaly mediation area " ;=
loop factor below the gravitino mass
Such split-SUSY models change the perspective on )
: g
flavor physics, too! 5
=7 W

Hall, Nomura; Arvanitaki et al.; Kane et al.; 1|
Yanagida et al.; Wells; Arkani-Hamed et al.
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Example 2: Split SUSY with PeV-scale sfermions

Generically large SUSY flavor effects can be tamed by raising the mass
scale of scalar super-partners into the 1000-TeV range (which also helps
explaining their non-observation at the LHC:-)

. mass |TeV
For TeV-scale sfermions: .[ |

. SUSY flavor problem: extensive contributions 1" T
to many low-energy observables

For PeV-scale (~1000 TeV) sfermions:

- SUSY flavor opportunities: a large number of |
low-energy observables can be sensitive to | ——— },6
sfermion masses far beyond the reach of LHC

Altmannshofer, Harnik, Zupan (2013)

- ’-’Lfi’:a HO*E A
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Example 2: Split SUSY with PeV-scale sfermions

Present constraints:
mgl=1Imy|=3TeV, [mgz|=10TeV
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Observations:
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Example 2: Split SUSY with PeV-scale sfermions

Future constraints:

mgl=|my|=3TeV, |mgz|=10TeV
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N
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Flavor structure beyond the SM

Flavor violation is a generic feature of any BSM physics, since a priori
there is no reason why the flavor orientation of the couplings of some
new particle(s) should be aligned with the CKM matrix!

The concept of minimal flavor violation (MFV) is often invoked to tame
flavor effects in BSM models.

Without an underlying theory based on flavor symmetries and their
dynamical breaking, MFV is a only paradigm but not a well motivated

model.
Y.,

misalignment

CKM
matrix

sources of
or breaking

flavor space
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Flavor structure beyond the SM

Simple example:

\; -
L= Lsnm Ag (qu%) Qrup ¢ + h.c.

EWSB & rotation to mass basis

\4

i Agashe, Contino (2009)
LS — g Yi; Hupup + h.c. Azatov, Toharia, Zhu (2009)

with: *J

Y7;j: - >\z’j§ E\IUL)\U;

This gives rise to flavor-changing Higgs couplings and top-quark FCNCs,
unless the matrix Aj is by chance aligned with the SM Yukawa matrix yi!
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Flavor structure beyond the SM

In the SM, FCNC decays of the top-quark are strongly loop, CKM and
GIM suppressed:

3 _
M ~ 32\/§7T2-yt U.Q Crtrh

Br(t — ch) ~3-107", Br(t — uh) ~2-10"'7

Observing these decays would be a clear signal of new physics,
presumably of TeV-scale origin.
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Flavor structure beyond the SM

Concrete models offering a compelling approach to the flavor problem
(Froggatt-Nielsen, warped extra dimensions, partial compositeness, ...)
typically predict some departures from the MFV paradigm due to
additional sources of flavor and CP violation not encoded in the SM

Yukawa couplings!

It is important to probe as many flavor observables as possible, without
assuming model-dependent correlations!

15



Flavor structure beyond the SM

Randall-Sundrum (RS) models as an example:

Higgs sector

R

2
Z> (Wudx“d:c” s de) /

0) 7 14 21 28 37
In(z/R) Randall, Sundrum (1999)

The localization of fermions along the extra dimension depends exponen-

tially on O(1) parameters related to the 5D masses. As a result, the overlap

iIntegrals with the Higgs profile are exponentially small for light quarks.
Grossman, MN (1999); Ghergetta, Pomarol (2000) ¢



Flavor structure beyond the SM

F(Q11)
> < ;K L F(Qur)F(dr) F(Q21)F(sr)
F(Q2r) i

Tree-level quark FCNCs are induced by the virtual exchange of Kaluza-

Klein (KK) resonances (including gluons). Huber (2003); Burdman (2003)
Agashe et al. (2004); Casagrande et al. (2008)

The resulting FCNC couplings depend on the same exponentially small
overlap integrals F(Q1), F(gr) that generate the fermion masses.

As a result, FCNCs involving light quarks are strongly suppressed:
RS-GIM mechanism Agashe et al. (2004)

This mechanism suffices to suppress most
of the dangerous FCNC couplings!
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Flavor structure beyond the SM

Predictions for top-quark FCNCs in the RS model with custodial

protection:
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Anomalies: B — K™~ angular distributions

A few “anomalies” exist in the LHCb data on FCNC processes of the type
b — s1T1~ and in the global unitarity-triangle fit. Their status is currently
under intense debate. New data will help, but also some theory questions
need to be addressed.

| w(s)
4 i i Factorisation
B — K*l™l™ 3 W(3770) W(4160) LHCb —
. ————r—r—r L2 + "
X LHCb SM Predictions 7 lE'D \11(4040)
0.6:+— 1308.1707 N {1 L +
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I o . Se
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Matias, Mescia, Ramon, Virto (2012) Lyon, Zwicky (2014)
Descotes-Genon, Matias, Ramon, Virto (2012)
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Anomalies: Lepton non-universality in B — K11~

A few “anomalies” exist in the LHCb data on FCNC processes of the type
b — s1T1~ and in the global unitarity-triangle fit. Their status is currently
under intense debate. New data will help, but also some theory questions
need to be addressed.

Naive account of QED radiative corrections
based on inclusive decay:

——[HCb —=—BaBar ——Belle ——[LHCb —=—BaBar ——Belle
~— [T T T T T T T T LA B —~|— 2 | AL IR LI B
'<|b [LHCb-TALK-2014-108 | LHCb | x| | Rx LHCb :
S 15k ! . S sk AN ! -
N [ I i N[ \
Tl T I
5 & o SM - & & cl | SM
== : | = T -
- mOS— _: - mOS— R%lewLO(aan—g)_:
L 2.60 - . 2.60 '
m O | | PR | m 0 | PR I T T S N S S SR S NN T
0 5 10 15 20 0 5 10 15 20
q* [GeV?#/c# q* [GeV?#/c#

Huber, Misiak, Lunghi, Wyler (2005)
Bobeth, Hiller, Piranishvili (2007)
U. Haisch (priv. com.) 20



Anomalies: Tension in global UT fit (ex vs. sin2[3)

A few “anomalies” exist in the LHCb data on FCNC processes of the type
b — s1T1~ and in the global unitarity-triangle fit. Their status is currently

under intense debate. New data will help, but also some theory questions
need to be addressed.

UT fit without ek

0.5 FEEEE—

* Errors from lattice QCD ?

* Problems in the determination
Of |Vub| ?

0.2 00 0.2 0.4
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Exploring terra incognita ... the tedious way

In the absence of new-physics signals
in the form of light (i.e. TeV-scale) new
particles, BSM effects can be parame-
terized model independently in terms
of higher-dimensional operators
composed of the known (SM) fields:

» 59 dimension-6 operators for one fermion generation

« 2499 operators for three generations

Flavor observables are crucial in order to explore this enormous
parameter space!

The lepton sector plays a special role, because any signal of lepton flavor
violation (such as neutrino oscillations) is an effect of BSM physics!

22



Exploring terra incognita ... the tedious way

The effective Lagrangian encoding BSM effects up to operator dimension
d=6 reads:

1 1 1
Lon =L+ 7> G0 + 55 G000 +0 <—)
k k

A? A3

unigue operator (neutrino masses):
Quy — (@TZP)TC(@TZT)
Weinberg (1979)
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Exploring terra incognita ... the tedious way

The effective Lagrangian encoding BSM effects up to operator dimension
d=6 reads:

1 1 1
Lon =L+ 7> G0 + 55 G000 +0 <F)
k

k

X3 ¢ and ¢*D? 2p°
Qo | FEeGmGEGen | g, - (;@3 0., Zi:;)(zpw) 59 operator (x flavor quantum numbers)
g | [EOGGHalr | Qo | (Plo0le) | Que | (#T0)(Gu)
Qu | NWIWIWE | Qup | (#1D"0) (¢'Dup) | Que | (10N apdr) Buchmdtiller, Wyler (1986)
Q| M W W Wy Hagiwara et al. (1987 & 1993)
X" VX vie'D Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)

_ <> _
ope ploGAGY | Quv | Goe)T oW, || QY | (#liD, o) (1n"1,)
~ _ <> _
Qo plo G, G Qen | (l,o"e)pBy, QW | (¢!iD] o)(l,ry41,)
@ ¢ -
Qow | @loWLW | Que | (3o T u,)p G, | Qpe | (¢1iD, )
—~ <>
Qv | ¢leWiLWi | Quv | (G u)T e Wy, % | (gD, )
<>
QB ol By, B Qup | (30" u;)P By & | (¢'iDI ) (G q,)
~ <>
Qcpﬁ QOTQO B/WBIW QdG (qPUuVTAdT)CP Gﬁy Qcpu (@Ti Du 90) u
<> _
Qewn | @'l WLB™ || Quw | (Go"d )T Wi, | Qua | (¢'iD,¢)
Quip | ¢TeWLB™ | Q| (G0 d)¢Bu | Qua | H(@'Dup)(ay"d,)
%)

Operators other than four-fermion operators 23



Exploring terra incognita

the tedious way

The effective Lagrangian encoding BSM effects up to operator dimension
d=6 reads:

(4)
Loy = Lsiy + AZC Qk

+ e o ()

59 operator (x flavor quantum numbers)

Buchmuller, Wyler (1986)
Hagiwara et al. (1987 & 1993)
Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Lpyulr) (151 Qe (Epyuer) (Eer) Qe (Lpyulr) (€57 er)
W @) @) | Que | () (@) || Qu | (Gl (@)
9 @ e) @ T a) | Qua (dypyudy) (dsy*dy) Qua (LpYulr) (dsy"dy)
QW | Gl @ a) | Qe | Een) @t u) | Qe | (@uar) (@ er)
QY | ") @ ') | Qea | (@uer)(diydy) W (@) (@)
QW | () (deydy) O | (@rnTAg) (sy T )
Q) | (@ T u ) (AP TAdy) | QY | (@yuar) (i dy)
Q) | (@1 T4q,) (dyTAdy)
(LR)(RL) and (LR)(LR) B-violating
Qledq (Be)(dsq)) Qauq eMey, [(dg)"Cuf] [(q7)Cl]
Qioa | @u)ein(@d) | Quga ey, [(59)TCqf¥] [(ul)"Cer)
Qi | (@TAu)ein(@T4d)) | Qb e juemn [(a57)7Caf¥] [(g7™) " Cly]
Qlew | (He)eju(ghu) on e (r12) i (718)mn [(457)TC 2] [(q7™)TClY]
Q2. | Houwe)en@ o u) | Quu e [(d9)TCuf] [(u)TCey]

Four-fermion operators
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Global fits of Wilson coefficients in b — s+, slT1™

Flavor observables are crucial in order to explore the enormous
parameter space of the effective BSM Lagrangian!

A global analysis of the experimental dataon 5 — X;v, B - K™+, and
B — K(*)M+M_ decay distributions provides information about various
operator coefficients (all defined to vanish in the SM):

0.6F
04F
0.2f

0.0

Re(C,)

—0.2 I

~0.4f

_06_ ] T T S S S S H S N MR
06 -04 -02 00 02 04 06 3 2 -1 o 1 s 3

Re(C;\]P) Re(C%\g)P) ~ Re(Cé\IP)
NP
Altmannshofer, Straub (2013) [ Com =—-1.0+03 )
: : Co=+1.0+0.5
A first hint? - 24




Exploring terra incognita ... the pleasant way

In the fortunate case of the discovery
of any new particle, this will directly
open up a new territory for flavor
physics!

In the past years, we have performed
extensive searches for flavor-changing
Z-boson couplings and probed the
flavor-changing top-quark couplings
with great accuracy.

After the Higgs discovery, the study of flavor-changing Higgs

couplings is of great importance — this includes lepton-flavor violating
modes! Drey, Efrati, Hochberg, Nir (2013)

The discovery of new particles Z’, ¢, y*, H*, ... would open the door to
new flavor and CP-violating phenomenal

25



Exploring terra incognita ... the pleasant way

A first promising study of the lepton-flavor violating H—tp decay has
recently been reported by CMS:

CMS preliminary 19.7 fb”, /s =8 TeV

CMS preliminary _ 19.7 fb”, s = 8 TeV
MTad,OJetSII:IllllIllllllllllll

h —
2.35% (exp.) - ® Observed E‘

2.94% (obs.) X Expected 4 >

ut , 1 Jet
had - Expected + 10

2.10% (exp.)
2.11% (obs.) Expected + 20
ut , 2 Jets
had

1.95% (exp.)
3.29% (obs.)
ut, 0 Jets

1.32% (exp.)
2.04% (obs.)

-----------------------------

- -
-~
-~

ut, 1 Jet

1.66% (exp.)
2.38% (obs.)

uT, 2 Jets

3.84% (obs.)

h—ut
0.75% (exp.) I ®
1.57% (obs.) .
IIIIII | | | | | | | | | | | | | | |

0 2 4 6 8 I1O
95% CL Limit on Br(h—>ut), %

Limit on BR(h — pt) =1.57% (0.75 expected)!| CMS PAS HIG-14-005 wt

e0b>HE e




Complementarity

1




Complementary ways of probing new physics ...

In the 1990s and even well into the era of the B-factories, flavor physics
and physics at the energy frontier were too often seen as different
branches of particle physics.

Fortunately, this is no longer the case. Now flavor physics is (and should
remain) a crucial component of a comprehensive high-energy program!

Flavor observables provide complementary and often competitive
indirect probes of BSM effects, which complement precision studies at
the energy frontier.

Examples:
* generic probes
- triple gauge-boson couplings (TGCs)
. ttZ vertex
EDMs

27



Complementary ways of probing new physics ...

HHiggs — 1.1 =0.1

i fpyy 21t NF

2
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=
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3TeV, N =dr

MB—),LL_I_ _08i02

+

b e H
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R _~14+
>>vvmc( gty PViViP A2
S 0w
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Complementary ways of probing new physics ...

HHiggs — 1.1 =0.1

MB—),LL_I_ _08i02

& P N, ot p
fy  — %’ II» Phoyy =1 £ N A2 WV< II» UB.—ptp— = 1+ p

Y

8/ L
y
( ( 47T ( .
N 0.8TeV, N =1 . h 50TeV , anarchic tree
AZ\/O—1U:< AZ\/_X<9|thVtS| ~ ¢
' 3TeV, N =dn R (0.6TeV, MFV loop

Even in the most pessimistic scenario, the sensitivity to the NP scale In
flavor physics at LHCb is comparable to that of the Higgs-couplings
measurements by ATLAS and CMS.
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Precision measurements of Z-boson couplings

In many NP models (MFV, SUSY, partial compositeness, ...), flavor-
changing and flavor-conserving Z-penguin effects are closely related:

bL ST, bL
\ / B Z / CBLZZ?L
> CbrZsy, WAVY) I
S~ +O(M3z)
AC = (—0.16 = 0.53) AC = —0.04 4+ 0.26

Pre LHC, flavor constraints were often not competitive with EWP data.

Bobeth et al. (2005)
Haisch, Weiler (2007)

29



Precision measurements of Z-boson couplings

In many NP models (MFV, SUSY, partial compositeness, ...), flavor-
changing and flavor-conserving Z-penguin effects are closely related:

bL ST, bL
\ / B Z / CBLZZ?L
> CbrZsy, WAVY) I ,
S~ +O(Mz)

i
—0.11 -

AC = - 0.11 AC =

8 £ 0.30 Freitas (2012)

Today, flavor data often provide stronger constraints!

Haisch, Weiler (2007)
Guadagnoli, Isidori (2013)
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Triple gauge-boson couplings

Modifications of the non-abelian gauge vertices (coupling 3 or 4 bosons)
from d=6 operators such as (D, ¢)"(D,®) B*, ... could provide subtle
hints about NP:

A
Lwwv = —1gwwv [gl (W+ W=rVY — le_ V,/W_/’W) + IivW; W - VEY 4 m‘v/v VV+ W_vap’u]

AR~y Ay

: -

These couplings can be probed “indirectly” in flavor physics and
“directly” in di-boson production at colliders.
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Triple gauge-boson couplings

Anomalous TGCs contribute to FCNC processes such as B — K~ u,
B — Xy, By — putu~, € /e, and Z — bb:

5
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04— -_— _
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0310 —005 000 005 010 0.5
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Triple gauge-boson couplings

Direct searches for anomalous TGCs have been performed at Tevatron
and LHC (WW, WZ, Wy, Zy, ... production and H—=Z/Z, ...):

30,4 7\ T P ‘ [ ‘ T T T [

Ak

0.3
0.2
0.1
:
0.

-0.2

' ATLAS WZ — 5

' —0,1 —O 05 O 05 0.1 0.15
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Anomalous ttZ couplings

Searches for anomalous Z-boson couplings to the top-quark can be
performed using flavor data and EWP tests ...

rrent measuremen ecti
0.1 Current measurements 0.1 Future projections

Brod, Greljo, Stamou, Uttayarat (2014)
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Anomalous ttZ couplings

... but also directly in pp — tt + Z production at the LHC:

13TeV, NLO QCD
95 % C.L.limit

Rontsch, Schulze (2014)
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Anomalous ttZ couplings

... but also directly in pp — tt + Z production at the LHC:

AN 13TeV, NLO QCD
95 % C.L. limit

0.1+

flavor

-0.2¢

-0.2 0.0 0.2 0.4

Brod, Greljo, Stamou, Uttayarat (2014)
Rontsch, Schulze (2014)
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Summary

The past years have taught us some lessons:

It pays off to explore theoretically well motivated frontiers of high-
energy physics: Higgs (EWSB, unitarity), CKM, dark matter

But discoveries are not always as easy as predicted by “simple” or
“natural” extensions of the SM (“weaker” theoretical motivation).

- Thus a broad and complementary program is of utmost
iImportance! It must include all aspects of high-energy physics, but
also low-energy probes and astro-particle physics.

Sometimes, breakthrough discoveries can come out of the blue:
- dark energy (who would have thought?)

imagine we would discover Rx # R or Br(H — 1) = 1% ...
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But discoveries are not always as easy as predicted by “simple” or
“natural” extensions of the SM (“weaker” theoretical motivation).

- Thus a broad and complementary program is of utmost
iImportance! It must include all aspects of high-energy physics, but
also low-energy probes and astro-particle physics.

Sometimes, breakthrough discoveries can come out of the blue:
- dark energy (who would have thought?)

imagine we would discover Rx # R or Br(H — i) = 1% ...

We need to keep turning all stones to
find the next piece of the puzzle!
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