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The NP Flavour Problem

Following a generic effective-theory approach one can describe
New Physics flavour effects. The more general lagrangian is
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The NP Flavour Problem

Following a generic effective-theory approach one can describe
New Physics flavour effects. The more general lagrangian is

Eeff =

() (SM fields).

Operator Bounds on A in TeV (c;; = 1) Bounds on ¢;; (A = 1 TeV) Observables
Re Im Re Im
(5p,v%dr)? 9.8 x 102 1.6 x 107 9.0x 10~ 7  3.4x10 9 Amp; e
(5rdr)(5Ldg) | 1.8 x 10* 3.2 x 10° 6.9x107° 2.6x 101! Amp; ex
bryPdr)? 5.1 x 102 9.3 x 102 3.3x 100 1.0 x 100 Amp ; S,

L L By SyKg
(brdp)(brdgr) | 1.9 x 103 3.6 x 103 5.6 x 1077 1L7x1077 | Amp ;Syk
bryHsr)? 1.1 x 102 7.6 X 10~ 0 Amp,

s
(br sz)(brsgr) 3.7 x 102 1.3 x 107° Amp,

G. Isidori, Y. Nir and G. Perez; arXiv:1002.0900 [hep-ph]
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In principle SUSY suffers the NP flavour problem.
There are three main solutions:

m Degeneracy
= Alignment

® Hierarchy




Hierarchy

Features of Hierarchical Gev
spectrum

—
iy
N

10000

= First and second generation
of squarks heavy enough to
"decouple”

1000) H, H* A g

fy

® “Light” third generation
squarks and gauginos




Hierarchy

Naive heavy squark masses
limits

GeV
= Hierarchy only

10000

mp, 2 500 TeV

= |nvoking mild assumptions
on degeneracy and
alignment 10

mp 2 10 — 20 TeV
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= With no Yukawa the global flavour symmetry in the quarks
sector is
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Minimal Flavour Violation in a couple of slides

= With no Yukawa the global flavour symmetry in the quarks
sector is

UB)Q @UB)up @ U3)ay

= Flavour invariance formally recovered promoting the Yukawas

to spurions
Y.~ (3,3,1), Yy~ (3,1,3)
so that B B
QrYgdrH + QrY, urH,
still invariant

= Minimal Flavour Violation = flavour violation completely
determined by the structure of the ordinary Yukawa couplings.
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Minimal Flavour Violation in a couple of slides

® [nclusion of high powers of the the Yukawa matrices = only a

redefinition
® The leading AF =2 and AF = 1 FCNC amplitudes get exactly
the same CKM suppression as in the SM:

AP ary = (Vi Vi A = (14 A1),

Operator | Boundon A | Observables
%(@LYHYUTV/LQL)Q 5.9 TeV ‘ €K, Ade, AmBS

G. Isidori, Y. Nir and G. Perez; arXiv:1002.0900 [hep-ph]



Our Assumptions

Special role of the top Yukawa coupling

Blending of the three approaches

= Among the squarks, only those that interact
with the Higgs system via the top Yukawa
coupling are significantly lighter than the
others.
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Special role of the top Yukawa coupling

Blending of the three approaches

= Among the squarks, only those that interact
with the Higgs system via the top Yukawa
coupling are significantly lighter than the
others.

= Hierarchy

= With only the up-Yukawa couplings, Y,
turned on, but not the down-Yukawa
couplings, Yy, there is no flavour transition
between the different families.
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Our Assumptions

Special role of the top Yukawa coupling

Blending of the three approaches

= Among the squarks, only those that interact

: . : ® Hierarch
with the Higgs system via the top Yukawa ! i
coupling are significantly lighter than the
others.

= With only the up-Yukawa couplings, Y,
turned on, but not the down-Yukawa = Alignment

couplings, Yy, there is no flavour transition
between the different families.\/
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Symmetries

m |f Y; = 0 then the largest flavour global symmetry is
U(I)Bl X U(l)éz X U(l)é3 X U(3)dR

® Y, is promoted to a non-dynamical spurion field

= mé, mZ and the A-terms for the charge 2/3 squarks are flavour

diagonal (cause of large separation corrections are negligible).
= On the other hand

m%R =m*(1 + aY;'Yy)




The flavour changing lagrangian

= The only other mass matrix that needs to be diagonalized is the
d-quark mass matrix,

Ly = (veos B)dYydg + h.c.
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The flavour changing lagrangian

= The only other mass matrix that needs to be diagonalized is the
d-quark mass matrix,

Ly = (veos B)dYydg + h.c.

m Y, expressed in terms of two unitary matrices and its diagonal

form
Yd = VydU+

= The Flavour changing Lagrangian

Lre = \%(@fy“vch)W;—gaLvﬁdL +%dzvﬁdL

/ — ~ -
—\@%d*LVBdL V2 di NV Gty

Ny V Hy dp + TRy, Vdy HY + hee.,
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The effective lagrangian

m General structure of the AF = 2 effective
Lagrangian

LA = S0 85061 € 110 Q17 + hc

where Q5 = (dpavudrp)? Where
gj?‘ﬁ = ‘/ja j*ﬁ
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EAF72 - ;C?%F 2 + £12 + [/1273
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Effective MFV
= Using Ezfi‘“ﬁ =0
ﬁAF:Z _ £3A3F=2 +£1A2F:2 + £1A217‘;’:2
® Recalling what happens in MFV, if all FCNC have the form
AAF 2|MFV:( ) AAF 2’SM(1+€AF:2)

we call this effective Minimal Flavour Violation.

£yF=2 & &2 = Effective MFV
LAF=2 52 = Ap. >98-102TeV
L2 6 68 = A > 16-10° TeV
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Results: Lower Bounds

12F

m, (TeV)

12 14 16 18 20
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QCD 1

Usual treatment
® |ntegrating out one obtains an effective lagrangian

LAT=2 = Oy (mp)Qy + hec.
with Q1 = Q1 = (@7 Pys®) (@77, Prs?)
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QCD 1

Usual treatment

® |ntegrating out one obtains an effective lagrangian
LAT=2 = Oy (mp)Qy + hec.

with Q1 = Q1 = (@7 Pys®) (@77, Prs?)
m QCD corrections taken into account corrections using ADM
formalism

= FCla

dlog
Ci(pn) = U(p, mp)Cr(mp)
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QCD 2

Large Logs and AF = 1 operators

= The Eﬁgﬁ has a peculiar feature. Being sensitive to two mass
scales large logs arise

2
m

C x log —g
my

®= The new ingredient is the mixing between AF = 2 and new
AF = 1 operators
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QCD 3

Improved running
m The RGE for C; now has the form

dC Oés S A~ A ¢
L= 2 (1€ + 690Gy ) |

dlogp 2w
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QCD 3

Improved running
m The RGE for C; now has the form
dCl Qg

=2 (yC ds4 C’), b
dlogp 27 (71 1+ 8577010y |

® |n conclusion

as(my)

as(mp)

(Bp)rk = - i’h [(2:((;:;)»%/1)0 B (z:((:z;)))"’l/bo}

s = Bag)kk-

~1/bo R
Cu(m) = ( ) Oy (1) + 85331 ABp A Cy ()
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Summary

= Minimal Flavour Violation can be 10 %0
compatible with hierarchical sfermions

® Reasonable bounds on heavy squark
masses in the case of interest

m Proper QCD effects calculation including
a previously neglected effect. Order
20% change from naive calculation. N R v
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Light-Light Case

mH=600 GeV, th=2

800
600
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200
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-
CKM Matrix

Wolfenstein parametrization

V ~
o 1 2 1 4 3 s
1 2>\ 8)\ A AN (p —in)
1 1
—A+ %A2A5[1 —2(p+in)] 1- 5/\2 - gA‘*(1 +4A%) AN?
1 1
ANl — (1 — %f)(p +in)] —AN + 5Axl[l —2(p+in)] 1- §A2>\4

A =0.2257 +0.0010, A = 0.814 + 0.022,
p=+0.135500%, 1 =+0.349 +0.017.
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Effective MFV AF =2
® Recalling what happens in MFV, if all FCNC have the form

AF 2 ryv = (V}aViﬁ)QAAF 2| sm(1+ A2
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® Recalling what happens in MFV, if all FCNC have the form
AAF 2|MFV:( )AAF 2|S (1+€AF:2)

we call this effective Minimal Flavour Violation.
m Using %;¢™ =
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Effective MFV AF =2
® Recalling what happens in MFV, if all FCNC have the form

A vy = (€57 AGT sn (14 €279)

we call this effective Minimal Flavour Violation.
= Using Eiff‘ﬁ =0

AF=2 AF=2 | pAF=2 | pAF=2
L =Ly "+ Ly T+ Ls

L= = (€9°)2 (fs3 — 2fs1 + f1.1)Q" + h.c.,

L= = ( gﬁ)Q(fm —2f21+ f1,1)Q?B + h.c.,
Ly = 2(65°¢3%) (fan—faa+f11—f12) Q% +h.c.
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Effective MFV AF =2
® Recalling what happens in MFV, if all FCNC have the form
A vy = (€57 AGT sn (14 €279)

we call this effective Minimal Flavour Violation.
= Using ;6™ =0

AF=2 AF=2 | pAF=2 | pAF=2
L =Ly "+ Ly T+ Ls

(5§S)2 ~ )\10 + Z}\lO
L£3=% = ( ?B)Q(f&:a —2f31+ f1,1)QaB + h.c., — -
AF=2 aB\2 B (627)7 ~ A% +2h
LTy == (") (fa2 —2f21 + f1,1)Q7” + hec.,
ds ¢ds 6 6
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Effective MFV

AF =1 case
® Recalling what happens in MFV, if all FCNC have the form

AF= * AF=1, =
AaBF 1’S|MFV:(‘/;a‘/tﬂ) AaﬁF 1S’SM(]-+€AF 1,8)




Effective MFV

AF =1 case
® Recalling what happens in MFV, if all FCNC have the form

AF— AF— -
Aos Yo arpy = 53’3“404,3 B lsnr (14 AF=0e)




Effective MFV

AF =1 case
® Recalling what happens in MFV, if all FCNC have the form

AF= AF= =
Agslary = 67 Ay ™ sar(1+ 2

we call this effective Minimal Flavour Violation.




Effective MFV

AF =1 case
® Recalling what happens in MFV, if all FCNC have the form

AF= =
AAF 1S‘MFV _ égﬁAaF 1,5|SM(1 +€AF 1,3)
B

we call this effective Minimal Flavour Violation.
= Using 6% = 0

AF=1 AF=1 AF=1
;C - E31 + £21

where

L5 = BSanss” (5 = HQ + e,

L = B8ars8” (17 — 11)QE + he.
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Effective MFV

AF =1 case
® Recalling what happens in MFV, if all FCNC have the form

AF= =
AAF 1S‘MFV _ égﬁAaF 1,5|SM(1 +€AF 1,3)
B

we call this effective Minimal Flavour Violation.
= Using 6% = 0

AF=1 AF=1 AF=1
;C - E31 + £21

where

/\
£3A1F 1 =3 Ea#ﬁéaﬁ(f fl )Q +hC 513)8'\-’>\2+71A4

L = B8ars8” (17 — 11)QE + he.
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Effective MFV

AF =1 case
® Recalling what happens in MFV, if all FCNC have the form

AF= =
AAF 1S‘MFV _ égﬁAaF 1,5|SM(1 +€AF 1,3)
B

we call this effective Minimal Flavour Violation.
= Using 6% = 0

AF=1 AF=1 AF=1
;C - E31 + £21

where

/\
£3A1F 1 =3 Ea#ﬁéaﬁ(f fl )Q +hC 513)8'\-’>\2+71A4

bs 2
- a s s «@ ~ A
£2A1F_1:E$Ea¢gf2ﬁ( 2()_f( ))Q ﬂ—i—h.c 2

\1(_'9)/
22/28



Effective MFV

AF =1 case

® Recalling what happens in MFV, if all FCNC have the form

AAF 1S‘MFV _ fgﬁAiBF:LﬂSM(l +€AF:1,S)

we call this effective Minimal Flavour Violation.
= Using 6% = 0

AF=1 AF=1 AF=1
;C - E31 + £21

where
£3AlF I—_¥» Ea#géaﬁ(f f1 )Q + h.c., 5’55 ~ A2 1 g0
bs 2
= « (S « Y )\
ﬁzAlF_] = Esza#ﬁfgﬂ(. z( = f1( ))Q(ﬂ + h.c. 2

\_)/
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b— sy
m, =500 GeV , tans=2 M ;=500 GV, tan3=2
1000 11‘ ‘ g 7 10007 g” 1
800 ] 800
8
S 3 sl
§ o 1§ o 5
g £
400} | 400}
200} 1 200}
100 200 300 400 500 600 100 200 300 400 500 600
my(GeV) my(GeV)

® Process dominated by charged Higgses exchanges. So that for
myg+ 2 200 GeV
,»2Rly a very weak constraint on the squarks masses is present.




Less Restrictive 1

= What about less restrictive flavour symmetries?

UM, x UMW) g, x UM g, X UM dp, X U(2)dp

I U(1) 5, X U(1)dg,




Less Restrictive 1

= What about less restrictive flavour symmetries?
Ul)g, xU()p, xU1)p, x U(1)ag, x U(2)dy

I, U(1) g, X U(1)ag,

= Now U cannot be transformed away
m(%R =m*(1 + aY;'Yy),
® The flavour Lagrangian gets extra terms
! — ~ _
ALpc = —\@%d*R UBdr+V2g3da MU G dp + hec.
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Less Restrictive 2

= We define 17 = UjaU}z and we consider

. afB

= Dominance of left right operators due to stronger bounds
Qa5 = (drsp)(dLsr)

® So that in a generic form

o2
AS=2,LR __
A5(123 122 ~ (§am3, §2m2) 82 Qa5
mp,
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Less Restrictive 3

= Forthe symmetry U(1)z x U(1)g, x U(1) 5, x U(1)dp, X U(2)4

1/2
sin qbg)

= For the symmetry IT?_, U (1) 5, x U(1)ay,

1/2
2 sin gf)g)

2

R

my, = 450 TeV ( Z?’

3

my, > 104 T€V< Z




Non Standard Susy Spectrum

m \SUSY. This is the NMSSM case with an extra chiral singlet S
coupled in the superpotential to the usual Higgs doublets by
Af = ASH H,, where the upper bound on the lightest scalar is:

2\?
2 2 2 .2
mj, < m7(cos” 20 + R sin® 2(3) . (1)
35E | 00 % IR T g
20
30
25 15 40|
ézo é‘10 B
éls é 15
E101 E s
5
05
1
0.0 n n L L L L 0
2 4 6 8 10 12 20 100 1000
Log, oM (TeV) M (TeV)

Left: MSSM, Right:\ SUSY
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QCD 2

Large Logs and AF = 1 operators

® The Lﬁﬁfz has a peculiar feature. Being sensitive to two mass

scales large logs arise

2
m

C x log —’2‘
my




QCD 2

Large Logs and AF = 1 operators

® The Lﬁﬁfz has a peculiar feature. Being sensitive to two mass
scales large logs arise

2
m

C x log —’2‘
my

® The new ingredient is the mixing between AF = 2 and new
AF = 1 operators

Q = 5ab5ﬁa(d Prg")(q*Prs®)
Q) = derg (dﬁé%gb)(ga&s )
Q3 = fbactﬁa(d Prg")(g*PLs®) .
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