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New Physics searches
within Flavour Physics




The SM turns out to be very successful
in describing essentially all processes
But
It is expecetd to be an effective theory valid up to a cutoff scale
as it has some important limits

‘The SM is a quantum theory for strong and electroweak interactions
but NOT for gravitation (Qquantum effecs in gravitation are expected
to become important at very high energies (My~102° GeV))

‘There is cosmological evidence of Dark Matter
(not made up of SM particles) in the Universe




In order to explain the dominance of matter over anti-matter
in the Universe it is crucial to have CP-violation: the phase in the CKM
matrix is not enough to explain the required amount for baryogenesis

‘In the SM the Higgs mass receives large radiative corrections, quadratic
in the cutoff A ~Mp~1023 GeV (energy scale where the SM fails).

In order to have a Higgs mass of O(100 GeV) as known indirectly from
electroweak precision tests, an innatural fine-tuning is required
(hierarchy problem)

‘In the SM neutrinos (v) are assumed massless while the evidence of
oscillations shows that they are massive. The most credited mechanism

to generate v masses is the so called SEE-SAW, where v masses are small
because inversely proportional to a large scale.

It is reasonable to identify this scale with a NP scale where

strong and electroweak interactions unify (GRAND-UNIFICATION)




And, in particular,
our understanding of flavour is UNSATISFACTORY

‘The SM has too many unpredicted parameters . ot
to be fundamental o
(10 only in the quark sector) Sl _c
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‘The CKM matrix turns out to be very hierarchical |§
(while this is not the case for the PMNS matrix

in the lepton sector)
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‘The quark masses have a very peculiar pattern

(over 5 orders of magnitude)
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*The number of families (3) remains unexplained
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It is reasonable and desirable
to think that an explanation is provided
by New Physics (NP) beyond the SM!



Moreover, the solution doesn't seem to be trivial:
the FLAVOUR PROBLEM

"NP is expected at the TeV scale
(in order to solve the hierarchy problem)
but in flavour processes NP effects are not observed

(hinting for NP at higher scales)”

!

The flavour structure of the NP model
cannot be generic




The most appealing and studied NP Models
(the elegant) SuperSymmetry (SUSY)

It is a symmetry that relates the SM elementary particles to
other particles that differ by half a unit of spin (known as superpartners)

-If SUSY were exact partners and superpartners would have the same mass,
but superpartners have never been observed, then SUSY has to be broken

‘The presence of superpartners solves the hierarchy problem by canceling
’quadrm‘ic radiative corrections to the Higgs mass

‘The lightest superpartner can be a candidate for dark matter

-SUSY improves the unification of the strong and electroweak couplings w.r.t.
the SM, providing a framework where Grand-Unification works well |

-Susy is required in String Theory

Figure 5.8: RG evolution of the

inverse gauge couplings agl(d})
f 5 in the Standard Model [dashed
- linez) and the MS5SM (salid lines).
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Figure 1.1: One-lcop quantum corrections to the Higes squared mass parameter :-n%r, dus to (a) a Dirac
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(the revolutionary)
Extra-Dimensions (ED)

I<aluza-kKlein

/’—M\/

-It is based on the idea of having more than 3 spatial dimensions,
with the additional dimensions being compactified

‘It allows to describe gravity together with electroweak and strong

interactions, in spite of the surprising weakness of gravity.
Gravity is the only interaction to live in the extra-dimensions. Gravity could then be equally strong

as the other three forces, but thinly spread throughout many dimensions

‘In the 3 spatial dimensions that we experience, the ED effectively manifest
with new particles (Kaluza-Klein)

*The lightest Kaluza-Klein can be a candidate for dark matter

‘ED are required in String Theory




(the stronqg)
Technicolor

1.

There is not the SM Higgs (which has the hierarchy problem)

2. There is a new (higher scale) strong interaction similar to QCD

3. the new TechniPions generate masses

‘EWPT and even more Flavour constraints

put the Technicolor in troubles

Modern version of TC:

walking TC (nearly-conformal 4d strongly coupled theory AdS/CFT
corresponding to a weakly coupled 5d theory,
having peculiar anomalous dimension of techni-operators
that suppresses NP effects in Flavour)




(the focused)
Little Higgs Models

. The light Higgs is interpreted as a pseudoGoldstone boson
of a spontaneously broken global symmetry (6)

. Gauge and Yukawa couplings of the Higgs are introduced
by gauging a subgroup of G

.~ Dangerous”’ quadratic corrections are avoided at one-loop
through Collective Symmetry Breaking

(the Higgs becomes massive only when

two couplings are non-vanishing)

‘The Higgs dynamics is described (similarly to ChPT)
by a non-linear sigma model up to A ~10TeV
*The UV completion is unknown (another LH?,SUSY?,ED?)




(the extended)
Z’ Models

. The gauge symmetry is extended (e.g. a further SU(2), U(1),..)
. New heavy gauge bosons appear

. They mix with the SM gauge bosons, thus modifying couplings

. Extra fermions and scalars might also exist

. Several NP Models predict new heavy gauge bosons

‘Tevatron has set the lower bound M, 2600-700 GeV
(for Z' which couple to leptons too)




(the why-not?)
Fourth Generation

‘It is based on the idea of having a 4° generation of quarks (and leptons):
(t'..b), t'h. b’y , with m; =300-600 GeV, m, =m, - 50 GeV (from EWPT)

‘The CKM matrix is 4x4, with 3 new mixing angles and 2 new phases

It would remove the tension in the Higgs mass
between direct lower bound and indirect constraints

It would help gauge coupling unification

-It would introduce new sources of CP-violation for barygenesis




The NP (classes of) models
I have mentioned are probably
the most studied
but other NP models exist...



How to search for NP effects
within Flavour Phsycs:
an effective theory approach




Beyond the SM

within MFV

G
7 = S e (a7 ()t (1)

I QA (1) b

Minimal Flavour Violation (MFV): CRaried,y, fis areat sy
the SM Yukawa couplings are the only building-blocks of fla afion
[6.D° Ambrosio et al., hep-ph/0207036], [A.J. Buras et al., hep-ph/0007085]

MFV models can also contain flavour blind CP-violating phases (FBPs)
which make the C' complex, with significant implications for phenomenology
(interplay between FBPs and the CKM phase, e.g. in Flavour Blind MSSM)

Beyond MFV:
New sources of flavour violation (V.hon-MFV) can
appear

New operators (QMFY, Qron-MFV) can appear



Classification of some appealing NP Models
(where extensive analyses have been performed,
with Wilson coefficients calculated at LO in QCD)

MFV | ‘MSSM

with MFV

Appelquist-Cheng-Dobrescu (ACD) Model

‘Littlest Higgs model without T-parity

MFV +FBPs

*Flavour blind MSSM (FBMSSM)
«2Higgs doublet model with FBPs (2HDMyzy)

Beyond MFV

SUSY flavour models (6LL, AC, RVV2, AKM)
‘SUSY-6GUTs (SSU(B)xn., SO(10) CMM)

‘SUSY with effective MFV

‘Littlest Higgs with T-Parity (LHT)

Z'-models

‘Randall-Sundrum model with custodial protection
*SM with a 4th generation (SM4)

«Composite Higgs models

‘RHMFV

‘Left-right symmetric models



Theorist's Golden Modes

Suppression within the SM > | Sensitivity to NP|

‘FCNCs forbidden at tree-level in the SM

(radiative and rare decays:b— (s,d) y, b— (s.d) /#f , b— svv, B, .— FF,
s»>dy, s>d/l/f,s—>dvy, / —>/‘I y, [, — 3{,-, )

‘CKM-, helicity-suppression

(semileptonic CP-asymmetry: As, ..,t-dep. CP-asymmetries:Ap(B—K*y),
and CP-asymmetries in D°-D° system)

Kt —atvp | Ki, —mvw | B— X | B— Xwv
B, — 171~ | By — 171~
Ac ~ A (TmA, ~ A%) ~ A2 ~ A3
At ~ AP (ImA; ~ A) ~ A2 ~ A3




Small hadronic uncertainties

—

‘At most one hadron in the final state
(leptonic and semileptonic decays: B— tv, By s —/ F, b— (s,d) /f, b— svv,

s>d/F /[, s—->dvy, / _)/J v, [, — 3(/-,...)

‘Smearing of bound-effects in the final state

(Inclusive quantities:lifetimes, AM,, AT T, Adg, b, -..)

Theoretically clean

-Suppression/cancellation of some hadronic uncertainties
(clean dominant contributions, peculiar ratios/correlations: Ap(B— Jy Kg), AMJ/AM, ...)




Some Golden Modes from a closer look

b—sy (inclusive)

‘highly sensitive to NP (loop FCNC)
‘theoretically well under contrel-
-with a small experimental error

/ i,

Br( B—X.7 £ see{ 3.55:0.24+0.09)10*
[HFAG, 2010]

NNLO QCD correct. to Wilson coefficients
- RG resummation of large logs In(M,,2/m,2)
[M.Misiak et al., hep-ph/0609232]

Br( B—> X7 ", scovd{ 3.15:£0.23)10°

Benzke, Lee, Neubert, Paz (1003.5012):

there are 1/m, effects beyond OPE

b—sy (exclusive) \

Theoretical predictions require QCD factorization:

(photon conversion into light partons),
which imply a 4% irreducible uncertainty)

Br(B—K*y) is theoretically cleaner than Br(B—py),
where O(Agcp/m,) corrections turn out to be relevant

Interesting exclusive observables

are the t-dep. CP-asymmetries A (B—Vy):

they are (helicity) suppressed within the SM ~O(1%)
‘their observation would be a clear signal of NP




Bq —IF Br(B,; — IT17) = 7(Bs)
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The p*p- modes are experimentally the best:
-e*e” is m,2/m 2 suppressed
*t*t- has at least other two missing v from decaying t's

Upper bounds have been recently improved [Br( B:~>WW)<7.610"  (95% c.L)

Br( B, >p'p )<4.3-10¢ [CDF, summer 2010]

‘Highly sensitive to NP

(loop FCNC: Z-penguin dominatedy—
*Theoretically clean (purely leptonic)

Br( B, »>pu M=(1.0£0.1)10" ~—__
Br( B, >pp ™=(3.2+0.2)10°°

Q, « bir'q) (b*y°l)

Wilson coeff. at NLO in QCD
[Misiak, J.Urban hep-ph/9901278,

i 6.Buchalla, A.J.Buras hep-ph/9901288]

There is still a lot of room for NP




Highly sensitive to NP (loop FCNC)
b—>(S,d) ﬁ /— ‘Main SM contribution from em dipole operator (Q),
and ew penguin operators (Q°, Q!9)

«Close to the charm threshold (long-distance) cc resonances appear

Inclusive:B—X, //f

[T.Huber at al., hep-ph/0512066]

‘Wilson coefficients at NNLO in QCD Br(B— X'y P*=(1.59+0.11)10° 16eV2 < m2, <6 GeV?
[C.Bobeth et al., hep-ph/0312090, Br(B— X.e'e *"=(1.64+0.11)-10"°

M.Gorban, U. Haisch, hep-ph/0411071]

"HQE at O(A%qcp/mc?), O(A%qep/my?), O(A3qep/my) Sensitive to the interference of the
"QED corrections Wilson coefficients C; and Cg
‘bremmstrahlung effects

The forward-backward asymmetry (Agg)
is sensitive to C;Cyqand C4Cyq

Exclusive:B—K* /f The most interesting observables are:

dr2 / (dq? dcos6,) —extraction of Cy/C; and C,o/C; sensitive to NP in Cq 40
Arp and its zero q,2: main source of uncertainty— hadronic inputs
A; (isospin asymmetry between neutral and charged B):Small within the SM

. o (B — Hputp~) o dl( B — HE"'EJ T T,
Muon to electron ratio: ™ =/, K e / f 4 i H={K.K




. = || ‘Highly sensitive to NP
Inclusive: B_)xs V VIl (loop FCNC: Z-penguin and box dominated)

*Theoretically very clean
It could provide the cleanest determination of |V, /V,l

) _ 30 Vil X(x) 7
7) ~ I2sin' O Va2 f(2) A(2)

Br(B — Xv
Br(B — X_e

Br(B — Xgvv)  |Vial?
Br(B — Xwv)  |Vi|?




..and D-Physics...

W.r.t. B-Physics, long-distance contributions can be important.
Within the OPE: the expansion parameter Agep/m. is not as small as Agep/m,
and as(mc)> as(mb)

Xp ~Yp~ (0.5-1)% (BaBar+Belle)
Is it compatible with the SM?
Difficult answer due to large uncertainties
(long-distance contributions)

...but, there is a corner to search for NP: CP-violation

‘No sign of CP-violation has been observed yet

‘Within the SM it is expected to be very small ( My, Ti;real to a good approx.)
(mixing induced CP-asymmetry (rough estimate):~ x, sin ¢)

*A measured value larger than 1% would be a NP signal \>af9§




Rare Kaon Decays

K, —nlete and K| —»r0 put

Ki—nlvvand K* »rtvy

Gc.:lde.n r!\odﬁs (Shc}rtl-distance. domina;ed) Promising modes (not as clean as the previous
[intrinsic theoretical uncertainty <5% ] decays, interesting for their sensitivity to
new operators w.r.t. the SM)

Tm\ 2
Br(Kj, — NDME) = KL - ( 1115 tX(It))

Tk, T(KL) —10
o = c. = 1.80- 10
AL TE+ T(K+)h+

Tm\ 2 /Re), Re) 2
Br(K+ — mtup) = k., - [( ,.tX(:r:t)) +( e P (X) + A;X@ﬂ)] |

2p + . O+
3o Br(.f{. . e U)AS _411-10-1
272 sin® Ow

Ky =Tg+

Kt —atvp | Ki, —mvw | B— X | B— Xwv
B, — 1+~ | By —I*1-

Ac ~ A (TmA, ~ A%) ~ A2 ~ A3
A ~ AP (Im\; ~ A5) ~ A2 ~ A3




Golden Modes

SM

Experiment

Next future
improvements

Krontvv

(7.8+0.8)-10™

(]_ 7 ) 1071 E949

from:
|, NA62
at CERN

(2.4+0.4)-10™"

<6.7-10°° ez01a

— KOTO
at JPARC

Ki—nl et e

(3535)10™

<2.8-107 KV

K —m® pt

(1.4+0.3)-10™

<3.8-107° Kev

Still a lot of
room for NP!



Federico Mescia 2006

Spectacular effects are expected
in several NP models
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Lepton Flavour Violating Decays

LFV decays are strongly suppressed in the SM,
due to tiny neutrino masses

E.Q.
Br(u—ey)q, <10~

N\
N

1011 — 1014

present (MEGA) - near future (MEG)
experimental upper bounds

In NP models, new heavy masses can run in loops
yielding spectacular enhancements
(up to present exp. bounds)




There are several interesting
Lepton Flavour Violating Decays

H —> €EY1T—> From 10-1!

to 10-14 [MEG]

T —> 1Y +— From 108

T—>Ey

T — U
T > ern

T —> un
T—>€n

T— un'
T—>en

to <10-° [SuperB]

U —eee
TS
T >ee'e

T >e ue

T o> ueu

Kis—>HME
By, > ME

By, >7¢€

Bd’S —> 7

Kis = 7T e

T > uee

T e u

U TiI —> @ Tir—From 10-!2 to 10-18

[PRISM/PRIME]



DNA of Flavour Physics *** Large NP effects
by Andrzej Buras (1012.1447) MY Small-moderate NP effects
* Invisible NP effects

Susy models AC RVv2 | AKM dLL | FBMSSM | S5U(5)rn
Do _oP Lt S * * * *
- * |k [k | * *k
Soi doded | ek | ek * * *
Sskcs dak | ke [ ke [k | daw *
Acp (B = Xiv) * * * b ke *
Arg(Kutu™) * * k| kkk | kK *
B, —putp dodedr | e | oo | ek ok *h
Kt s x%pp b b * * * *
Kr — alvi * * * * * *
= ey Ak | dedrk | deded | ek ok *h
T — W Ak | dedrk * Ak ko ik
p+N —e+ N | dedede | dedede | drokede | ek ek i

Non_susy models _ LHT | RSe 4G | 2HDM | RHMFV
DU DU (CPV) | dedede | drdedk | ke | dok
K dd | dkdek | ke | deok ¥k
Sy e | dedodke | dedede | vk | Aok
Sar g * * i
Agp (B =+ X)) | * *
Agrg(K*pTu™) ok * ok
B, = ptn * * Wi | ek & 4
Kt watur drdede | dedd | dededke ¥
Kr — = vi drdede | dedod | dededke *
o= ey Fdrde | dededke | dedek
T — Yy *ded | dedek | Ak
p4+N e+ N | dodd | dedok | dkk




Even more important are correlations

‘less sensitive to model parameters

-useful to discriminate different models

Some examples:

SUSY with Effective MFV
R. Barbieri et al. (1102.0726)

Flavor Blind MSSM
W. Almannshofer et al. (0808.0707)

BXp.

S?Kﬁ

0.5

010
4
0.05
_ 2
3
4 g _Alhls}’ 0.00
2
5 ~0.05
-4
0.4 0.5 0.6 0.7 0.8 o.9| By
Sy ks Randall Sundrum with custodial protection
M. Blanke et al. (0812 .3803)
.".xlo_g:"l""""'l""l"'I"'.'l'
39%107°
3.8x107°
237%107°
536%107°
3a5x107°
34%1077
33x107° 1 i 'g"".°°:.' @, ’
0.x107" 1.x107" 11x107 12x 1070 13x 107" 1.4x 107"
BuB,; >utu)




Useful Correlations between LFV Br's

could help in discriminating
between different NP models

M.Blanke, A.J .Buras,B.Duling
A _.Poschenrieder,C.T.,

0906.5454

ratio LHT MSSM (dipole) | MSSM (Higgs)

e 0.02...1 ~ 6107 ~6-1073
A 0.04...0.4 ~1-1072 ~1-107
Bl i) 0.04...0.4 ~2-107 0.06...0.1
— 0.04...0.3 ~2-107 0.02...0.04
pe e ) 0.04...0.3 ~1-1072 ~1-107
— 0.8...2.0 ~ 5 0.3...0.5
e 0.7...1.6 ~ 0.2 5...10

= e 10-3...102 ~5-107% 0.08...0.15

Littlest Higgs Model
with T-parity

Minimal Supersymmetric
Standard Model with

a small or big Higgs contribution



..further interesting observables
in_ searching NP...

Jg'/e: direct CP-violation in the Kaon system

(lattice calculation of matrix elements suffers from great difficulties
(power divergences and disconnected contributions in AT=1/2 operators)
Preliminary promising results have been recenlty obtained

‘Two body non-leptonic decays of B mesons information on CP-violation
(e.g. B— nnwt, B— =n K, LHCb will extend this study to B, and B, decays)

*CP-violation in D-mesons (i.e., mesons wih a charm quark)
(SuperB will produce a huge amount of D-mesons)

And some crucial flavour conserving
observables that would deserve a separate talk

‘Electric dipole moments (CP-violating flavour conserving quantities,
very strongly suppressed in the SM)

‘Muon anomalous magnetic moment, for which both very accurate
theoretical prediction and measurement exist and deviate by ~3 c




In order to reveal NP and understand its nature
Flavour Physics has a fundamental role
besides the direct production at LHC

The next decades will see a great
experimental activity,
not only in the direct NP search at LHC,
but also in the Flavour Sector

We briefly go through present and
next future experiments in Flavour Physics:
LHCb
SuperB-Factory
NA62
MEG
J-PARC




LHCDb:
The LHC will study also
the flavour structure of NP

‘LHCb is one of the 6 experiments at LHC
‘LHCb stands for LHCbeauty

‘It is dedicated to the study of b-physics
(all kinds of b-hadrons are produced)

*@LHC (p-p collider with 7 TeV for each beam)
a huge amount of b-b couples (10!2/year) is produced
but with a high background

-It is crucial to detect vertices and identify particles
with great accuracy

‘First, very promising, results have been obtained




The SuperB project has been approved!
(the Super KEKB project has been approved as well in Japan)
= e

BrO \
jlanc
“E"QF“. 3
%.t:ura-'ierm\ff_. arofe
Astri - Asgtoﬁs :

‘The SuperB is an international project (~80 Institutions)

‘It will be realized in Italy, (probable site: TorVergata area)
It will reuse hardware from PEP-II (BaBar)

and probably pre-existing infrastructures at the LNF

‘The Technical-Design-Report will be ready in 2012




Before B-factories (.

A High-Luminosity
Asymmetric e*e’
Super Flavour Factory

SuperB

‘e*-e" collider with the appropriate energy to produce
couples of B and anti-B mesons, in a clean environment
(like BaBar and Belle,but with ~100 times higher luminosity)
‘it aims at improving the accuracy of the B-factories
by a factor 5-10

‘It will test the CKM matrix at 1% level

It will increase the sensitivity for several channels
sensitive to NP by one order of magnitude

(e.g. B—tv, but also beyond B-physics: © decays which
violate lepton flavour, CP-violation in the D-sector,...)

Role of B-factories in constraining the UT

After B-factories After SuperB-factories?

/= Fial

:1EM Super B 77
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NA62

‘The NA62 experiment at the CERN
Super Proton Synchrotron (SPS) aims
to collect about 100 K*—n* v v events
in two years of data taking

*The kaons are produced by protons from
the CERN SPS hitting a fixed target

‘K*— m*vv is a very rare decay, theoretically
clean, thus highly sensitive to NP

*The NA62 Experiment is a successor of
the NA48 Experiment (1997-2004)

‘Most detector parts will be newly built in
order to achieve a significant improvement

NAB2 ()

CERN Accelerators

(not to scale)

0.999999c by here

ALICE

LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isowope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Encrgy Ion Ring

CNGS: Cern Neutrinos io Gran Sasso

[

ey Atuomnella Doel Bavwus, ETT D,
0, Manglamici, 5 Div, CESN, 21,0800

Start the protons out here




MEG &

‘590MeV proton cyclotron facility of the Paul Scherrer Institut (PSI),Switzerland

Dedicated to the lepton flavour violating decay p —e v,
strongly suppressed in the SM and highly sensitive to NP

‘It started in 2009

‘It is expected to reduce the upper bound on Br(p— e y) from d0-1Dto 10-14

E-g--ifi The Littlest Higgs Model

with T-parity Br~10-11. ie. of
the order of present exp. bounds
is allowed (similarly in MSSM and ED)

From the MEGA exp. B
at Los Alamos, 1999

In the SM Br~10-54
due to tiny v masses

Diagrams contributing to p — ey in the SM.

Diagrams contributing to g — ey in the LHT model.



J-PARC /'ﬁ

v, e
‘The High Intensity Proton Accelerator Project, named as J-PARC,
has been realized at Tokai (Japan)

‘It consists of three accelerators: 400 MeV Linac, 3 6GeV rapid cycle
synchrotron and 50 GeV synchrotron

‘It includes four major experimental facilities: Material and Life Science
Facility, Nuclear and Particle Physics Facility, Nuclear Transmutation
Experiment Facility and Neutrino Facility

-Its important role in Flavour Physics is due to the measurement of:
-the (flavour-violating) pu-e transition in Nuclei, improving the present
sensitivity by 6 orders of magnitude [PRISM/PRIME experiment],

-the rare decay K —>1't0 Vv [KOTO exper-lmen'r]

e BT I 1 i : WSS Nuclear and Particle
Mamlals and Ltto Sclence Experimental Facility
Experimental Facllity (Hadron Faclll!y)
(nou!ron and muon)

‘ ,.:.'.:.:'.. S ‘?
‘§ ‘f/

\

e

Nuclear and Particle
Experimental Facility
(Neutrino Facility)

3 GoV Synchrotron 50 GeV Synchrotron ‘
{25 Hz, 1MW) (o.7m)

‘J-PARc = Japan Proton Accelerator Research Complox




Conclusions

‘There are several Flavour Physics observables
that are highly sensitive to NP (theoretically clean
and accurately measurable in the next decade)

‘With present experimental bounds there is room for
significant NP effects in many flavour physics observables

‘Important experiments dedicated to Flavour Physics
have started or are in program for the next decade,
together with a great theoretical activity

*The complementarity between direct production of new
particles at LHC and indirect NP search in the flavour
sector will be crucial to reveal the nature of NP






