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Introduction

Never underestimate the joy people derive from hearing something
they already know.

Enrico Fermi

(N.B. this quote itself counts)
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Introduction

Fermion content
P P
QL = (NI];> ) pPL, nr, QR = <N1;> ) PR, ngR,

m SU(2)r, doublets Qr, and Qgr; SU(2)L singlets pr,nL,pr,NR.
m Number of fields:
# (Left-handed fields) = #(Right handed fields)
Within doublets:
#(PL)=#(NL)=#(QL), #(Pr)=#(Nr)=#(QRr)
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Introduction

Yukawa couplings

Ly = _QL(I)deR_QLéYupR_ﬁL(I)TFdQR_ﬁL&)TFuQR}
+ H.C.

Bare mass terms
Zom = [_ﬁL Hanr — PL bu PR — QL Mg QR] +H.C.

Electroweak Spontaneous Symmetry Breaking

@ = (,/va)
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Introduction

Mass terms
L=
v (s = _ _
[— E(NLdeR‘FPLYuI)R+nLFdNR+pLFuPR)

— N dNMRr — PL Bu PR —PLMQPR — NLMQNR:| + H.C.
Mass matrices

La=—(Np L) My (J’:y;) — (Py pr) A, (zm) +HC.
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Mg =

vYq/V?2 #(Nyp) Mgq #(]lVL)
!
#(ngr) #(Nr)
7 T
Hd #(nr) vla/V/?2 #(nr)
i !
#(nRr) #(NRr)




7 )
Y, /V2 #(Pr) Mg #(PL)
! !
— #(r) - — #(Pr) —
My =
T T
Mo #(IfL) oLy /V2 #(pL)
!
— #(r) — — #(Pr) —




Introduction

No right-handed doublets

Repeat

Ly = [*QL‘I)YdTLR*QL&’YupR - Ny Man*ﬁLMupR] +H.C.

vV = _ _ _
_EPL Y.Pr—Nr Ha NR—DPL Mu PR} +H.C.

Su=— (N np) #y (nr)— (PL Pr) . (PR)
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Mass matrices

|
vYa/V2 #(N1)
!
— #(nr)
My =
|
Hd #(nr)
!
— #(TLR)
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My

T
'UYu/\/Q #(Pr)
1
#(pr)
T
Hu #(pr)
!
#(pr)




Introduction

Unitary transformation to the mass basis

Down quarks

)
Agr #(Ntr)
!
< #ld) - nr = Ajrdr
<]T\ZL> = dr =Ugr dy,
E 1 nr =Ugrdr
Bar #(nr)
!
— #(dL) —

where ng = #(dr) = #(Nr) + #(nL) = #(nr) = #(dr).
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Introduction

Unitary transformation to the mass basis

Up quarks
1
AuL #(PL)
i
P — #ur) = PR = AurUR
< L) = ur =Uyrur,
pr 0 PrR=U,rur
BuL #(pL)
l
— #(uL) —

and n, = #(ur) = #(Pr) + #(pr) = #(pr) = #(ur).
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Introduction

Migue

Unitarity of the “weak to mass” basis transformations

U Ui, = <AdL Al Aw B:;L) _ <1#(NL)x#(NL> 0#(nL)x#(NL)>
¢ Bar Al; Ba Bl Ou(Np)x#(nr)  L#(no)x#(nr)

Ul Usr = (AL, Aap + BY, Bar) = Loyxna

udR UJR = AdR ALR = 1#(nR)><#(nR) = 1nd><nd

U U, = <AuL A%L Aur B;;L) _ (1#(PL>x#(PL) 0#(pL)x#<pL)>
h Bur A,y Bur By Ou(Pr)x#(pr) L#t(pr)x#(pr)

Ul U = (A, Aup + Bl Bur) = 1nuxn,

UurUlp = Aur Al g = Lior)x#tor) = Lnuxn,

crrp W




Diagonalisation

—(NL nL) #y; (nr) =—dL U;L MyUqar dr = —dg diag(ma,) dr

v

Y.
(ALL B(];L) (\/Zd d) (Aar) = diag(ma,) = Za

- (PL 13L) Mo, (pR) = fﬁLZ/liL My Uyr up = —ur diag(m,,;) ur

vy, .
(ALL BZL) (ﬂ ) (Aur) = diag(my,;) = 2,

Hu

Miguel Nebot




Introduction

Gauge interactions, charged

L= —LWF I +HC, Jb = Piy*Ni, V2WH =Wy —iWs,
\@ pn YW W

T = Ppy" N = @ Al " Aardr = Gy Vidy
m CKM matrix V7, mismatch of rotations
Vi = ALL Agr, dimensions [n, x#(21)] - [#(2L)Xng] = [ny x4
m CKM unitarity deviations
U=V, V] =Al, A, =1- B!, B, dimensions [n, x n,]

D, = VLJr vV, = ALL Ay =1- BJ;L B,, dimensions [ng X ng

UV =V, ViDp=Vi,
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Introduction

Gauge interactions, neutral

Ine=-9(Pr Np)v, 3 0 Pr\wy
0 —1/\INg

— 9'y2, PLy PLB" — ¢'ya, Npv, N B*
- ¢'v1.PLYuPLB" — ¢'y1.PRY.PRB"
— g y1anLyumL B — g'y1, iRy mRBY

Sc = —CiZHJg —eA, T

with 1
Jh = 5 [@ry"Urur — dpy*Drdy] — s2, 06y

2 2 1- 1-
Jhnv = gﬁL’Y“uL + gﬁR’Y'uUR - gdLW“dL = ngy“dR
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Introduction

Higgs couplings to fermions

Down sector

Laa =5 (o ) (1;) (@ _
- %JL (Ah BiL) (};d) (Adr) dr

In the mass matrix

ALL deAdRﬂLBdLMdAdR 2

Left multiplication with Dy, using Dy, ALL = A;L and Dy, BJ;L =0,

YqAgr = *DL D4

dL\/“
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Introduction

Higgs couplings to fermions

Up sector

As in the down sector, Uy, instead of Dy, etc.
Higgs couplings to fermions

h -
th’d = _E dL DL @d dR + HC

h
B = 2 urUp 9, ur + H.C.
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Introduction

Unitary embedding of CKM

7 (VL = Al Agr BZL> _

Bar, 0
7 7
Vi My BlL Ty
! !
— ng — — #(pL) —
T T
Bar #(ng) 0 #(nr)
! !
— ng — — #(prL) —

Dimension

#(nr) +ny = #(pL) + na = #(QL) + #(pL) + #(nr) = (#L)
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Introduction

Unitary embedding of CKM

- t f T
! = (g e M) -
BqrV; Bar By,
(UL +B2:LBuL ALLAdLB:rlL> =
Bar Al Aur BurBj,
1n B 0
( N ) = lryx#L)
#(np)x#(nr)
PN + t Tt
VLTVL _ (VLVL + By Bar V. B, ) _
BuLVL BuLBqZL
<DL + B:;LBdL ALLAuLBZL> _
BuLALLAdL BuLB:rLL

<1nd><nd 0

-1
0 1#(m)x#(m)> GAEpsGct)
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Introduction

Short summary

CKM is not 3 x 3 unitary (embedded in a larger unitary matrix)
Modified tree level W Flavour Changing couplings

Tree level Z Flavour Changing couplings

Modified tree level Z Flavour Conserving couplings

Tree level h Flavour Changing couplings
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1 Up VLQ example

Migue

Example with just a 1 Up Vector-like singlet

m CKM has dimensions 4 x 3, orthonormal columns
m CKM embedded in 4 X 4 unitary matrix

Vud Vus Vub Uua
== \% V., V Uey
V; = cd cs cb c

g Via Vis Vi | Una

Vea Vrs Vio | Ura

No tree-level FCNC in the down sector
Tree-level FCNC in the up sector, e.g. tc¢Z coupling

g = * I *
E [CL,Y#(_U(:ZLUtZL)tL + tL’YM(_Uz‘AU(A)CL] ZM

m Modified Z couplings, e.g. ttZ

@ =
725[/’}/“(1 - |Ut4|2)tL ZIL
cw
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1 Up VLQ example

Observables — Summary & values

[ Observable [ Exp. Value “ Observable [ Exp. Value ]
V. 0.97425 + 0.00022 Vil 0.2252 + 0.0009
V.l 0.230 & 0.011 V,, 1.023 £ 0.036
Vol 0.00375 & 0.00040 Vo 0.041 £ 0.001
Agjpre=sin2f 0.68 + 0.02 AMp,(x ps) 0.508 4 0.004
A /ge=sin20;, 0.01 £ 0.07 AMp, (X ps) 17.725 4 0.049
v (68 £ 8)° mod 180° sin(2a) 0.00 £0.15
sin(26 + ) 1.00 +0.16 cos(20) 0.87 £0.13
AT's (ps) 0.091 4+ 0.008 ATy (ps) —0.011 £ 0.014
Al 0.0003 + 0.0023 Ag, —0.0032 + 0.0052
Ab —0.00496 £ 0.00169
ex (x10%) 2.228 +0.011 € [ex (x10%) ] 1.67 £ 0.16 |
Tp 0.0041 T0-0015
Br(KT — mtwp) | (1.73T115) x 10710 Br(K; — pi) | (6.84+0.11) x 1079
Br(K — 70uD) <26x10°°% Br(B — Xs7) (3.56 £0.25) x 10~ 2
Br(Bs — uTp™) (2.8+£0.7) x 1077 Br(Bg — ptu™) | (3.90£1.5) x 10~ 10
Br(t — c2) <1073 Br(t — uZ) <1073
AT 0.05 +0.12 AS 0.02 +0.11

Nebot

Botella, Branco & N

1207.4440 (JHEP
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1 Up VLQ example
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1 Up VLQ example

—4

75 100 125 150 175 20.0 225

Al x 103 vs. Br(Bt — 7tv,) x 10°
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1 Up VLQ example
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1 Up VLQ example

0.2+

0.1+

0.0+

0.1+

AJ/\IJCI) VS. ]_D)I'(BS — /,[,+'LL_) X 109
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1 Up VLQ example
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1 Up VLQ example

3.0

0 0.01 0.02 0.03 0.04

Br(K* — 7rvi) x 100 vs. |V,]
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1 Up VLQ example

3.0F
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Br(Ky — n%w) x 101° vs. Br(K™ — ntwvi) x 1010
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1 Up VLQ example

1.00
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Br(t — ¢Z) x 10° vs. Br(t — uZ) x 10°
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1 Up VLQ example
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1 Up VLQ example
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3Up + 3Down VLQ

Model with 3 Up + 3 Down VLQ singlets

m The scope of this scenario is completely different
(generate CKM and masses)

m “Safe” example from the flavour point of view
m CKMis 6 x6
m Additional aspect: decays

Botella, Branco, N, Rebelo & Silva-Marcos, 1610.03018, to appear
EPJC
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3Up + 3Down VLQ

Interlude — Fermion decays

F1 — FQh, F1 — FQV
Coupling hFs (a + ibys) Fy

D(F = Fh) = T2/ - (Vo + VA1 - (Vo — v5)?)
x {(laf? + )1 +y — 2) + 2(lof? — )7}

Coupling V,, F5v*(a + bys) Fy

D(F = BV) = 220 - (Vo + vi)2) (1 - (V2 - v5)?)

x {(lal* + b*)(1 +y — 22 + [1 — y]*/2) - 6(a* — [b1*)v/y} ,

2
m
_ _'Fy — Oy
Y=z T= 2
F

Miguel Nebot
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3Up + 3Down VLQ

Interlude — Fermion decays

No right-handed doublets

3

D(D; = DiZ) = 75 (VEVL)yl fv (@2, i)
3

L(D; = Dih) = 25 (VEVL)isl? F(ons, i)
Mp,

F(Dj —>UZW) 1670 |(VL)ZJ| fV(xW]ayl])

2
MFi

v Mg Yij = it
e, Vi = o,

M
Ty = ﬁ, Thj =
J

fr(@.y) = /(1= (VT + VR~ (V5 — Va)?) (1—y)>+a(l+y)—22)

fs(,9) = /(1 — (VI + VB (A~ (Vi — VD)1 +y — )
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3Up + 3Down VLQ

Interlude — Fermion decays

No right-handed doublets
Similarly

3

MUJ‘ . 2
F(Uj - U;Z) = 327w2|(VLVL)ij| fV($Zj7yz'j)
M3,

16702
3

MUJ (2
IU; — Ush) = 3902 (VL VL)i;1° fs(@ng, viz)
fv(0,0) = fs(0,0) =1

For decays heavy generation j to light generation 1,

IU; — D;W) = |(VD)jil? fv (@wj, ys5)

N(j—iW):I'(j »iZ):T(j —th) ~2:1:1

per generation

crre W
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3Up + 3Down VLQ

3 Up + 3 Down singlets

Back to the example ...
Yukawa and mass matrices . ..

Masses (GeV)

mp, 775 my, 1313
mp, = | 1621 s mu, = | 1507
mps 1957 muys, 2261

Miguel Nebot & ©




3Up + 3Down VLQ

Mixings

V=

0.97446

0.22446

0.00850
1.3-1073
5.4-10~*%
8.5-10

Miguel Nebot

0.22459

0.97361
0.039901
6.1-1073
2.4-1073
3.3.107°

0.003631
0.041118
0.987685
0.150913
1.0-107*
1.4-1076

2.2.1076
2.8-107°
1.4-107°
2.1-106
6.7-1078
9.2.10~10

9.8.
.10~
4.9-
7.5-
5.5-
7.6

2.3

106

10—4
10—°
107
107°

2.9.
-107°
3.7
5.7-
9.0 -
1.2

3.7

107°

10—4
10~°
10—8
107°



3Up + 3Down VLQ

Mixings — Unitarity deviations, Up

vVl =
1 1.1-107%  2.9.10717 45.107*® 4.7.107% 4.0-1076
1.1-1078 1 221077 57-107Y7 24.107% 3.4-107°
2.9-10717 2.2.10717 0.977 0.149 1.7-10716 2.2.10718

45-10~18 5.7.10"17 0.149 2.28-1072 2.6-10"17 3.3-10719
47-1006 24-107% 1.7-107% 26-1077 58.1006 8.1-10°%
40-107 3.4-107° 22-107*® 33.107¥ 81-107% 1.1-107°
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3Up + 3Down VLQ

Mixings — Unitarity deviations, Down

ViV, | =

14.
3.0-
6.0-
-107°
2.3

6.3

Miguel Nebot

108
10-8
106

107°

1.4-1078
1
1.4.1077
2.8-107°
2.4-107%
5.6-107°

3.0-10°8
1.4.1077
1
1.3-107°
49-107*
3.7-107*

6.0-10716
2.8-1075
1.3.107°

9.6-10710
1.3-1078
6.3-107°

6.3-
24-
4.9-
1.3-
3.0-
1.9-

2.3-

5.6
3.7

6.3-

1.9

14.

1075
-107°
-1074
1079
-1077
1077



3Up + 3Down VLQ

Width Branching ratio to channel (%):

(MeV) || Zd | Zs Zb hd | hs hb Wu | We | Wt
Dy [ 3-107%][09[203] 44 [[09]193] 4.2 0.2 | 40.7 | 8.8
Dy 0.81 0.3 | 49 | 204 | 03] 49 | 20.2 0 8.9 | 40.0
D3 0.69 0 0.5 | 249 0 0.5 | 247 03 | 05 | 48.1

Width Branching ratio to channel (%):

(GeV) || Zu | Zc | Zt || hu | hc ht || Wd | Ws | Wb
Uy 32.9 0 0 23.9 0 0 24.7 0 0 51.4
U, 1072 0 | 25.1 0 0 | 24.7 0 2.5 | 47.6 0
Us [ 9-1076 || 0.3 | 24.7 0 0.3 | 24.5 0 3.2 | 46.8 0

Miguel Nebot
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Conclusions

Conclusions

m Rich class of Standard Model extensions

m Can produce patterns of deviations from SM in different
observables (correlations)

m Could be directly produced
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Conclusions

There’s nothing remarkable about it. All one has to do is hit the right
keys at the right time and the instrument plays itself.

Johann Sebastian Bach
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Conclusions

Observables — Shopping list (1)

m Moduli of V
|Vud|7 |Vus|7 |Vub|7 |Vcd|7 |‘/;s|a |V‘cb|

(+ |V, from single top production)

m Tree level phase 7.
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Conclusions

Observables — Shopping list (2)

m Mixing induced, time dependent, CP-violating asymmetries in B
meson systems, Ak, = sin(20) in By — J/¥Kg and
AJ/\IICD = sin(2ﬂs) in Bg — J/\I/(I)|CP

= Additional asymmetries involving mixing and decay, like sin(2a)
from B — nw and sin(20 + v) from B — Dn(p).

m Mass differences AMp,, AMp,, of the eigenstates of the effective
Hamiltonians controlling BY-BY and B-B? mixings.

m Width differences AT'y/T'y4, AT, of the eigenstates of the
mentioned effective Hamiltonians, related to Re (1"{32‘1 /MIB;),
qg=4d,s.

m Charge/semileptonic asymmetries Alg s A‘é 1, A%, controlled by
Im <F1B2q/M1B2q)a q= d7 S

A. Lenz, U. Nierste JHEP 0706, 072 (2007), hep-ph/0612167
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Conclusions

Observables — Shopping list (3)

m Neutral kaon CP-violating parameters ey and €' /ex
E. Pallante, A. Pich, Phys. Rev. Lett. 84, 2568 (2000), hep-ph/9911233
Nucl. Phys. B617, 441 (2001), hep-ph/0105011
A. Buras, M. Jamin, JHEP 01, 048 (2004), hep»pl)/0306217
A. Buras, D. Guadagnoli, Phys. Rev. 78, 033005 (2008), hep-ph/0805.3887

A. Buras, D. Guadagnoli, G. Isidori Phys. Lett. 688, 309 (2010), arXiv:1002.3612

m Branching ratios of representative rare K and B decays such as
Kt — ntvo, Kp — v, (Kp — pji)sp, B — X,
By — ptp~ and Bg — ptp”
V. Cirigliano, G. Ecker et al. Rev. Mod. Phys. 84, 399 (2012), arXiv:1107.6001
FlaviaNet WG on Kaon Decays, arXiv:0801.1817

A. Buras, M. Gorbahn, U. Haisch, U. Nierste, Phys. Rev. Lett. 95, 261805 (2005),

F. Mescia, C. Smith, Phys. Rev. D76, 034017 (2007), arXiv:0705.2025




Conclusions

Observables — Shopping list (4)

m Electroweak oblique parameter T, S (secondary rdle)

L. Lavoura, J.P. Silva, Phys. Rev. D47, 1117 (1993)

J. Alwall et al., Bur. Phys. J. C C49, 791 (2007), hep-ph/0607115

I.Picek, B.Radovcic, Phys. Rev. D78, 015014 (2008), arXiv:0804.2216

m Tree level Z-mediated rare top decays t — c¢Z, t — uZ.
m Tree level Z-mediated D°-DO.
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