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Why is CKM so good?

Flavour: excellent agreement between data and CKM picture
1
ip2
A;

In other words: AL =) O; = |A; = 10° +10*TeV
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Why is CKM so good?

Flavour: excellent agreement between data and CKM picture

1
In other words: AL =3, p(’); = |A; 2103 = 10* TeV
Possible way out: AL =", 5;%(’),-

with ¢; ~ O(1) and &; small due to some flavour symmetry

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 2 /17



Why is CKM so good?

Flavour: excellent agreement between data and CKM picture

In other words: AL =3, /\20 = |A; 2103 = 10* TeV

Possible way out: AL =3 .¢{—

with ¢; ~ O(1) and &; small due to some flavour symmetry

Minimal Flavour Violation paradigm
[D’Ambrosio, Giudice, Isidori, Strumia 2002]

U(3)3 = U(3)QL X U(3)UR x U(3)DR

Y, ~ (3,3,1), Yq ~ (3,1,3) so that SM is formally invariant

Assumption: BSM also formally invariant, only with Y}, Yy

vV £~ VgKM = ’/\ ~ a fewTeV‘ is OK with flavour bounds
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Beyond MFV: a way to proceed

Why to go beyond MFV? x U(3)3 is not in the quark spectrum

x EDMs, ...
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Beyond MFV: a way to proceed

Why to go beyond MFV? x U(3)3 is not in the quark spectrum

x EDMs, ...

Reduce symmetry, round 1

From U(3)3 to U(2)  [Pomarol, Tommasini 1995 and Barbieri,Dvali,Hall 1995]
v Exhibited by quark spectrum

x Too large flavour-violating effects in the RH sector
[Barbieri,Hall, Romanino 1997]
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Beyond MFV: a way to proceed

Why to go beyond MFV? x U(3)3 is not in the quark spectrum

x EDMs, ...

Reduce symmetry, round 1

From U(3)3 to U(2)  [Pomarol, Tommasini 1995 and Barbieri,Dvali,Hall 1995]

v Exhibited by quark spectrum

x Too large flavour-violating effects in the RH sector
[Barbieri,Hall, Romanino 1997]

Reduce symmetry, round 2

U@y = U@ae x UQ@u. x UQ)p

()
q;

a; tr br

v
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Breaking U(2)3

Exact U2} — my=mg=mg=m.=0, Vexm =1

0|0 0|0
en(38) v (8)

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 4 /17



Breaking U(2)3

Exact U2} — my=mg=mg=m.=0, Vexm =1

AY, |0 AY, |0
Yu:yt< 0 1) Yd=yb< Od 1)

@ AY, ~(2,2,1), AYy~ (2,1,2) to explain quark masses
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Breaking U(2)3

Exact U22)? — my=mg=mg=m.=0, Vexm =1
_ AY, | xV _ AYq | xpV
Yu_.yt< 0 1 ) Yd—}’b( 0 I )

@ AY, ~(2,2,1), AYy~ (2,1,2) to explain quark masses

@ Minimal U(2)3: only 1 doublet V ~ (2,1,1) to explain CKM

1-— )\2/2 A sfse*"‘s (L_IL Yo VCKMdL) W,
Vekm = —A 1-X/2 s _ .
—sfsel®  —scf 1 sicl — sfcfel®O=h) = xe'?

All Minimal U(2)* 4 physical parameters from tree level observables
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Breaking U(2)3

Exact U(2)} — my=mg=ms=m.=0, Vecxm =1
7 AY, | x;V B AYy | xpV
Y“_yf(xuvu 1 > Y"_y"<xdvd 1
e AY,~(2,2,1), AYy ~ (2,1,2) to explain quark masses

@ Minimal U(2)3: only 1 doublet V ~ (2,1,1) to explain CKM

@ Generic U(2)3: 2 extra doublets V,, ~ (1,2,1), V4 ~ (1,1,2)

I =2 A sise™™ (T Y Vermdr) Wy,
Vekm = = 1—-)2/2 c's ' . .
—sfse®  —scf 1 sicd — sdclel0=P) = \e'd

All Minimal U(2)% 4 physical parameters from tree level observables
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U(2)3: effective theory

Assume: all FV controlled by the spurions, i.e. AL built with the bilinears:
G VWia, GVgs, @ Vtr, MG Vbr, GAY.ur, MG AYodr

= AL = ALY + ALpag
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U(2)3: effective theory

Assume: all FV controlled by the spurions, i.e. AL built with the bilinears:

G VWiay, aVa, G Vte, MG Vbr, GAY,Ur, MG AYedr

= AL = ALY + ALmag

FV controlled by Vekm (like U(3)3)

Selected operators and relevant observables (1/A? understood)

ALY D e (VwV5)? (div.bL)?, i=d,s B, —Bj.
Cf(vtsvrdf(aL'YusL)za €K
ALmag D 7€ mpVw Vi (di o, br)eF,, b— s(d)y

(but ¢ = ¢f and ¢5 = 0 in U(3)?)

V.

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 5 /17



U(2)3: effective theory

Assume: all FV controlled by the spurions, i.e. AL built with the bilinears:

drV,VJjur, GrVutgr, GaViur, G VVjur, (v d)

= AL = Aﬁif + Aﬁmag =+ A,C??f + Aﬁii—\, FV both in L and R currents

FV controlled by Vckm (like U(3)3)

Selected operators and relevant observables (1/A? understood)

ALY D cPel®e(VVE)? (div,bi)?, i=d,s By, — B,
Cf(vtsvidy(aL’YuSL){ €K
A['mag D) C7»Yei¢7’y meth:‘i (al’;UIU/bR)eFHV b — S(d) vy

(but ¢ = cf and ¢g = 0 in U(3)%)
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U(2)3: effective theory

Assume: all FV controlled by the spurions, i.e. AL built with the bilinears:

drV,VJjur, GrVutgr, GaViur, G VVjur, (v d)

= AL = Aﬁif + Aﬁmag =+ A,C??f + Aﬁii—\, FV both in L and R currents

FV controlled by Vckm (like U(3)3)

Selected operators and relevant observables (1/A? understood)

ALY D cBele (Vw Vi) (divubl)?, i=d,s By.— B,
CF(VtsV:d)2(aLVu5L)2, €K
ALmag D c7,€ " mpVw V5 (dj 0, br)eEF10, b — s(d)y
cpe'®P mt%vubv:b (000 T2cr)8s G}, AAZ,

d €9\ 2
ALY D K K itk °R o (eg) (VesVi9)? (div,st)(dr,sr) €K

(but ¢ = cf and ¢g = 0 in U(3)%)
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Minimal U(2)?

bounds and new effects

AF =2 ’ Can solve CKM fit tensions! ‘
L0 — 03
) 3
o 0.8 F v 04 2.0
<
= 06 s
> e 03
=04t =z
z
C02 =02 10
X
3 00 01 0.5
~02
. . 0.0 001—/
~04-02 00 02 04 204 -02 04 -05 00 05 10

ciLx(3 TeV/ A)?

Messages

el %(3 TeV/ A)?

e % (3 Tev/ A)?

@ Data consistent with AL = Z 5,

o Larger effects than U(3)* allowed

(’) and |¢i|=02+1

see also [Buras, Girrbach 2012]

A; ~ 4rv ~ 3TeV (compos. scale/new weakly int. particles of mass ~ v)
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Minimal U(2)3: bounds and new effects

AF =1 b s(d)el, b— s(d)vi

1.0 LOpT asassanas 1.0

0.8} 0sf - 08
& 060 0.6F - 0.6 /
= = &
o~ = ~
< o4l S04 ® 04 /

0.2} 02 - 02

0.0k 0ok ;

-2 -1 0 1 2 -3 -2 -1 0 1 23 O‘O,J 5 _1 0 1 2 3
1y X (3 TeV/A)? e % (3 TeV/A)? e X (3 TeV/A)?

Messages

e Data consistent with AL = Z,-f;%@,- and |¢i|=02+1

1

@ Larger effects than U(3)3 allowed see also [Buras, Girrbach 2012]

N ~ 4rv ~ 3TeV (compos. scale/new weakly int. particles of mass ~ v)

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 6 /17



Generic U(2)3: bounds and new effects

AYyq=L(s)?) AV R(sp?), V=(0,e1), Viag= (057

A , d
si"d, €; fixed from tree level observables, s;;d, 29 bounded from above

10° - e 10°
Do
b X
107! o J
! d
sy i s \
i N R '
St N SL '
102} P \\
| : b
10 130’ 1072 107! 10° 1102 107! 10°
u da
€pler €r/€L
AN=3TeV and ¢sing; =1 (— constraints are maximized)
o — — D — — !
Legend: black = d,,, green = AA¢p, red = ek, blue = €
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Up sector within U(2)3

Minimal U(2)3: prediction of no detectable effects in

e Top FCNC [BR(t — ¢, cZ)]: below future LHC sensitivity
o CPV in D — D mixing [¢12]: below future LHCb sensitivity

o Direct CPV in D decay [A2; (77, KK)]: below per mille level

What if A2 (77m) — AR(KK) = —0.67 = 0.16% is new physics? |
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Up sector within U(2)3

Minimal U(2)3: prediction of no detectable effects in

e Top FCNC [BR(t — ¢, cZ)]: below future LHC sensitivity
o CPV in D — D mixing [¢12]: below future LHCb sensitivity

o Direct CPV in D decay [A2; (77, KK)]: below per mille level

What if A2 (77m) — AR(KK) = —0.67 = 0.16% is new physics? )

Generic U(2)3
e could explain AAZE

@ respecting all current flavour and EDMs bounds

@ keeping the same null predictions for BR(t — ¢, cZ) and ¢12
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How to know it is U(2)3? (if some new physics signal seen)

s — d correlation in B decays (same as in SM)

Then: how to know it is not U(3)3?

Qualitative picture:
Chirality conserving Chirality breaking

AB=1,2 AS=12 AB=1 AC=1
U(3)® moderate tg C 0
MU(2)3, U(3)? large tg C R C 0
GU(2)3 C C C C

Legend: € = new effect, R = new effect aligned with SM, 0 = negligible new effect

Quantitavely: smaller effects in MFV at moderate tan

U(3)3 at large tan 3: other tree level effects expected
[Feldmann, Mannel 2008 and Kagan et al. 2009]
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Where | am?

Motivations

Breaking U(2)3

Phenomenology

U(2)? in Supersymmetry and in Composite Higgs Models

Conclusions
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Where | am?

e U(2)3 in Supersymmetry and in Composite Higgs Models

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 10 /17



SUSY realisation of Minimal U(2)3

1 1 - SUSY with heavy 1,2 generations
F 912 "/ Flavour blind CP violation (EDMs)
(Natural and ok with collider bounds)
tas + s
=+ 41,2
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SUSY realisation of Minimal U(2)3

1 1 - SUSY with heavy 1,2 generations
F 912 "/ Flavour blind CP violation (EDMs)
(Natural and ok with collider bounds)
+4 1@
= Q1,2 »CF—breaking ~ EIT th(AY7 V) El
Cd K* —K*s el j
wt = —K Cd —cys, e R “ ~
0 se ™ 1 d;" ---dp"
: W
WR= 1 k= sqe'? “

@ One new angle s; and 1 new CP-violating phase
@ Minimal breaking leads to flavour alignment
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SUSY AF = 2: K and B mixings

_ €K SM tt (1+‘£ ‘4',_—0) + ef(M ,tc+cc

1 Syks =sin(28+6a), MBe = M (1+E2F)

L]

CdSL
= \\(; L|e’7, Fo(mg, mg) >0,  ¢a =arg(l+&°Fo)
ts

New parameters by solving CKM fit tensions
05F =5 V4
04 r \%%? /

Sl € 0.8,2.1], ¢a € [-9°,-1°],

03} ‘ !l \
7 P | \ v € [-86°, —25°] or [94°,155°]
7 s I | \
0.1 | ‘
0.0 ‘ A .
-02 0.0 0.2 0.4
7
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SUSY AF = 2: K and B mixings

_ P Gf(M Jtt (1+‘€L‘4FO) + 6f{Mﬂ.‘H»cc

b Spks =sin(28+0n), MPBu = MES (1+ E2F)

1
(=]

(=1

CdS :
a:\\iie’ﬁ Fo(mp, mg) >0,  ¢a = arg(1+&2Fo)
S

New parameters by solving CKM fit tensions

6] €[0.8,2.1], ¢a € [-9°,-1°],
v € [—86°,—25°] or [94°,155°]

[TeV]

b

m;

0.03
0.

0.07
0.203\02 0.09// 40,04 / 9
02

04 06 08 10 12 14
m_ [TeV]

Prediction: m;, mz < 1.5 TeV

v
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SUSY AF = 1: selected B decays

CP asymmetries in B — ¢Ks, 1'Ks, Seks, Snks

SfZSIn (2/8+¢A+(5f): 6f(§L7rY7 mBamé‘7utanB_Ab)

u>0
0.4
021
é
Y SM valug .
&
-02
-04 . !
-04 -02 0.0 0.2 04
S —Syk

Blue: v >0, Green: v<0,
Red: 1 o experimental bound
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SUSY AF = 1: selected B decays

CP asymmetries in B — ¢Ks, 1'Ks, Seks: Sniks

Sf =sin (26+¢A+(5f)1 (5{(5[_,"}/, mE,mg,/J/tanﬁ—Ab)

u>0
04 Relevant for:
@ Future improvement in
o2y 1 sensitivity: a 5+ 10 factor!
5 vl @ Sizeable effects with negligible
: 00 ' flavour blind phases
-o2r 1 Similar clean correlations also for
Acp(B = K*p*u™, B = Xs)
~04 . .
-04 -02 0.0 0.2 04
Suc=Sux Message
Blue: v >0, Green: v <0, Peculiar phenomenological pattern
Red: 1 o experimental bound of interest for LHC

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 13 /17



CHM realisation of Minimal U(2)?

Flavour symmetric strong sector as an alternative to “RS-GIM" mechanism

Ls =\ Qf HUr+Ap Qf HDr+ M4 Qf Qi+ Mg Qf Qg+ My UL Ur+Mp DL Dr

Flavour violation only in composite-elementary mixings:

ar
U(3)®  [Redi, Weiler 2011]
Ug
LEeome — Uymyug + Dimpdg + G, Qb + Guig QF
‘Can_i‘;omp = aLmUQ}% + aLmUQg + ULI%UUR aF D[_ﬁ’l,:/dR7

(H)

fhu,d 08 Yu,d
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CHM realisation of Minimal U(2)?

Flavour symmetric strong sector as an alternative to “RS-GIM" mechanism

Ls = \yQHUr+p QF HDr+ M4 QF Q4+ M QF Q4+ My UL Ug+Mp Dy Dg

Flavour violation only in composite-elementary mixings:

qr
u(2)® (H)
Ur
LReeme — T myug + Dympdg + Guimu(V, AY,) Q4 + Guma(V, AY,) Q4
L2 — g my QY+ GLmy Qg + Ui (V, AY,)ug + Diig(V, AYq)dg

v’ distinguishing generations = light quarks can be mostly elementary

= ’easier to satisfy precision and collider constraints! ‘
see also U(3)? x U(2), [Redi 2012]
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CHM flavour phenomenology

Example: chirality conserving, U(3)3
L-comp. R-comp. ;
Uriyug, Diigdr | G Qp, Guig QR Yu Yy
No tree level FV!
ar Qu.d Qu‘d qar

Tree level FCNCs: Chir. conserving Chir. breaking

AB=1,2 AS5=12 AB=1
U(3)® moderate t3 C
U(3)? R-comp. 0

U(3)® L-comp. 0 0 0
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CHM flavour phenomenology

Example: chirality conserving, U(2)3, L-comp.

Uiy (V,AY,)ug
Dy mg(V,AYy)dr

kL QY R T TR

Tree level FCNCs: Chir. conserving Chir. breaking
AB=12 AS=1,2 AB =1

U(3)? moderate tg pe
U(3)® R-comp .
U(3)® L-comp. 0 0 .
MU(2)3, U(3)? large tg C R p
MU(2)* R-comp. C R )
MU(2)3 L-comp. R R C
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Summary of U(2)® phenomenology

AF =2 o new phase ¢g in B — B mixing
o MB4/MB: SM-like

no new phase in K mixing

AB =1 o effects can be large

Up o effects cannot be large (AA2, in Generic U(2)* can)

Observables to watch: Sy, Sgk, b — s(d)l,vi, K — nvi, ... J

Filippo Sala, SNS & INFN Pisa Flavour physics from an approximate U(2)3 symmetry 16 /17



Summary of U(2)® phenomenology

AF =2 o new phase ¢g in B — B mixing

o M54 /MB: SM-like

no new phase in K mixing
° ‘ my, mz < 1.5TeV SUSY

AB =1 o effects can be large

° \clean correlations between observables‘ SUSY

Up o effects cannot be large (AA2, in Generic U(2)* can)

Observables to watch: Sy, Sgk, b — s(d)l,vi, K — nvi, ... J
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Summary of U(2)® phenomenology

AF =2 o new phase ¢g in B — B mixing

o M54 /MB: SM-like

no new phase in K mixing
° ‘ my, mz < 1.5TeV SUSY

AB =1 o effects can be large

° \clean correlations between observables‘ SUSY

Up o effects cannot be large (AA2, in Generic U(2)* can)

’Some effects cannot be large (implementation dependent) ‘ CHM

Observables to watch: Sy, Sgk, b — s(d)l,vi, K — nvi, ... J
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Conclusions

U(2)? is in the data B
q1,2
Naturally safe with flavour bounds

Large effects allowed gi’» g3
1,2

SUSY Natural and ok with collider bounds
Small EDMs

CHM Collider and precision constraints easier to satisfy than U(3)3
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Conclusions

U(2)? is in the data B
q1,2
Naturally safe with flavour bounds

Large effects allowed gi’» g3
1,2

SUSY Natural and ok with collider bounds
Small EDMs

CHM Collider and precision constraints easier to satisfy than U(3)3

Thank you for your attention!
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Back up
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A significant limit for both U(2)3 and U(3)3

HEST! = %fds (c_/i’wﬁf) [C% (Elﬁwdﬁ) + ¢k (Dﬁ"?%‘u%)}

€ [ImA;| d
¢l o [ImAf LIQY K) =0
. NS ((mm)i=2| Qg + QLr|K)
TeV
ctd <0.1+02 (3/\‘; )

Still roughly consistent with previous discussion of bounds

U(2)3+ SUSY solves the “problem”!

@ box diagrams are suppressed by heavy i, d
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