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Introduction
|direct vs. indirect searches of New Physics|
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» Introduction

After the discovery of a “Higgs-like” boson with mass around 126 GeV

[consistent with e.w. precision tests & stability bounds], the SM couldn't be in
better shape...
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» Introduction

After the discovery of a “Higgs-like” boson with mass around 126 GeV
[consistent with e.w. precision tests & stability bounds], the SM couldn't be in
better shape...

Still, this theory suffers of a series of theoretical & cosmological problems:
+ Fine-tuning/UV sensitivity of the Higgs-mass term [“hierarchy problem”]
= Unexplained hierarchical structure of the Yukawa couplings [“flavor puzzie”]
~ No explanation for the quantization of the U(1) charges [Ahint of unification?]
= Non coherent inclusion of gravity at the quantum level

= No good candidate for dark matter
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» Introduction

After the discovery of a “Higgs-like” boson with mass around 126 GeV
[consistent with e.w. precision tests & stability bounds], the SM couldn't be in
better shape...

Still, this theory suffers of a series of theoretical & cosmological problems:
+ Fine-tuning/UV sensitivity of the Higgs-mass term [“hierarchy problem”]
= Unexplained hierarchical structure of the Yukawa couplings [“flavor puzzie”]
~ No explanation for the quantization of the U(1) charges [Ahint of unification?]
= Non coherent inclusion of gravity at the quantum level

= No good candidate for dark matter

\{

The SM is likely to be an effective theory, or the low-energy limit of a more
fundamental theory, with new degrees of freedom around or above the
electroweak scale (i.e. around or above 1 TeV).
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» Introduction

After the discovery of a “Higgs-like” boson with mass around 126 GeV
[consistent with e.w. precision tests & stability bounds], the SM couldn't be in
better shape...

Still, this theory suffers of a series of theoretical & cosmological problems:

~[ ~ Fine-tuning/UV sensitivity of the Higgs-mass term [“hierarchy problem”] ]

= Unexplained hierarchical structure of the Yukawa couplings [“flavor puzzie”]
~ No explanation for the quantization of the U(1) charges [Ahint of unification?]
= Non coherent inclusion of gravity at the quantum level

= No good candidate for dark matter

» The only (qualitative) indication of NP around 1 TeV:

Am, 2~ A?
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» [ntroduction
The SM is likely to be an effective theory, or the low-energy limit of a more
fundamental theory, with new degrees of freedom around or above ~ 1 TeV

one of the arguments why we believe

T T . the SM is not a complete theory
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» Introduction

The SM 1s likely to be an effective theory, or the low-energy limit of a more
fundamental theory, with new degrees of freedom around or above ~ 1 TeV

one of the arguments why we believe

T T 7 the SM is not a complete theory

\ key tool to investigate the nature
of physics beyond the SM
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Beside the direct searches of new degrees of freedom

at high energies, the main goal now is to understand if, Higgs physics
and how large, are the additional terms in this series =9 &
(natural to expect non-vanishing couplings in Flavor physics

operators involving )
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o v
V@) =- ¢+ A @0+ YIu v 0% uiv Do o7+

Beside the direct searches of new degrees of freedom

at high energies, the main goal now is to understand if, Higgs physics
and how large, are the additional terms in this series =9 &
(natural to expect non-vanishing couplings in Flavor physics

operators involving )

the (relatively) small value of m, + compatibility of the h couplings with SM
+ absence of NP signals so far

\

NP 1s likely to be weakly coupled with a non-negligible mass gap
(hopefully not too large..) between NP and SM degrees of freedom

\

Indirect searches of NP require high precision,
but are a fundamental ingredient in searching for physics beyond the SM

[CAUTION]

personal
bias...




G. Isidori — Quark & Lepton Flavor connections UK HEP-Forum, Nov 2013

Under very general assumptions (gauge symmetry + absence of new light states)
flavor and e.w. observables used for indirect NP searches can be decomposed as

follows: - -

1 1
My, N
4 4 W
trivial (adimensional)
kinematical --------------+  TTTTTTmmmmooeeee effect.lve
factors couplings

This decomposition is very general: it holds both for forbidden processes
(e.g.: L - €Y) and precision measurements (e.g.: B, - )

\

» The interest of a given obs. depends on the magnitude of cqy; vs. cyp and on the
theoretical error of cgyy — concentrate on clean & rare processes

» No way to disentangle /A & cyp, but fully complementary to direct searches at
high-pr — symmetry-structure of NP & possible access to high scale dynamics
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The present lack of direct signals of NP at the high-energy frontier has reinforced
the interest of indirect searches, given their potential sensitivity to high scales:

CNP (6)
"fof - "%Mw T A0 Oij
N G.1., Perez, Nir '10
o ~ (2013 update)

e’ hd
v

Operator ;' ounds on A in TeV (eyp = 1)“. Bounds on eyp (A = 1 TeV) Observables

Re Im y Re Im

(5.7"dr)* 1 9.8 x 102 1.6x10*  [90x1077 34x107° Amp: ex
(5pdr)(5rdr) | 1.8 x 10* 3.2x10° {69x107° 26 x 10~ Amp: ex

(e ur)® | 1.2 x 103 20x10°  [56x1077 1.0x10~" | Amp:|q/p|, ép
(rur)(crur) | 6.2 x 103 1.5x 104 157x107%  1.1x10"% | Amp: |q¢/p|, ¢p

(bry"dr)* | 6.6 x 10° 93x10° |23x107° 1.1x107° Amp,; Syxs
(brpdp)(brdg) | 2.5 x 103 36x 103 139x10~7 1.9x1077 Amp,; Syxs

(bpy*sp)? | 1.4x 107 25x 102  {50x10° 1.7x107° Amp,; Syg
(bpsp)(brsg) §, 4.8 x 107 83 x 102 §88x10=¢ 29x10°6 Amp,; Sy

If NP is not around the corner, flavor-changing processes might allow to probe high
scales (if the flavor structure of the theory is not trivial)

N.B.: if NP contributes only at the loop level, then A, ~4n m,
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The present lack of direct signals of NP at the high-energy frontier has reinforced
the interest of indirect searches, given their potential sensitivity to high scales:

T Z o PO

eff SM+v /\2 1
1S 1 1 Che _
Thls 1s of course true also pe — v Y2
in the lepton sector: A2 L R uv

A > 4x10° TeV x (cue)V? from BR(p—ey)™ < 57x10°13
MEG '13
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However, we should keep in mind that the constraints on the scale of NP
become much less severe in realistic/motivated models where

the mechanisms of flavor-mixing and fermion masses are linked together
A¢ ol
~ ~

~~ ——

—_—

E.g.: Minimal Flavor Violation

Yukawa couplings as unique sources

of flavor symmetry breaking Chivukula & Georgi, '89

D'Ambrosio, Giudice, G.I., Strumia, '02
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However, we should keep 1n mind that the constraints on the scale of NP
become much less severe in realistic/motivated models where

the mechanisms of flavor-mixing and fermion masses are linked together
A¢ ol
~ ~

~~ ——

—_—

E.g.. Minimal Flavor Violation or Partial Compositeness

Yukawa couplings as unique sources

of flavor symmetry breaking
“Elementary-composite mixing” as

unique source of fermion mass hierarchies
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Mass scale of New Physics (new colored & flavored particles)

Simplifying <1TeV few TeV > few TeV
a complicated
- lti—s’im Direct New Physics searches @ high pT:
problem... S
NP Wlthln dlreCt | NP Wlthln reaCh | NP beyond direct
reach @ & TeV | @ 14 TeV | searches @ LHC
| I
NP effects in Quark Flavor Physics:
Anarchic huge | sizable | sizable/small
[>0O(1) ] | [O(1) ] | [<O) ]
& Small | |
= . .
5 misalignment sizable | small | small/tiny
= (e.g. partial [ O(D) ] | [ O(10%) ] | [ O(1-10%) ]
g compositeness) | |
> .
—  Aligned to 0 | | NOL VISIDIC
&3 | O(10%) | O(1%
SM (MFT) (10%) | [ O%) ] | [<1% ]
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Mass scale of New Physics (new colored & flavored particles)

SM (MFV)

Simplifying <1TeV few TeV > few TeV
a complicated
o lti—Zim Direct New Physics searches @ high pT:
problem... -
thin d#rect | NPwithinreach | Np beyond direct
I QY | @ 14 TeV | searches @ LHC
I I
NP effects in Quark Flavor Physics:
Anarchic | | sizable/small
| . [<0()]
% Small | |
o misalignment | small | small/tiny
(% (e.g. partial | [ O(10%) ] | [ O(1-10%) |
. compositeness) | |
> .
= . . tiny not visible
= Alignedto 00011 foa%)] | [<1%]
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Mass scale of New Physics (new colored & flavored particles)

Simplifying <1TeV few TeV > few TeV
a complicated
- lti—]c?lim. Direct New Physics searches @ high pT:
problem... o
thin d#rect | NPwithinreach | Np beyond direct
; 'V . @ 14 TeV/ consabiac 4
- Ic e 4 | bhoc /1 u%
There is still a wide range of “NP parameter space” that can and need to be
explored (without strong theoretical prejudices) in quark & lepton flavor physics
.
Anarchic sizable/smal
[<O) ]
% Small
©  misalignment small small/tiny
§ (e.g. partial /7 LYWW T N\ [ O(10%) ] [ O(1-10%) 4
tg compositeness) )
> .
I : tiny o#”Vvisible
3 Ahgned to [0(10%)] | [O(l%)]

SM (MFV)

[<1% |
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SUSY & Flavor
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A (very) concise summary about direct searches for New Physics

Despite several efforts, no non-standard state has been discovered so far at the
LHC. Rough summary of the present status of high-energy searches:

©

The Higgs boson is around 125 GeV
= within the “SUSY " region, despite a bit heavier than expected
~ technicolor and most composite-Higgs models somehow disfavored

©

Bounds on generic “colored” new states typically above 1 TeV

©

Colored new states coupled only to 3" gen. quarks still allowed below 1 TeV

©

Bounds on colorless new states still in the few 100 GeV domain

* but definitely not ruled out !

[wide literature...]
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A (very) concise summary about direct searches for New Physics

Despite several efforts, no non-standard state has been discovered so far at the
LHC. Rough summary of the present status of high-energy searches:

©

The Higgs boson is around 125 GeV
= within the “SUSY " region, despite a bit heavier than expected
~ technicolor and most composite-Higgs models somehow disfavored

©

Bounds on generic “colored” new states typically above 1 TeV

©

Colored new states coupled only to 3" gen. quarks still allowed below 1 TeV

©

Bounds on colorless new states still in the few 100 GeV domain

\

= Supersymmetry remains a good candidate : weakly coupled theory + light
Higgs (+ dark-matter & unification)

- The SUSY spectrum is less trivial than expected: only a few new states below
the TeV

- Some tuning in m, is unavoidable: do we really care if the fine-tuning is ~1% ?
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A (very) concise summary about direct searches for New Physics

The strongest bounds on the
SUSY spectrum are on gluinos
and 1¥-2" gen. squarks

They imply an overall heavy
SUSY spectrum only in
simplified models, with a MFV
structure (such as the CMSSM)

Squark-gluino-neutraline model, m{if':l =0 GeV

—— Eﬂm T T 1T 1 I mT I : I LB I ITT TT1 T T TT1 T T TT1 I T T TT1
> B | ' . ' ATLAS Prelminary .
o, B I \  Combines ]
@ 1800 — P . me— CL, ODSERVEA B6% C.L Mt —]
o B I amma CL, median expected imit ]
_E - | % - Expactad imit +1 o ]
= 1600 — Wy [LOl-ATLAS EPS 2011 —
= B R N Lt = a7, -7 Tow ]
L4 — "b\-* ., "-'5-\.‘:"' -= T -
B . ) ]
1400 — — ]
— -.*.-d-\_-- - - .
1200 — M T
= Ty = 110 TS
1000 [ S —
- : -
K -~ 7]
800 ——TT
- . y
B L1 11 I L1 1 1 -I‘.T' B | I L1 11 I L1 11 I L1 11 I L1 L1 a

00
G600 800 1000 1200 1400 1600 1800 2000

gluino mass [GeV]

= Supersymmetry remains a good candidate : weakly coupled theory + light

Higgs (+ dark-matter & unification)

~ The SUSY spectrum is less trivial than expected: only a few new states below

the TeV

- Some tuning in m, is unavoidable: do we really care if the fine-tuning is ~1% ?
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» “Split-family” SUSY

Possible SUSY spectrum still A o

compatible with present data z squarks
that minimizes the fine-tuning 15 TeV —
problem in m >

1.0 TeV

Dimopulos, Giudice, '95 ~
Cohen, Kaplan, Nelson '96 |
+ many others... 0.5 TeV M

o

> Only 3" gen. squarks + Higgsinos need to be “light” to minimize the tuning in m,

» A large stop-mixing term 1s needed to explain m, ~ 125 GeV — large splitting
among the stops — one of the two mass eigenstates (an almost RH stop) could
well be in the few 100 GeV region, with all other colored states above 1 TeV

* The splitting of the 3™ family can be well motivated in flavor models (connection
with large top mass)



G. Isidori — Quark & Lepton Flavor connections UK HEP-Forum, Nov 2013

» “Split-family” SUSY

A scenario that LHC experiments have only started to explore, where

flavor physics definitely plays a key role given the non-trivial flavor

structure of the SUSY spectrum — interesting non-standard effects mediated by
the exchange of the 3™ generation of squarks and leptons:

bQ gW s Possible “visible” effects in

. L e CPV in K mixing (gk)

= - = . CPVinB_, mixing (6.,)
st g@) i b sd 5 \Psd

B TR —t
g (v, 72)
N Possible “visible” effects in

q; (/) ds (53) 9 (Zj) e Direct CPV in charm (Aa.p)
_>_\\'\ """""""""" - »

‘ '  Rare B decays (B, — pp)
S “ g () e LFV (u— ey) & EDMs
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» “Mini-Split” SUSY

If we give-up the goal of minimizing the fine-tuning in mh, retaining other
appealing features of SUSY (such as unification), other options become
possible. A particularly interesting one is the so-called “mini-split” scenario:

* “loop-splitting” between gauginos (~TeV) and sfermions (~10-100 TeV)

» Possible generic flavor structure (no “flavor-tuning” on squarks).

Giudice, Luty, Muraya, Rattazzi, '98
Arvanitaki et al. '12
+ many others...
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» “Mini-Split” SUSY

Also in this case flavor observables may play a key role in finding-evidences or
constraining the model:

mgl=|my|=3TeV, [m;[=10TeV

301 neutron Kaon | |
EDM
Present bounds:
on specific 10p ;
sfermion masses | = | / NG P
by corresponding |~ G .. ——
low-ene = R/ /S | My =1255+] Gey
observables | |\ /& aw\ | T
1 —
30F
Possible ;
Future reach: o ¢
§ I
3_
1 -

Althmanshofer, Harnik, Zupan, '13 mg=mj=|ul (TeV)
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Selected examples in the quark sector

High-quality flavor physics requires a good selection...
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Example [: Z_BS, = U

These modes are a unique source of information about flavor physics beyond the SM:
+ theoretically very clean (virtually no long-distance contributions)
+ particularly sensitive to FCNC scalar currents and FCNC Z penguins

Leading SM VNV m
diagrams
(unitary gauge): N U

: t
o - d)o HR good approx. to the
full SM amplitude

Clean probe of the Yukawa interaction
(— Higgs sector) beyond the tree level
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Example [: Z_BS, = U

These modes are a unique source of information about flavor physics beyond the SM:
+ theoretically very clean (virtually no long-distance contributions)
+ particularly sensitive to FCNC scalar currents and FCNC Z penguins

Leading SM
diagrams

(unitary gauge):

Possible non-SM
contributions:

Relevant for BR = O(SM) Possible large enhancement
(e.g. SUSY @ large tanf)
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Example I B, ; — uu

Recent developments both on the theory and on the experimental side:

[ MS,SM=(3-65i0.23)x10-9J [ BR () = (2.9 + 0.7)x 10" ]

(time-integrated average)

Bobeth, Gorbahn, Hermann, Misiak,

Stamou, Steinhauser '13 LHCb + CMS '13
_|_

progress from Lattice QCD

T e e e e e e e e .-

{ BRy gy = (1.06 £ 0.09)><10'“ﬂ . BR,@P) = (3.6 + 1.5)x1010 |

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

An overall th. error below 5% is definitely
within the reach in the next few years

At this stage there is perfect compatibility,
but we are only at the beginning...
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...and the good agreement with SM has important implications:

E.g.: Impact of the present experimental bound on BR(B,—u1”) in constrained
versions o the MSSM

sd_rediction for BR(B.—

S [Mastercode]

50 : ‘ NUHMI
: Framework

The possible large effects
4.8 occurring in the MSSM at
large tanf} are ruled out

Buchmueller et al. [Mastercode]
13.2  Mahmoudi et al. [Superlso]
Roszkowski ef al

Haisch & Mahmoudi '12

The preferred regions
<  (68% & 95% CL)
do not take into account
the new measurement

00 1000 2000 3000 400
MA[GEW
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...and the good agreement with SM has important implications:

E.g.: Impact of the present experimental bound on BR(B,—u1”) in constrained
versions o the MSSM

60 [Mastercode] Shift in the preferred
<«+— regions (68% & 95% CL)
50 NUHMI with an hypothetical
Framework measurement:
40¢ BRE*P) = (3.5 +1.0)x10"°
&
5 30
+ The impact of B, — up
20 1S even more pronounced in
scenarios such as “split-family”
10 SUSY, if the stop 1s not
too heavy.
% 1000 2000 3000 4000

M ,|GeV]
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=

UK HEP-Forum, Nov 2013

Despite the overall consistency of the CKM picture, looking more closely the
agreement of the various constraints is not perfect. Long-standing tension
between ei (CPV in K mixing) & S, = sin(2f3) (CPV in B, mixing)

SM fit, no €x (no K-meson mix. phase) SM fit, no ¢ (no Bd mix. phase)
05 — 05 F =
04 | 04F
i /
0.3 03F
| . N s
0.2} 02} . NN
0.1F |." E 0.1}
II //‘ | ) E || || |
UD C " 1 . L . v .| - 1 L . L I L 00 -—. . | . . ll/.| . II‘ : | . |
~0.2 0.0 0.2 0.4 02 0.0 02 04
p P

The discrepancy does not exceed the 26 level, but 1s
“Intriguing”, since it appears in two amplitudes
particularly sensitive to NP.

Lunghi & Soni '08
Buras & Guadagnoli '08
Lenz et al. '12
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Example II: AF=2 amplitudes

Best way to clarify the situation: improve the
precisionony and |V ,| — CKM from pure S Two ways to disentangle

tree-level observables (nof easy...) NP in kaon mixing
¥ (as expected in the “split-
Alternative route: compare CKM constraints family” or “mini-split”

from AF=2 with K — nvv (not easy SUSY models)
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Example II: AF=2 amplitudes

Best way to clarify the situation: improve the
precisionony and |V ,| — CKM from pure S Two ways to disentangle

tree-level observables (nof easy...) NP in kaon mixing

¥ (as expected in the “split-
Alternative route: compare CKM constraints family” or “mini-split”
from AF=2 with K — nvv (not easy SUSY models)

Quite interesting to see also what happens in the AF=2 b—s mixing amplitude
(CPV in B, mixing), where the SM prediction is more precise (easier in the short

term, but less conclusive...):

B > U @(fo)
" \a B P4
S
sin(2B,)>M = 0.036 + 0.01 So far, no signs of deviations
sin(2B, )P =-0.01 + 0.07 + 0.01 from the SM, but the precision

LHCB 13 1s not conclusive yet
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Example [II: CP-violation in the charm system

The physics of charm mixing and charm decays (c—u transitions) is quite
different with respect to the B 4 (b—-s,d) and K (s—d) systems.

No top-enhancement of FCNC amplitudes (both AF=2 & AF=1):

ud us ub *In all CP-conserving amplitudes we can safely
VCKM = V. ViV ap.pr.oximate.the CKM ma.trix to a 2x2 .real.
| S mixing matrix, and long-distance contributions
V : V . -
| ts i " th | are largely dominant

» CP-violating amplitudes are not calculable
C /4 u with high-accuracy within the SM, but are

—<IZ:Z7— expected to be very small because of the CKM
7 1 hierarchy = possible interesting null-tests of
, S T+

. the SM
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Example [II: CP-violation in the charm system

The “quasi-evidence” (4c!) of CP violation in two-body Cabibbo-suppressed
charm decays D—KK, nn (c—u+ss,dd) reported by LHCb & other experiments
in 2012 was a big surprise:

[ Adp= acp(KK) - app(m'm) = (0.67 + 0.16)% ]

. . o 0.02
» Unambiguous evidence "g" m A, BaBar
of direct CP violation: 0.015 E_ mmz: LHCb
E 77 AA, CDF Prelim.
0.01 F A, LHCb
_ "_" Ar BaBar
a(dlr) _ r(D_:'PP) T F(D—}PP) 0.005 M__ L0 A Belle
CP — 3
I'(D—PP) + I'(D—PP) “
-0.005 ¢
-0.01
> Totally unexpected, -0.015 | \f(y
- T : Q\\,{ S
at least according to 002 F i R L

predictions e
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Example [II: CP-violation in the charm system

The “quasi-evidence” (4c!) of CP violation in two-body Cabibbo-suppressed
charm decays D—KK, nr (c—u+ss,dd) reported by LHCb & other experiments

in 2012 was a big surprise.

After the 2013 LHCb results this
evidence is much weaker...

e New HFAG average [March ‘13]

Aadl, = (—0.33 £0.12)%

...but the basic question of
what can we expect in the SM
(and what can we learn about
BSM) from direct CP-violation
in Cabibbo-suppressed modes
remains interesting.

CDF

| Bell;e

LHCDb (prompt)
1.0 fb
LH(-jb (semileptonic)
1.0 fb!
Naive average
—&—

AAp (%)
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Example [II: CP-violation in the charm system

A value of Aap, > 0.5% is definitely too large compared to its “natural” SM

expectation, but 1s not large enough, compared to SM uncertainties, to be
considered a clear signal of NP:

Adgp= (0.13%) Im(ARSM)

SN

matrix-element ratio:
CKM

. 13 L)
suppression: penguin
(19 29
tree

S
%
cd

VC *VUS
arg {V v J = O(A%)

AR>1 1s not what we expect for m >> A, p, but is not impossible treating the
charm as a light quark (possible connection with the AlI=1/2 rule in Kaons)

More work (and especially more observables) needed 1n order to clarify the
situation.
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Example [II: CP-violation in the charm system

A value of Aap, > 0.5% is definitely too large compared to its “natural” SM

expectation, but 1s not large enough, compared to SM uncertainties, to be
considered a clear signal of NP.

A value of Aa, > 0.5% fits well in a wide class of NP models predicting sizable
CPV in chromo-magnetic operators (Qy).

g ~Stringent bounds from D meson mixing naturally

/\ satisfied

Ry YL ~Easily generated in various_well-motivated models
(SUSY with partial compositness,....)

~Open window on flavor-mixing in the up sector
(about which we know very little...)
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Example [II: CP-violation in the charm system

A value of Aap, > 0.5% is definitely too large compared to its “natural” SM

expectation, but 1s not large enough, compared to SM uncertainties, to be
considered a clear signal of NP.

A value of Aa, > 0.5% fits well in a wide class of NP models predicting sizable
CPV in chromo-magnetic operators (Qy).

o Y Unavoidable large CPV
: —p (model-independent

/\ /0 \ connection via QCD)

-, ’
_______

CR(L) Up (R CR(L) g U also in the electric-dipole
operators (Q-):

The best way to distinguish SM vs. NP is to look at radiative Cabibbo-suppressed
decays, especially D—Vy or D—V /'~ where the hadronic matrix element of Q,
1s enhanced [ Aap(radiative) ~ 10XAap(non-leptonic)]



G. Isidori — Quark & Lepton Flavor connections

UK HEP-Forum, Nov 2013

What determines the observed pattern of quark & lepton masses?

Tau Neudrino

v

Elacinon Meutring
ko =0

Elaction

Moss: 5

M uan Mawuthing
=0

[+

Kuon

o

Chanm
1500

J

slrange

140

Tau

-

Top

Barlarm
4280

~~
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~ What determines the observed pattern of quark & lepton masses?

Two main roads:

Anarchy The symmetric way
_|_

: : (“The book of nature is written in terms
Anthropic selection

of circles, triangles and other
(“Chance & Necessity” [J. Monod]) geometrical figures...” [G. Galilei])



G. Isidori — Quark & Lepton Flavor connections UK HEP-Forum, Nov 2013

~ What determines the observed pattern of quark & lepton masses?

Two main roads:

Anarchy The symmetric way
_|_

: : (“The book of nature is written in terms
Anthropic selection

of circles, triangles and other

(“Chance & Necessity” [J. Monod]) geometrical figures...” [G. Galilei])
» Many unanswered questions: » Main road of particle physics so far.
It works well for m, , » [t works well in the Yukawa sector
maybe also for m & v mixing (several possible options), less evident,
but what about CIKM and the other but not excluded, in the neutrino case
masses? Why 3 generations? ® “large” flavor symmetry + “small”

breaking 1s the best way to explain the
absence of NP signals so far [and often
» No clear direction for future searches implies visible NP signals with higher

precision].
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The symmetric way [a possible option]

UK HEP-Forum, Nov 2013

Minimally-broken U(2)’ = U(2), xU(2),, xU(2),,
acting on the 1* & 2" generations of quarks

Barbieri ef al. '11
Pomarol, Tommasini, '96

Barbieri, Dvali, Hall, '96

» The exact symmetry limit is good starting point for the SM quark spectrum
(m;=mg=m¢=m =0, Vcxpm=1) — we only need to introduce small breaking terms

Y o (0,0,1)

This symmetry accommodates “naturally”
heavy squarks for the first 2 generations

(in the SUSY context)

The “small & minimal breaking” ensures
small effects in rare processes (in agreement
with present data)

T 93
+ 91,2

Q12

q3
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The symmetric way [a possible option]

Minimally-broken U(2)° = U(Z)Q xU(2), xU2), Barbieri ef al. '11
g : ® 1" Pomarol, Tommasini, '96

. st nd .
acting on the 1™ & 2™ generations of quarks Barbieri, Dvali, Hall, '96

* The exact symmetry limit is good starting point for the SM quark spectrum
(m,=mg=m¢=m =0, Vcgpm=1) — we only need to itroduce small breaking terms

A potential problem of this approach and, more generally, of any approach
attributing a special role to the hierarchies in the Yukawa sector, 1s the problem
of neutrino masses (under the hypothesis we are interested to describe in a
unified way quark and lepton sectors):

= Why neutrino mixing angles are not as small as in the quark sector?

~ Why the mass hierarchies in the neutrino sector are not as large as in the
quark/charged-lepton sector?
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The symmetric way [a possible option]

The only possibility of extending this idea to the neutrino sector,
1s to assume a different initial symmetry for Dirac and Majorna sectors
(or a different initial breaking of some larger flavor symmetry)

The only two small parameters in the neutrino (Majorana) mass matrix are

Am?,| 2
(= = —0.174 4 0.007 .
ﬂmgtm |
s13 = |(Upmns)13] = 0.1540.02 ,

Ca 513 — 0 Amatmz << mv2
M,"M, > m2l+Am, 2% - m} ]

)

oo
== O
- O

M

X
N | =
N
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The symmetric way [a possible option]

Blankenburg, G.1.,

U(3)5 Jones-Perez, '12
LR LL Alonso, Gavela,
Isidori, Maiani, '13
Y o (0,0,1) [ unbroken U(2),xU(2), ] M, o (1,1,1) [ unbroken O(3), ]

Let's assume the Yukawa couplings and the neutrino mass matrix are
dynamical fields of the the MFV flavor group, and that their values are
determined by a minimization principle (e.g. the potential minimum)

“natural solutions” = configurations preserving
maximally unbroken subgroups.

Michel & Radicati, '69
Cabibbo & Maiani, '69
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The symmetric way [a possible option]

uEy
Y o (0,0,1) [ unbroken U(2),xU(2), ] v < (1,1,1) [ unbroken O(3), ]

Alonso, Gavela

Isidori, Maiani, '

A “natural orientation” of O(3), vs. U(2)L preserving an unbroken U(1)
symmetry implies a /4 mixing angle in the PMNS matrix.
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The symmetric way [a possible option]

u@y
iy N;L
100 -
Y oc (0,0,1) [ unbroken U(2), xU(2); ] M oc|l0o0 1 [un ro en]
! ) 0B3);
' 010
A

e same basis -
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The symmetric way [a possible option]

UGy
1 00 brok
Y oc (0,0,1) [ unbroken U(2), xU(2), ] M, |00 1 [““01“03 en]
; . A
---------------------------------------------------------- same basis e
l Sub-leading U(2), breaking l
m resolving 1-2 degeneracy
=0 + S50~ 0().  [sy,]~O(1)
2

M 006 < atrzn =0(e) < [s;3]~0.2 Alonso, Gavela,
m Isidori, Maiani, '13
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The symmetric way [a possible option]

u@y
|
1 00
0.1} 001
010
mg  0.01F +
Anlatm2
0.001 & y T
m,
1074 R R R |
1074 0.001 0.01 0.1 1

M fight

If all this 1s correct... Ov2[3 decay experiments (and maybe KATRIN)
should be very close to observe a positive signal...

UK HEP-Forum, Nov 2013

unbroken
OQ@3),,

oy

O(¢)
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[ Conclusions }

* Despite we have not seen any clear NP signal yet, it is still likely (and
experimentally allowed) to expect some new degrees of freedom around the
TeV scale.

* The absence of NP signal so far fits well with the 1dea of a weakly interacting
extension of the SM + little hierarchy around the e.w. scale + mildly broken
flavor symmetry (coherent picture of precision tests + light Higgs + lack of
deviations from SM at high-pT) — Low-scale supersymmetry remains a good
candidate.

» We have understood that the flavor structure of this weakly interacting extension
of the SM is not trivial, but we have not clearly identified this structure yet
— Improved experiments/searches in flavor physics play a key role in
uncovering the nature of physics beyond the SM
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If all this 1s correct...
— 0v2P decay experiments should be very close to observe a positive signal

... and 1f we add (low-energy) SUSY
— LFV in charged leptons (1 — ey) may also be close to present exp. bounds:

1075

1077}

=~ 1078}
= C
[ |
g 10-°| N.B.: LFV rates
: affected by a
larger uncertainty

107° [ BR ~ 1/m*]

BR(u-e y)
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» Flavor-violating Higgs couplings

If we consider the SM as a low-energy effective theory, it 1s natural to include
possible flavor-violating couplings of the physical Higgs boson.

h-mediated FCNCs are unavoidable in models with more Higgs doublets and,

more generally, can be viewed as the effect of higher-dimensional operators (in the
EFT approach):

Yy v o+ elyrlyr! ¢+
' ax

(VY"+v3el) yilyg! + (Y94 3v7 el) y yplh+

VY o S )
h FCNC couplings if YV #c &¥
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» Flavor-violating Higgs couplings

2.

Strongly bounded by AF=2

(except for terms involving the top)

2.

UK HEP-Forum, Nov 2013

| ij=eur (i#])

cij 0o h + H.c.

(fermion mass-eigenstate basis)

Operator Eff. couplings 95% C.L. Bound Observables
ceft| [Im (cefr)|
(3rdr)(31dR) Csd €3, 1.1x10719% | 41 x 10713 Amg; €k
qi\'//qj (3rdr)?, (5Ldr)? 2, ¢ 2.2x 10710 | 0.8 x 10712
ih (érur)(éLur) Cou €L, 09x107% | .7x 10719 | Amp; |¢/p|,éD
§ (érur)?, (erugr)? ., A, 1.4x107° | 25 x 10710
q; q; brdr)(brdr Cpd C 09x1078 | 27x 1077 | Amg,: Sg,uK
j db d d—Y
_R L) s _L R Cns C U X N X o
brdr)?, (brdg)? 2, c 1.0x107% | 3.0x 107°
_RSL _LSR Cps C. U x 10 A x 10 mpg
b b . 20x 1077 | 20x 1077 Amp,
_RSL \ _LSR cS, C 2 X 10 2 X 10
br s1)?, (brsg)? 2 22x1077 | 2.2x 1077

Blankenburg, Ellis, G.I. '12
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» Flavor-violating Higgs couplings

/_______

N
— : s . | s |
Log = Z Cij did‘%h + Z Cij “L':LHJRh + Z Cij fif“?Rh 1+ H.c.
i,j=d,s,b (i#j) Li=u,ct (i7#]) | Lj=e,u,T (i#]) |
o ] \ _ _ _ _ _ _ _ _/
The bounds are significantly less severe in the
lepton sector, especially for the T and te effective couplings:
Eff. couplings Bound Constraint
y |CerCre|  (|CepCpel) 1.1 x1072 (1.8 x1071h) |dme| < me
I I I IRe(cercre)|  (|Re(cepcue)|) | 0.6 x 1073 (0.6 x 1072) |da.| < 6 x 10712
L e e > Im(cerere)|  (JIm(ceucue)|) | 0.8 x 1078 (0.8 x1077) | |d| < 1.6 x 10727 ecm
E 3 |CprCrpl 2 om,| < m,
IRe(cyrery)| 2 x 1073 |6a,| < 4 x107°
Im(eyrer,) 0.6 | < 1.2 x 1071 ecm
CerCrp|y |Crecur] 1.7 x 1077 B(p — ey) <24 x 10712
leur|?, lerul? 0.9 x 1072 [#] B(t — py) < 4.4 x 1078
Cer|?, |erel? 0.6 x 1072 [¥] B(r —ey) <3.3x10°8
Eff. couplings Bound Constraint.

lCen|?, |epel? | 1x 107 [*] | B(p — ey) < 2.4 x 10712

leur|?, lerul? | 5x 1074 [*] | B(r — puy) < 4.4 x 1078

Cor|®y |Cre x 10 T —ey) <a.ox 10
2 2 1 3x1074[% | B v) < 3.3 x 1078
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» Flavor-violating Higgs couplings

ij=dsh (i£) ig=uct (i) ij=e . (i£5) |

Lg= Y  cjdpdph+ Y e ﬂiuﬁh—:l— S ey G fph+He
\

The bounds are significantly less severe in the
lepton sector, especially for the Ty and te effective couplings.

Taking into account also the smallness of the Higgs width for m ~ 125 GeV
(dominant partial width controlled by y, ~ 0.02)

\

Flavor-changing decays into lepton pairs -with one tau- are not strongly
constrained: BR(h — 1y, 1¢) < 10% — worth a direct search !!

Blankenburg, Ellis, G.I. '12

ATLAS & CMS already have the sensitivity to set bounds

on BR(h — 1 19
(h— ) < 1% Harnik, Kopp, Zupan, '12

Davidson, Verdier, '12
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