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Our understanding of fundamental physics
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Bounds on new physics from flavour

o\
J— i
L =ZLsm + Z Na—d
i
Operator Bound on A [TeV] Observables
Re Im
(5y*dp)? 9.8x10° 1.6 x10* Amy; ek
(§R dL)(ELdR) 1.8 x 104 3.2 x 105 AmK; EK

(Ety*ur)? 12x10% 29x10® Amp; |q/pl, 9D
(Grup)(Glug) 6.2x10% 15x10* Amp; |q/pl. ¢p
(byy*dp)? 51x 102 9.3 x 102 Amg,; Sykg
(brd)(bLdr) 1.9x10% 3.6 x 103 Amp,; Syks
(bry*s;)? 1.1 x 102 Amg,

(br s)(bysr) 3.7 x 102 Amg,

[Isidori, Nir, Perez 1002.0900]
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The flavour puzzle

105 -

103 ] .

102

/\Flavour [TeV]

Anp?

10' s« d b+ d b+s cCru

TeV scale NP requires weakly broken flavour symmetry
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Minimal Flavour Violation

MFV = Maximal flavour symmetry ...

[D'Ambrosio et al. (2002)]

Zom O qu(iB)qu + r(iB)ur + dr(iB)dr — Y/ G hd, — Y G, hui,

U(3)e, ® U(3)ug ® U(3)p, — U(1)s

... + minimal symmetry breaking

Y, ~(3,31)

A convenient basis

Yu
Y. = Ub, Ve Uu
Yt
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Y4~ (3,1,3)
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Minimal Flavour Violation

MFV = Maximal flavour symmetry ... [D'Ambrosio et al. (2002)]

Zom O qu(iB)qu + r(iB)ur + dr(iB)dr — Y/ G hd, — Y G, hui,

g

U(3)e, ® U(3)ur ® U(3)p, — U(1)s

... + minimal symmetry breaking

Y.~ (3,3,1) Y4~ (3,1,3)

A convenient basis

Yu Yd

S ) S A PR

l Yt Yb

¥
VC KM
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Consequences of MFV

All operators have to be formally invariant under the flavour symmetry.

c7L,-’yu [Yu YL,T + Yy YJ + .. } J dij ~ aLi')’u [yf Vi th} dij

{Yuyﬂ ;j = }/t2nV;; Vi

|Yql| < 1

drio [Yd YiVe+ .. } dyj ~ driouw [ya Vi V] du
ij

= same CKM suppression of all amplitudes as in the SM
= no right-handed FCNCs

1 - *
= e.g. AT(dU’yH [ytz Vti th:| dLj)z — /\Np 2 5TeV
NP
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Example: MFV in supersymmetry

degeneracy & alignment

|

7 (a4 b YUY+ b2 Yo Y+ )

~2
ITIQL

~2

iy, = (az1+b5YJYU+...)

i = i (asl+ b Y Yo + ...

Ay :A(a41+b7vDYg+...) Yu
(

Ap =A(asl bBYUY&+) Yo

can be complex — EDMs
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Why U(2)3?

(murmcrmt)N . \

(ma, ms, mp) ~ (=, ., ) . .

U(2)3 = mifj =0, V33i=0
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R R R R R R,
Why U(2)%?

A P
0TV
1 TeV
J
f
X
100 GeV
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U(2)? and its breaking

Maximrat flavour symmetry
U(2)q, ® U(2)ur ® U(2)py

1
qL = (‘75) ~ (2,1,1)
qr

P!

ur = (ug) ~ (1,2,1)
_ (%

dr = (d,%) ~ (1,1,2)
qi, uk, di ~ 1
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U(2)? and its breaking

Maxirrat flavour symmetry
U(2)QL &® U(2)UR ® U(2)DR

Resulting Yukawas:

0 0'0
Do (i)
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U(2)? and its breaking

Maxirrat flavour symmetry
U(2)a, ® U2)ug ® U(2)pz — U(1)s

Minimal + weak breaking
AY, ~ (2,2,1) AYy~(2,1,2)
(Yu, ye, 0u) (va, ys, 0q)

Resulting Yukawas:

AY, ' 0 AYy '
Yu:yt<'—0 —|—1-> Yd:yb<-—0—d—l

=lo

)
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U(2)? and its breaking

Maxirrat flavour symmetry
U(2)a, ® U2)ug ® U(2)pz — U(1)s

Minimal + weak breaking
AY, ~ (2,2,1) AYy~(2,1,2) V~(2,1,1)
(}/u,_)/c, 0u) (Yd,YSy ed) (Vcb, Vts)

Resulting Yukawas:
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U(2)? and its breaking

Maxirrat flavour symmetry
U(2)a, ® U2)ug ® U(2)pz — U(1)s

Minimal + weak breaking
AY, ~ (2,2,1) AYy~(2,1,2) V~(2,1,1)
(}/u,_)/c, 0u) (Yd,YSy ed) (Vcb, Vts)

Resulting Yukawas:

|Vu5| ~ eu - ed
|th/Vt5| ~ 9d
|Vub/ Vcbl ~ eu
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U(2)? and its breaking

A convenient basis

_ gt (Y gt (Y4 _ 0
YU_UQU( yc> Uy vd_UQd< ys) Up V=Ug, <E)
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U(2)? and its breaking

A convenient basis

A A

t,

ia AY,q '
Y:dg = UudL Yeb (- "0 d 4 =

-
:L Ugp = Vekm
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U(2)3: consequences for AF =2

As in MFV, expansion in spurions to obtain operors invariant under the symmetry

qL UR dr
= = dp =
qL (q3L> i ur (tR) ’ R (bR> f

e.g. quivuXijqLi & aq3vpqaL + bauyuar
+ c@ve(ViaL) + ¢ @ V) g + d @ V) (Via) + ...

Resulting effects in operators relevant for meson mixing:

CFLe'-@B(th V§)2((7Li’wbl_)2 ~— Universal, CPV contribution to By s mixing

Cﬁ(th V;)Q(HL’stLf <«— Universality with K system broken

(cf. UB):cB =cf.¢5=0)
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U(2)3: consequences for AF =2

ex = ex x (1+ hg) CPV in K-K mixing

Syks = sin [2ﬁ + arg(l + hse"%)} CPV in Bg-By mixing
Syg = sin [Z\ﬂSI - arg(l + hBe"@B)] CPV in B.-B. mixing

AMy  ( AMN\M

AM; — \ AM;

3TeV]2

hi g ~ 1.08 /P { 7
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U(2)3: consequences for AF =2

EK—eK x (1 + hk)
Syks = sin [2ﬁ + arg(l + hBefoB>]

Spe = sin [2\ﬂ5| — arg(l + hBe"@B)] oo | ;
AMy (AMd)SM / ’
AM; AM Possible tension in CKM fits between |ex|

and sin(23) can be solved (in constrast to
U(3)? case)

3TeV]?
hi.p ~ 1.08 cﬁs{ c ]
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U(2)3: consequences for AF =1

For AF =1 processes, also chirality breaking bilinears are relevant (b — sv)

quiXijdrj = Ap (a4 GaLbr 4 ba (L V) br + ca QLA YadR)

Resulting effects in (selected) operators relevant for B and K decays:

C7Wei¢7"’ Vip Vi mb(c?/L;o'WbR)eFW <~— Universal, CPV contribution to B decays
ey, Vii(duvub)(liyull)  ~—— CPV also in chirality conserving operators

K « (5 _
cr Vis Veg(divus)(Zvuv) < Real contribution to K decays
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U(2)*: comparison with MFV

b+ qL st di breqL
u(@3)® R “ R (5
u(2)? C R C
Relevant Bg- ég KO-K® b= sy
processes b—sll,vi K—mvo b—sll
As in MFV

= same CKM suppression of all amplitudes as in the SM
= no right-handed FCNCs
= universality in b — svs. b — d

Different from MFV
= correlation between B & K broken
= CP violation also in chirality conserving bilinears
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5 ——
U(2)3 vs. MFV at large tan 8

( Comments on MFV at large tan 8

At large tan 3, the 3rd generation Yukawas effecively break

U(3)3 yﬂb U(2)3 [Feldmann, Mannel (2008), ...]

In MFV + large tan 8, the spurion structure is minimal (AY, 4 + V)
= Same structure of FCNCs as in general U(2)® with minimal breaking

= MFV + large tan 3 is a special case of general U(2)?

Nomenclature:
“GMFV" = MFV + large tan 8 + CPV phases outside the spurions
[Kagan, Perez, Volansky, Zupan (2009)] )
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U(2)? and natural SUSY

1st/2nd generation sfermions heavy

= most strongly constrained by LHC

= CP problem due to 1-loop contributions to EDMs
= strong bound from K mixing on 1-2 transitions

A frrr
0Ty 4 2 - X 9
I s B /s
sod bed beas cou Fl
1 TeV
g
h —=
= %
100 GevV \ —

3rd generation sfermions light
= stops and LH sbottom needed to solve the hierarchy problem
= B mixing constraints less stringent
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U(2)? and natural SUSY

Number of articles
IS

ul'06 Jan'07 Jul'07 Jan'08 Jul'08 Jan'09 Jul'09 Jan'10 Jul'l0 Jan'll Jul'll Jan'l2
Date submitted to arXiv

http://arxiv.culturomics.org
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U(2)? and natural SUSY

Form of the soft terms:

U(2)QL ® U(2)UR ® U(2)DR - U(l)B

*\/T ipQ
o o [-LTee IV F xee OV
N Y
etc.

Consequence: flavour-violating gaugino vertices

9 Cd K* —K*s et
i ~ d _ iy dy. o S..
di s & W, = —K Cd —CdSLe (Wg)ij = dij

0 se 't 1
X (WLd.R)/J
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U(2)® and SUSY: AF =2

e = x (14 hy) hk = &l Fo
5’¢’K5 = sin [2ﬁ + arg<1 + hBeid)B>] hg = &%Fo

Syg = sin [2|65| — arg(l + hBei"”B>] o = —2v1

cet = (W)W

m2
Fo( 2g> >0

m=

by

= hx > 0, i.e. the contribution to ex
has the right sign to fix the possible CKM
tension

=|

David Straub (Scuola Normale Superiore, Pisa) LAPTh Seminar, Annecy



U(2)® and SUSY: AF =2

Fo
;. [Tev]

m -

Fit of CKM matrix + Fo, £,: not too heavy sbottom, gluino preferred
[Barbieri, Isidori, Jones-Pérez, Lodone, DMS (2011)]
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U(2)? and SUSY: AF =1

Also: CP violating effects in (chromo-)magnetic penguin operators
[Barbieri, Campli, Isidori, Sala, DMS (2011)]

-
g J-J'J';r g
b s iy m
ox e
\ ; & m2
b
>0 §>0
04 . . 04
[ N
. e
02F : 02f j
3 s
T l. v “ M vz
Y Lol valoe T 00 SM value .
—02t —02f 1
~04 . —04
~10 -5 0 Z04 ~02 00 02 04
Sox —Sux

10% (A7)
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Composite Higgs & Partial compositeness

An alternative solution to the hierarchy problem
+ an interesting approach to the flavour problem

qr
£ D €1qLOL + €rUROR + MOLOR (H)
Ur
Yij o er(Yij)er
d dr
& &
% 2 €d, €dp €5 Esg X m mgms
Sr SR
mp 220 TeV [Csaki, Falkowski, Weiler (2008)]

In conflict with naturalness. Flavour symmetry for the strong sector?
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5 ——
Composite MFV

Simplified picture: fermionic partners for all SM fermions

Flavour-invariant strong sector [Redi, Weiler (2011)]

Flavour violation only in composite-elementary mixing

Lmix = My (ULERUUR + Dieradr + Grers Qf + C_]LGLdQ,g) + h.c.

Right-handed compositeness Left-handed compositeness
U(3)q x U(3)u+u x U(3)p+d UB)g+u+p x U(3)u x U(3)d
€ry x 1 €ru x Yy~ (3, 3, 1)
ERd X 1 €ERd X Yd ~ (3, 1, §)
€Ly X Yu ~ (3,§, 1) €Ly X 1
€ld X Yd ~ (3, 1,§) €1d X 1
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Composite MFV: FCNCs

Tree-level FCNCs: only in right-handed compositeness

4 Y,

qr Qu,d Qu,d ac

ery < 1
€rg X 1
ero x Yu~(3,3,1)
erd < Ya ~ (3,1,3)
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—
U(3)® EFT vs. CHM

b < qL sL<rdi br¢rqL
U(@3)® EFT R “ R C
U(3)* R-comp. R ~ R 0
U(3)* L-comp. 0 0 0
U(2)® EFT C R C
BJ-BY K-K®  b—sy
Relevant processes _ _
b—sll, v K —mve b—sll
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Composite MFV

Sizable top Yukawa requires large top compositeness

3 3
Ye ~ €Ly YU €Ru

Right-handed compositeness Left-handed compositeness

€RUOC1 ELUO(].

One chirality of all (1, 2, 3) up quarks has to be strongly composite!
This will soon be probed by dijet searches at LHC.

No problem in U(2)*!

Alternative: U(3)? x U(2)  [Redi arXiv:1203.4220]
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U(2)? in Composite Higgs Models

Right-handed compositeness Left-handed compositeness

U(2)q x U(2)u+u x U(2)p14d U(2)q+u+p x U(2)u x U(2)a
AY, ~(2,2,1)  AY;~(2,1,2) V~(2,1,1)

Example: composite-elementary mixing in RH compositeness

2ReemP((2)3) & m, x

[erd(Ad BLbr + By DLdR) + €1d(aq G31 Qg + ba (GL V) QS + ca GLAY4QY)]
+hec +(d—=u)

€ERu,d X diag(A, A, B)

Ayu'd ' Xt' V
€Lud X Ytb "6‘*‘ - -
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Composite U(2)%: FCNCs

Tree-level FCNCs: this time, also in left-handed compositeness!

B QY7 9 e ar Qud T QUd ar

Different strong interactions in the two cases lead to flavour violation after rotating
to the mass basis for the external quarks
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R R R R R R,
U(2)? vs. U(3)? in CHM

b+ qL stedi breqr
U(@3)® EFT R “ R C
U(3)* R-comp. R ~ R 0
U(3)* L-comp. 0 0 0
U(2)® EFT C R C
U(2)* R-comp. C R 0
U(2)* L-comp. R R ()

Relevant processes Bg_Eig K-R? b= SW_

b—sll,vi K—=mvi b—sll
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U(2)3: allowed effects in AF =2

Hett = CLL ds (dL'YpsL + Z CLLe

i=d,s
201
15¢
&
10} 3
0571
0.0 bt/

-05 00 05 10
e x(3 Tev/A)2

0.5

041

03¢

021

01¢p

(dL'YubL)Z +h.c.,

0.0 :
-04 -02 00 02 04

cf x(3 TeV/ A)?

Result of Bayesian fit of CKM Wolfenstein parameters + cﬁ’B, ¢ to all relevant
experimental constraints including e, S,L;,KS, s
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U(2)3: allowed effects in AF =2

CLL CLLe 2
Heit = 545 (dL'YusL + Z ~(diyub.) +hec.,
i=d,s
10 ———— coe 05
P U3
~ 08 04l ,
< o06r (2)
> & 03¢
@ o04f 3
®  02f { % ozp
X
A B o1t
-02Ff ]
e e 00
-04-02 00 02 04 Z04 -02 00 02 04
el x(3 Tev/ A)? cf x(3 Tev/ A)?

Result of Bayesian fit of CKM Wolfenstein parameters + cﬁ’B, ¢ to all relevant
experimental constraints including e, S,L;,KS, s
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U(2)3: allowed effectsin AF =1

b7~ ibg
crye — cgge' P8 s
Ha =3 € [ i (diobr) e + P my (30, T'be ) 86
i=d,s
ip PR i 2
ce'L ,_. _ cRe cqe'PH v = g
“FT (dL’YMbL) (IL'Y;L/L)JF (dL’YubL) (eR'Y;LeR)‘f’i > (dL'YubL> ?ZM +h.c.,
w
1.0 1.0 1.0 10
0.8 0.8 0.8 0.8
ko6 « 0.6 0.6 « 0.6
S E > =
< 0.4 S04 S04 S04
0.2 0.2 0.2 0.2
0.0 0.0 0.0 0.0
~15-1.0-0.50.0 0.5 1.0 1.5 3T i o 12 3 2 1 o 1 2 -10 -05 00 05 1.0
Cry X (3 TeV/A) C X (3 TeV/AY cL x (3 TeV/AP Cr X (3 TeV/A)
<« ¢; =0in U(3)? >

e O(1) effects possible for NP scale of 3 TeV = 47v
e In AF =1, larger effects allowed than in U(3)? due to additional phases
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Extension to the lepton sector

(mu Me, mt . \ ‘VCKM‘ ~ [}

(mg, ms, mp) ~ ( ., )

(Mme,mu,m)~ (., @, . ) |Upmns| ~

Charged lepton masses fit into U(2) picture — Mixings don't

David Straub (Scuola Normale Superiore, Pisa)
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Extension to the lepton sector

s UdL = Vekm UsUl = Vemns
m,, e'?! Ve
T ; .
m, = U, m,,e'®? U, Ye= U], Yu Uer
mV3 yr

In the see-saw mechanism, U, comes from UeL_ comes from the diagonali-
the diagonalization of the neutrino Majo- zation of the charged lepton
rana mass matrix Yukawa

B v2 Yl,T Y,

T2 My,

We assume that charged leptons (Y.) behave as quarks and that the large
neutrino mixing is caused by Y, and/or My,

For a more complete model including also neutrino masses, see [Blankenburg, Isidori & Jones-Pérez (2012)]
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R R R R R R,
U(2)? in the lepton sector

The lepton flavour symmetry
U(2), ® U(2)e

is broken minimally by the spurions
AY. ~(2,2) Ve~ (2,1)

Resulting Yukawas
ydee — (., v, (_ éote_' ft,tllv_" _) Ule

,
U U. = Upmns
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U(2)? in the lepton sector

Chirality breaking, flavour changing bilinears have same spurion structure, but

different O(1) coefficients

T aAY. ' bV. |
R '-(—)— T

Leads to flavour violation after rotation to the mass basis of external ch. leptons
3i% 37 -
c- Uz Uil ms (eLia'uuTR) er,u

Cu U3e* UeL my, (eLaW,uR) FNV

LAPTh Seminar, Annecy
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U(2)? in the lepton sector: SUSY

Example: LFV in SUSY U(2)*

J j
-
‘ 23*WL13‘ r mi 92 r 10 1
: 0.6 3
i poe VeV =00 |500Gev] [tang)
W 33 13 r . 12 r 1
| W Wi mg, 10
j 7 Sey: L Ll g9
LS. neTTe Ve V| * |500Gev | |tang)
> (W) WP W o, 12710 ]
S A LA/ o
TR VoVa 2% |500Gev| |tanp
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U(2)? in the lepton sector: SUSY

=
<
3
£
o
o
BR(1oe 7) [Blankenburg, Isidori & Jones-Pérez, arXiv:1204.0688]
10°® T T
107 F i
_ 100} 1
=
¥ -9
L 1o
o
[a}
ool ]
1ot e ]
1otz . .
1072 10712 107" 10710 107° 107® 1077

BR(r-e )
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Conclusions

A weakly and minimally broken U(2)? flavour symmetry ...

David Str

provides an effective protection mechanism for FCNCs beyond the SM
could accomodate possible non-standard CPV in AF =2
is compatible with natural SUSY (hierarchical sfermions)

can be implemented in composite Higgs models, evading LHC bounds
more easily than composite MFV

can be extended to the lepton sector, predicting potentially sizable LFV
decays
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CKM fit: inputs

| Vi 0.97425(22) f (155.8 +1.7) MeV
| Vis| 0.2254(13) Bk 0.737 + 0.020
[Ves| (40.6 £1.3) x 1073 Ke 0.94 4+ 0.02

' (3.97 £0.45) x 103 fs,\/Bs (288 + 15) MeV
VKM (74 £ 11)° 13 1.237 +0.032
lex| (2.229 4+ 0.010) x 1072 7 0.5765(65)

Siks 0.673 = 0.023 Net 0.496(47)

AMy (0.507 4+ 0.004) ps—* Nee 1.87(76)
AM,/AMy  (35.05 + 0.42)

bs —0.002 + 0.087
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Conclusions
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U(2)? in Composite Higgs Models

(H) (H) (H)
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