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The Standard Model
The Standard Model

Virtues and flaws of the SM

@ Virtues

o Great phenomenological success (LEP)
e FCNC and CP violation through the CKM
o Renormalizability (Gauge theory)

o Flaws

e Flavor Problem

e Unification of forces

o Gauge hierarchy = Ayp < TeV

e Neutrino Masses and mixings angles

o Dark Matter
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General Considerations
General Considerations

Flavor Physics in the LHC era

@ High energy experiments are the key tool to determine the
energy scale A\ by direct production of NP particles.

o Low energy experiments are a fundamental ingredient to
determine the symmetry properties of the new d.o.f. via
their virtual effects in precision observables.

Cn
['eff. = EGa‘uge(Aiy wi)+LHiggs(Ai7 \Uiu ¢I)+Z W Og(An \U,', ¢I)
d>5

@ Lsm = LGauge + Litiges= all possible operators with d < 4
(renormalizable) compatible with the Gauge symmetry.

® ) s %Off =most general parameterization of the new
(heavy) d.o.f as long as we perform low-energy experiments.
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Where to look for New Physics?

@ Processes forbidden or much suppressed in the SM

o FCNC processes (i1 — ey, 7 — puy, Bg,d —putp, K — mvo)
o CPV effects (electron/neutron EDMs, d, ,....)
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NP search strat
NP search strategies

Where to look for New Physics?

@ Processes forbidden or much suppressed in the SM

o FCNC processes (i1 — ey, 7 — puy, Bg,d —putp, K — mvo)
o CPV effects (electron/neutron EDMs, d, ,....)

o Processes predicted with high precision in the SM

o EWPO as Ap, (g —2),....
o LUin RY/'=T(M — ev)/T(M — puv) (M =, K)
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MFV hypothesis

@ Rare processes like K — mvv and BO — ptp~ offer a
unique possibility in probing the underlymg flavour mixing
mechanism. In fact,

o No SM tree-level contributions (FCNC decays)
o One-loop SM contributions CKM-suppressed

o Dominance of short distance (e.w.) effects — SM
uncertainties at % (for K — mv7)
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MFV hypothesis

@ Rare processes like K — mvv and BO — ptp~ offer a
unique possibility in probing the underlymg flavour mixing
mechanism. In fact,

o No SM tree-level contributions (FCNC decays)
o One-loop SM contributions CKM-suppressed

o Dominance of short distance (e.w.) effects — SM
uncertainties at % (for K — mv7)

yt % th i

A(q; ; U

o If Ayp < TeV, §;; ~ V[ V4 is a natural way to explain the
great agreement of SM EXP. results in Flavor Physics

@ MFV hypotesis: the Yukawa couplings of the SM are the the
only source of FV also beyond the SM
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LFV frameworks

LFV frameworks

e Neutrino Oscillation = m,, # m,, = LFV

Dy2
@ see-saw: m, = (r,'\';,’R) ~eV, Mg ~ 101716 = mD ~ m,,,
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LFV frameworks
LFV frameworks

e Neutrino Oscillation = m,, # m,, = LFV

Dy2
@ see-saw: m, = (r,'\';,’R) ~eV, Mg ~ 101716 = mD ~ m,,,

@ LFV transitions like 1 — ey @ 1 loop with exchange of

o W and v in the SM framework (GIM)

B My g v
r(‘LL - efY) ~ M4 — m[/ ~ e
w
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LFV frameworks
LFV frameworks

e Neutrino Oscillation = m,, # m,, = LFV

Dy2
@ see-saw: m, = (r,'\';,’R) ~eV, Mg ~ 101716 = mD ~ m,,,

@ LFV transitions like 1 — ey @ 1 loop with exchange of

o W and v in the SM framework (GIM)

B My g v
r(‘LL - efY) ~ M4 — m[/ ~ e
w

o W and 7 in the MSSM framework (SUPER-GIM)

mb4
Br(n—ey) ~ 7 <10 my ~ Miop

4
e LFV signals are undetectable (detectable) in the SM (MSSM)
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LFV in SUSY

RG induced LFV interactions in SUSY see-saw
@ SUSY see-saw superpotential (MSSM + RN)

W = h¢Le“Hi+h" Lv Hy+ MRI/CI/C—i-/LHl Ho,

Ml/ — _hVM,;th TV22,

SN

m3(1+07) T (A—ptg)mg + mpmgd?
(A—ptg)m; + mLde;{R mf2?(1 + 57?/?)

o If he = hZ-(S,-j and Mg = Mgjjdj; = h” # hZ-(S,-j in general.

3

T2

vty e Mx

[Borzumati & Masiero, '86]

/P
O ~
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LFV in SUSY

LFV interactions — leptons/sleptons/gauginos

L= Z,‘ <C5 Pr + C,-JL-APL> )22171' +Z,- (N,'j‘?APR + N,§APL> )ZAZJ (1)

BR(ti — ¢jv)
BR(E,' — Eju,-ﬂj)

4 2
~ Qef myy 21 2 v vt
- 207w <m4 > (5LL> C o
Gauge SUSYy
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LFV in SUSY LFV Mis bounds Higgs Mediated LFV Higgs

LFV in SUSY

RG induced LFV interactions in SUSY GUTs

e SUSY SU(5) [Barbieri & Hall, '95]

(57003 ~ h*h*Ts ~ W3V Vi — Orr)i = (071)s
item SUSY SU(5)+RN [Yanagida et al., '95]
(L5 ~ (B"h" g & (Oke)y ~ (h"h"T);

e SUSY SU(5)+RN [Moroi, '00] & SO(10) [Chang et al., 02]

V2

sinf,,, ~ - = (6%)3~1= (52,?)23 ~1
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LFV in SUSY LFV MiIs bounds Higgs Mediated LFV Higgs

LFV Mls bounds

450 ',\ 450 FBRA{T=>py)=

400 \ N 400
\ \
350 350

300 \ \ 3 300 \
\A\x
250 \ \...0.0005 0.1

k. N 250

200 NG 200
N \ \%%
\.0.0002 N 05.%
150 150 \
100 - 100 \

BR(p—-ey)=10 : \
50 50
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

M

12 M1/2

P. P, JHEP 0510 (2005) 006.
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LFV in SUSY LFV Mils bounds Higgs Mediated LFV Higgs

Higgs Mediated LFV

e LFV Yukawa Int. (if 5,-J-:r"n,2j/fn2 # 0) [Babu & Kolda, '02]:

L o~ (2G2) (A3J7-RIJ + AYF B ) (co-ah® — s5_oH® — iA°)

mr
2
3
1ms
+ (SGF) =2
s

(a¥7r] + AYVITR) HE + hec.

a2
A3j ~ E (531

e Higgs (gaugino) mediated LFV effects decouple as my — oo
(msusy — ©0),

o Key ingredients in the Higgs mediated LFV:

o large tan 8 ~ 50
o large slepton mixings, d3; ~ O(1), ( msysy >1TeV)
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LFV in SUSY LFV Mis bounds Higgs Mediated LFV Higgs

Higgs vs Gauge LFV

Xt () =

BR(r—3p) <Oé2 )2<m7'm,u>252 +6 BR(T — pry) _ el My, o »
ORI 55 A HL

BR(t—uv) ~ \487/ \ M2, BR(r — uwb)  20m 2%

If t3 ~ 50 and My <« m, i.e. My ~ m,, and m ~ TeV
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Correlations

e Higgs mediated 7 — p(e) transitions

Br(t — liy)

Br(t — i) - 3456,
Br(t — ljn)

" Br(r—1ly) T 36

> 1

Br(uN — eN)

~ 107t
Br(p — e7)

o Gaugino mediated transitions
BR(7 — lilclx) Br(uN — eN)
B Ty el oy Qe
BR(T — Ij7) Br(p — ev)
Brir =) | w2551
Br(r — un)

P. P, '05; '06.
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p — e universality in K — /v LFV channels in B — v SUS

i — e universality in M — [v

@ /i — e universality in Rx = (K — eve)/T(K — pvy,)

REP = (2.416 £ 0.043415¢. 3 0.0244,5 ) - 107> NA48/2 /05

RZP = (2.4440.11)-107° PDG
REM = (2.472 4£0.001) -107%  SM
@ 1 — e universality in Ry =T'(m — eve)/l(m — pvy,)
R&P- = (1.230 +0.004) - 10~* PDG

R3M — (1.2354 4+ 0.0002) - 107* SM
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p — e universality in K — /v LFV channels in B — v SUS

i — e universality in M — [v

e Denoting by Ary," the deviation from i — e universality in
Rk » due to new physics, i.e.:

Ricr = REM (14 Arg fiyp)

@ we get at the 20 level:

—0.063 < Arjcyp < 0.017 NA48/2

—0.0107 < Ar®4 < 0.0022 PDG
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p — e universality in K — /v LFV channels in B — /v SUS

i — e universality in M — [v

Y. K— ey _Tsm(K — eve) + T(K — evr)
YK — v Fsm(K — pvy)

Rk = (14+ArS M) =

CR,
SR R:MR

H+
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p — e universality in K — /v LFV channels in B — /v SUS

i — e universality in M — [v

Y. K— ey _Tsm(K — eve) + T(K — evr)

Rk = (14+ArS M) =

YK — v Fsm(K — pvy)
S CR:HR eH* v, — mr A31 tan?3
R \fMW

H+

31 2 3
A ~ y ORR

UL Vi A ~5107% t5=40 My: =500GeV

4 2 U
e—n [ Mk mz 3112, .64 . 12
A sysy ™~ <M4 > (m§> |A%|“tan®[ ~ 10

Arddisy 1077 = Br™(e®)(r — ex) <10 1007

Masiero, P.P, Petronzio, Phys. Rev. D 74, 011701 (2006).
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/v — e universality in K — /v LFV channels in B — v SUS

LFV channels in B — /v

@ Including LFV channels in B — (v, with £ = e, i

4 2
O/t pl/T -1 Mg m 3012 4o 6
R = Ria 1 () () %
H )

@ Imposing the 7 — ;X (X = v,7,{;{j({ilk)) constraints

Ripv <L5Rgy . Ripy<2-10%-Rgy

@ Imposing the 1 — e universality constraints in Ry

e/t m?

LFV —-1'"B e—[ . 2

e 1+ry oy ArKSusy <4.10
Ry K

Isidori, P.P, Phys. Lett. B 639 (2006) 499.
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o — e universality in K — /v LFV channels in B — v SUS

SUSY MFV scenario @ large tan 3

How natural is the MFV SUSY scenario @ large tan 57

e Top-Bottom Yukawa unification in GUT (minimal SO(10)) =
tan 8 = (m¢/mp)

o Correlations between (B — 7v) and (B — Xsv), AMpg,,
(Bs,g — £147), (g8 —2),, and myo

[Isidori, P.P., '06]

e WMAP constraints are " naturally” satisfied for
tan B = (m¢/mp)

[Lunghi, Porod & Vives, '06]

[Isidori, Mescia, P.P., Temes, '07]
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p — e universality in K — /v LFV channels in B — v SUS

Constraints/Reference-Ranges

B — Xs7: [1.01 < Rps, < 1.24]

°a,: [2<107%a;” —a)M) <4]
o B—putu~: [B¥P <8.0x1078
o AMp, : [AMpg, = 17.35 4 0.25 ps~!]

e B—r1v: [0.8 < Rg,, < 0.9]
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p — e universality in K — /v LFV channels in B — v SUS

Phenomenology of MFV at large tan (3

tan 3 ~ (30 — 50), My ~ (300 — 500)GeV, Mg ~ (1 — 2)TeV

b Y < h> HY. A0 ;
u Vv d.s /

~ (10 — 30)% suppression up to 10x enhancement
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p — e universality in K — /v LFV channels in B — v SUS

Phenomenology of MFV at large tan (3

tan 8 ~ (30 — 50), My ~ (300 — 500)GeV, Mg ~ (1 — 2)TeV

AMg_ B—X.y

~ (0 —10)% suppression up ~ (0 —20)% enhancement
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p — e universality in K — /v LFV channels in B — v SUS

Phenomenology of MFV at large tan (3

@ MFV at large tan (3 predicts a suppression of B — 7 and
AMs with respect to the SM

2
(BMg) 3% 1072 (A" (t5)* (400GeV\®
BURIH T (g e ) ) L
5

g
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p — e universality in K — /v LFV channels in B — v SUS

Phenomenology of MFV at large tan (3

@ MFV at large tan (3 predicts a suppression of B — 7 and
AMs with respect to the SM

2
(BMg) 3% 1072 (A" (t5)* (400GeV\®
(AMg, )M — (%+%t%)4 mc% 50 My '
5

2
~ 6x 1078 [400GeV\* [ LA tg\°
Br(BS - :U’+M ) = 4 2U ﬁ
2, 1t My m2 50
(3+1%) :

373
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p — e universality in K — /v LFV channels in B — v SUS

Phenomenology of MFV at large tan (3

@ MFV at large tan (3 predicts a suppression of B — 7 and
AMs with respect to the SM

2
(BMg) 0 3x1077 [uAy)" (15" (400GeV)
(AMg, )M — (%+%t%)4 mc% 50 My '
5

2
~ 6x 1078 [400GeV\* [ LA tg\°
Br(BS - :U’+M ) = 4 2U ﬁ
2, 1t My m2 50
(3+1%) :

3173
G2 m2
Br(B—tv) = —E|V,,|?f2 21— —£
r( — 1/) 87T| b‘ gMmpmy m% 2><rB
L os (t5/50)> (4OOGeV)2
(3+15) \ ™

irA(l,E\Z:Z;) ~ (Vib/Vig)?/ By much better then |Viup|?£3 !

rg >~
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p — e universality in K — /v LFV channels in B — v SUS

Lightest Higgs boson mass

- 140
- tgp=40 .
130 A 130 gt
i -/T""f’: —T—
125 ] Maf( eV) e - L
f gp=10
120 f =
k 1000 P4 m,
115 A 5 g 115
110 ™ N - ) .
h =5 /| ~ tgp=3
105 105
50
p 100
E A U / Mg =2
85 "
200
90 -
-2 1.5 1 0.5 0 05 1 1.5 2 200 300 400 500 600 700 800 900 1000
A, /M’a ME

[G.lsidori, P.P., '06]
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p — e universality in K — /v LFV channels in B — v SUS

WMAP constraints @ large tan 3

=500 GeV
500
=
450 -
/ e Dark Matter constraint
400 [ T I . g
‘ coannihilation ‘ Satleled fOI’
350
300
@ Coannihilation Processes:
250
1< Muse <1
200 LSP
150
‘ @ Resonant Processes:
—
100 f
[XTXL =711 ~ \
PRNp—, - / e o e P MA 2MLbP
50

200 400 600 800 1000 1200
|VIH
[Isidori, Mescia, P.P., Temes, '07]
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p — e universality in K — /v LFV channels in B — v SUS

B-physics, (g — 2),, under WMAP constraints

= Aa = (30£10)x10-10 5 ;
B o S Wil 5 3(B—1v) < 10%, 20%, 30%
60 : 1000 1
55
900
50
45 800
3(B~ excluded: 1 Mﬂepmm
40 neutral LSI] 700
19Bss
s 600
30
dB-1) < 10%
25 7 500
20
400
15
10 300
200 400 600 800 1000 1200 ks
Aa, x 10

MH
[Isidori, Mescia, P.P., Temes, 07] "
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o — e universality in K — /v LFV channels in B — v SUS

LFV under B-physics and WMAP

BR(u—ey)x 10"

60 60
55 55
50 50
45 45
40 40
19835 19835
30 30
25 25
20 20
15 15
10 10
200 400 600 M 800 1000 1200
H

[Isidori, Mescia, P.P., Temes, '07]
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Conclusions

Where to look for New Physics?
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@ LFV can probe Ayp > TeV, even beyond the LHC reach

@ A combined analysis of B physics observables (Bgd — utu,
B — (v...) offers a unique chance to probe SUSY even in the
elegant (but quite pessimistic) MFV framework
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Conclusions

Where to look for New Physics?

LFV can probe Ayp > TeV, even beyond the LHC reach

A combined analysis of B physics observables (Bgd — T,
B — (v...) offers a unique chance to probe SUSY even in the
elegant (but quite pessimistic) MFV framework

Dark Matter constraints are fulfilled in a natural way within
SUSY @ large t3

@ LU breaking @ % in Rx = (K — ev)/I(K — pv) is
generated by the LFV
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Conclusions

Where to look for New Physics?

@ LFV can probe Ayp > TeV, even beyond the LHC reach

@ A combined analysis of B physics observables (Bgd — utu,
B — (v...) offers a unique chance to probe SUSY even in the
elegant (but quite pessimistic) MFV framework

@ Dark Matter constraints are fulfilled in a natural way within
SUSY @ large t3

@ LU breaking @ % in Rx = (K — ev)/I(K — pv) is
generated by the LFV

@ All the above effects are strongly reduced (or completely
disappear!) at moderate to low t3
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Conclusions

Where to look for New Physics?

@ LFV can probe Ayp > TeV, even beyond the LHC reach

@ A combined analysis of B physics observables (Bgd — utu,
B — (v...) offers a unique chance to probe SUSY even in the
elegant (but quite pessimistic) MFV framework

@ Dark Matter constraints are fulfilled in a natural way within
SUSY @ large t3

@ LU breaking @ % in Rx = (K — ev)/I(K — pv) is
generated by the LFV

@ All the above effects are strongly reduced (or completely
disappear!) at moderate to low t3

Flavor Physics strongly loves SUSY ©@-LARGE tan /3!
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