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Introduction

The basic framework

Extensions of the Standard Model with
m The same gauge group SU(3)c ® SU(2)L ® U(1)y,

m An enlarged matter content through the inclusion of weak isospin
singlet fermions

TP, Th ~(3,1,4/3) B, Bl ~(3,1,-2/3)

m N.B. Although leptons can be included too, we only consider
quarks in the following
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Introduction

New terms in .Z

In addition to the usual Yukawa terms,

fY = _(IOLi &) Yuij U'(i)R — CYOLi o Ydij d‘g)R + h.c.

m if we add an up vectorlike quark, additional terms:
Zr = —Gori ® Y} Tor — Tor pri ubg — Mor Tor Tor + h.c.
m if we add a down vectorlike quark, additional terms:

LB = —qori ® Y Bor — Bor, psi dhg — Mop Bor, Bor + h.c.
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Introduction

Mass diagonalisation (1)

With SSB (®) = (2), in the up case,

o

N ) ) AT PP
L = — (tors Tor) [ V13 T OR ) — dops 0V & . + hec.
M ( 0L OL) ( (7 MOT) (TOR) OLi dj %R

N Mg
N,

The usual bidiagonalisation is

ULT N, M UY = Diag, 2 f : e
N ~ u u Z/{u Mu uu — D — c m
USTNII NI, U = Diag,2f L R = 8 Cnr

T T 9d o 2

udt MM Ug = Dia i . -

LA AL 1t — D gd?} — Uz Ma Uy = Dingy = (" e, )
r Mgila U = D1ag,
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Introduction

Mass diagonalisation (2)

Through quark rotations

UR ur,
u(l)R _ | CR . u(I)L _u | CL U 7 U :
<T0R) =Ug tr ; <TOL) =Uy t Ur,Up 4 x 4 unitary
Tr 11
. dR . dL
(dig)=Ug [ sr| 5 (di,)=uf|sc UF, U 3 x 3 unitary
bR bL
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Introduction

Fermion couplings to gauge fields (1)

m Charged currents

oo = %(WMV“ +h.c.)

Tt = tor 4" diyy,
in the mass basis
T = e Y (Vorm)% d%, a=1,2,3,4; b=1,2,3
The CKM matrix is
G= @Sy, §=1.2,3

Vud us Vub
v | Vi Vi Vi
Vie Vis Vi
VTd VTs VTb

It has orthonormal columns
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Introduction

Fermion couplings to gauge fields (2)

m Neutral currents (A)
Lem =€ A, Jb,

with

2 . 2 .
Jb, = §ﬂ0Li Y ougr, + gﬂORi Y ugr+
1- . 1- .
- ngLi o dBL - ngRi oa d%)]ﬁ‘

2 2
gTOL ¥ Tor + gTOR Y Tor

remains diagonal, as it should, in the mass basis

1 -
Jh = aawua—gdbwdb, a=1,2,34;b=1,2,3
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Introduction

Fermion couplings to gauge fields (3)

m Neutral currents (Z)

)
gNC’: E ZM Jg

with -
Jy = tori V"' upr, — dors Y dor, — 253, Jh,
gives, in the mass basis,
JY =g, Y(VV) ul —dpe v d§ — 252 T8,

a,b=1,2,3,4;¢=1,2,3
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Introduction

Fermion couplings to gauge fields (4)

Explicitely, the mixing matrix is embedded in a unitary matrix

VU
Vud Vus Vub UU4
| Ve Ves Ve | Ua -
U= Vv, V. V| Uua 4 x 4 unitary
Via Vrs Vi | Ura

The FCNC couplings are thus controlled by
(VVT)ij =0ij — Ui4U;4
For example, the tcZ coupling is

s [eny (U Uit + 0" (~UUs)er] Z, € Zve

while the t¢Z coupling is

Ty (L~ [Ua)in Zy € Zivo
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Introduction

Summary of the most salient features of models with (up) vectorlike
quarks (just one):

m New mass eigenstate (eigenvalue mr),

m Enlarged mixing matrix Vi, q4;, ui = u,c,t,7 and d; = d, s,b
controlling charged current interactions, no 3 x 3 unitarity
anymore,

m Presence of tree level FCNC only in the up sector, naturally

suppressed if we think in terms of “Mixing ~ 247  gseesaw-like.
pp o,
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Introduction

Phase convention/Notation

With no loss of generality one can rephase

0 X
T 0 0
agU=|_g3 745, 0

where

B = arg(—V. Vi ViaViy) v = arg(—V,aVin VeaVes)
Bs = arg(—V, Vi Vi Vi) X' = arg(—=Ve Ve ViaVis)

G.C.Branco, L.Lavoura Phys. Lett. B208, 123 (1988)

R.Aleksan, B.Kayser, D.London, Phys. Rev. Lett. 73, 18 (1994), hep-ph/9403341
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Introduction

“Motivations”

The Standard Model shows an outstanding consistency for an
impressive list of flavour-related observables, in terms of a reduced
number of parameters. . . nevertheless

recent times have brought exciting news with different “lifetimes”

m Tensions in the bd sector,

m Time-dependent, mixing induced, CP violation in By — J/¥®,
large value measured at the Tevatron experiments, swept by
impressive LHCDb performance yielding small values with smaller
uncertainty, still sizable room for a non SM value,

m Same sign dimuon asymmetry Als’l in B decays measured at
Tevatron (DO0), around the 30 level for SM expectations,

m D% DY mixing at B factories, recent charm excitment,

m Hints from b — s penguin transitions.
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Introduction

Expectations

Can we expect something from (up) vector-like quarks?
m Relaxing the tensions in the bd sector,

m The new contributions to MlBZS may produce a B%-B? mixing
phase significantly non-standard,

Deviations from 3 x 3 unitarity to modify 1"{32“ and address the
dimuon asymmetry,

Rare decays (kaons, B mesons),

Rare top decays,
(Short distance contributions to D°~D° mixing)
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m It is nice to keep an eye on those interesting possibilities. . .

m ...but we cannot forget or ignore many solidly “anchored”
observables!




Observables

Observables — Shopping list (1)

m Moduli of V
|Vud|7 |Vus|7 |Vub|7 |Vcd|7 |‘/cs|v |‘/;b|

+ milder |V},| information

m Tree level phase 7.

m Suppressed tree level decay BT — 7w,
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Observables

Observables — Shopping list (2)

m Mixing induced, time dependent, CP-violating asymmetries in B
meson systems, A/, = sin(28) in B} — J/UKg and
Ajjve =sin(2f3;) in BY — J/U®|p.

m Additional asymmetries involving mixing and decay, like sin(2@)
from B — nw and sin(206 + v) from B — D7 (p).

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

m Width differences AT';/Ty, AT, of the eigenstates of the
mentioned effective Hamiltonians, related to Re (F?Qq /Mg"),
q=d,s.

m Charge/semileptonic asymmetries Agl, Agl, A3, controlled by
tm (P /M), g = d,s

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

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 - atvp, K — v, K;, — utu=, B — X,
B— Xt~ , B, — uTp~ and By — ptpu~
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

e




Observables

Observables — Shopping list (4)

m Electroweak oblique parameter T', which encodes violation of
weak isospin; the S parameter plays no significant role, the U
parameter is completely irrelevant.

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

J. Alwall et al., Eur. 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°-DP.




Observables

Observables — The experimental values

[ Observable [ Exp. Value H Observable [ Exp. Value
V4l 0.97425 £ 0.00022 [Vis | 0.2252 + 0.0009
Vil 0.230 £ 0.011 s 1.023 £ 0.036
Vol 0.00389 + 0.00044 V., 0.0406 + 0.0013
Aj/pi s (= sin20) 0.68 4 0.02 AMp, (X ps) 0.508 + 0.004
Aj/pe(=sin28s) 0.002 £ 0.087 AMp_ (x ps) 17.725 £ 0.049
v (77 £14)° mod 180° sin(2a) 0.00 £0.15
sin(26 + ) 1.00 £ 0.16 cos(23) 1.35 +0.34
AT 0.05 +0.12 AS 0.02 4+ 0.11
zp 0.008 + 0.002
e (x10%) 2.228 +0.011 €' Jer (x103) 1.67 +0.16
Br(KT — atup) | (1.737105) x 10~ 10 Br(Kp — pji) | (6.84+0.11) x 1079
Br(B — X.£T¢~) | (1.604£0.51) x 10~° Br(B — Xs7) (3.56 = 0.25) x 107
Br(Bs — puTu™) (0.0 £2.25) x 1077 Br(Bg — pTu~) | (0.0£0.515) x 1079
Br(t — cZ) <4x 1072 Br(t — uZ) <4x 1072
ATs (X ps) 0.116 £ 0.019 AT /Ty —0.017 + 0.021
A —0.0030 & 0.0078 A3 —0.0017 4 0.0091
Ab —0.00787 +0.00196 Br(BT — 7Tv)

(16.8 +£3.1) x 10~ °

Table: Experimental values of observables.




Observables

Observables — B meson mixings (1)

= Effective hamiltonian ¢ = M — iT,
= With CPT,

1
(Am)? — Z(AF)Q = 4|My2|? — [T'12]?

(Am) (AT) = 4Re [M5,T15]

m Mo and I'y5 arise at second order in weak interactions; e.g. SM
dominant contribution to Mis:

Vig Vi Vig Vi
! ——— NN P g b
W t
! ! + woow
w :
j —— NN B q
Vi Vig Vi v,
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Observables

Observables — B meson mixings (2)

m ...and new contributions

Vig Vi Vig Vi
K AVAVAVAVAVA S 7
W ‘
t T + woow
w T
e AVAVAVAVAVA e s b
Vi Viy Vi Vig
Viry Vi Viry Vi
! — NN ] 4
it T
r ¢ + wooow
w f
[ AVAVAVAVAVA e e b
Vi Vig Vi Vig




Observables — A closer look — AMp,, AMp_ (1)

m CKM elements: ViV, V7, Vi,
m Loop functions So(z), So(x¢, 27), So(xr) (24 = m2 /Mg, ):

3 — 1122 + 4z 323Inx

0@ = —EaT o T aa—ap
_ __ 3zy
SO(w>y) - 4(1—%)(1—?;)
z2 -8z +4 y? —8y+4
— 1 — 1]
M TP Ve R T T R

m Sensitivity to 2|MIB2‘1| = AMsp,

M3 o Sole) (Vi Viy)?
+2S0(zt, o7) (Vg Vs Vrg Vi) + So(xT)(V;qVTb)2
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Observables — A closer look — AMp,, AMp_ (2)

m Loop function: Sp(x:) ~ 2.34
m CKM elements, SM:

\ViiVip| ~ 8.74 x 1072

Vi Vi | ~ 4.09 x 1072,

m New loop functions
So(xr) € [7.46;249.67), So(xr,z:) € [3.82;7.96],

for mp € [350;2500] GeV .
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Observables

Observables — A closer look — Ak, Ajwe

Aj/prg: the mixing induced, time dependent, CP-violating
asymmetry in B} — J/¥Kg

m Same CKM elements and loop functions as AMp, but. ..

m ...sensitivity to sin(arg .MlBQd) = Aj/pKs
Aj/we: the mixing induced, time dependent, CP-violating asymmetry
in B — J
in B] — J/V®|.p

m Same CKM elements and loop functions as AMp, but. ..

m ...sensitivity to sin(— arg Mleﬁ) =Ajv0
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Observables

Observables — A closer look — Flz, AT, and A% (1)

m CKM elements: V5 V,,, ViV,

cq
m Sensitivity to real, imaginary parts of I‘%
I‘f;q (Const)

- U [Cun (Vi Vi) + Coue(Vii Vi Vi Vi) + Coe(Vi Vi) ]
B, B, uq ub uc\Vuqg¥ub¥cq cb cc\Veq cb
M12 M12

G%M&VBBQ f%quanSO(l‘t)

with  (Const), =

1272
B B
Iy Iy
Al =Im |—2-|, ATy =-AMp, Re|—2-|.
M12q M12q
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Observables

Observables — A closer look — Ffzq, AT, and A% (2)

m Could be rewritten using experimental information on M- 1B2q
= For example, MJ3* = 1AMp, €28 an so
i _ 2(Const),

MEB:  AMjp,
[Conl ViV |2e 7O 4 Cue Vi Vi Vi Vi le 71287
Coel ViV Pe ™)

Miguel Nebot U. of Valencia & IFIC




Observables

Observables — A closer look — Ffzq, AT, and A% (3)

m The constants:
Cuu ~ =52, Cue ~92, C.. ~—40

|Cuu + Cuc + Cccl << |Cuu|a |CuC|7 |CCC|

m In the SM (3 x 3 unitary mixing),

m Significant cancellations for ¢ = d because both terms, V),V
and V;V,,, are of order A\* (the usual unitarity triangle)

m = small A%, AT,.

m For ¢ = s, V.V, is O(\*) while VAV, is O(A?) (squashed
O(N\?), O(\?), O(A\*) unitarity triangle)

m = “not so small” AT's but small Af; because arg(Ves Ve, /(VisVis))
is O(\?).

m Potential room to change the picture!
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Observables

m This closer look to M7, and I'15 shows two of the ingredients
provided by this type of extension of the SM:

m Enlarged spectrum: a T quark running in the loop (one may
naively expect that things work as if we had a 4th generation
“running in the loops”)

m Non 3 X 3 unitary mixing.

m The third (related) ingredient: tree level flavour changing
couplings of up quarks to Z.
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Observables

Surprising penguins (1)

m Naive “as if we had a 4th generation” expectation is not correct.

m SM flavour changing couplings of down quarks to Z arise at one
loop
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Observables

Surprising penguins (2)

m But there is an additional piece!

d;

m Important even if, naively, it involves two additional mixings

Vi.aVa, 4t not small for tT', T't cases.

m It modifies the prediction for many observables and it has not
been taken into account properly in several papers.
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A simple picture of tensions in bd within the SM (1)

N.B. |V,,| is |V,,| x 10% and Br(B* — 77v) is Br(BT — 77v) x 10°

m Experimental inputs:
Aypics = 0.68+0.02, |V, | = 3.89+0.44, Br(B* — 71v) = 16.843.1
m Values from a complete fit
Ajjpis =0.695, |V,| =366, Br(B" —77v)=9.74
m Values from a complete fit with A/, left out
Ajjprs =0.785, |V, =417, Br(BT — 77v) =125
m Values from a complete fit with |V, ,| and Br(BT — 77v) left out

Ajprs =0.687, |V,| =361, Br(B" —77v)=28.93
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A simple picture of tensions in bd within the SM (2)
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Relaxing the bd tensions (1)

VeaVet
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Relaxing the bd tensions (2)

w2 (Vo V)2
So(zt)(v;bv;d)Q ‘VCZV:ZP
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Relaxing the bd tensions (3)

So(,) (V,, Vi) 2 et

V.aVa?

2SO(It7xT)(V;bV;dVTbVTd) GV

Vea V*P

V V*)z

So(xr) (Vi Via)? ﬁivd"—z

s
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Results

Method

m We have had partial views of the modifications this kind of model
can bring to the flavour sector. ..

m but there is a large set of observables to be considered,
m and many parameters,
= gystematic approach:

m build a likelihood/probability function out of model parameters
and constraints,

m use it to conduct an exploration of the parameter space,

m produce bayesian PDFs and likelihood profiles in one and two
dimensions to study predictions, correlations.

= plots, many plots.
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The T quark mass mp
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—21In(L), Vector-like quark model
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Results

The phase 3
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Results
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—21In(L), VLQ model (x107%) vs. SM (x107%)
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Results

The phase [

2

20} 20F q

15} ] 5L ]
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|
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The asymmetry Ak
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The asymmetry A;/ys
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Results

The mixing asymmetry Afl
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Results

The mixing asymmetry A%,
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The dimuon asymmetry Agl
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Results

The difference A%, — A4,
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Br(By; — putp)
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Br(t — ¢Z)
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Results

Br(t — uZ2)
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Results

Short distance xp
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Results

The T quark mass
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Results

The T quark mass
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Results

The T quark mass
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Results

The T quark mass
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The T quark mass mz vs. Br(K™ — 7vp) (x1071Y)
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The T quark mass mr vs. Br(Bs — pu™pu~) (x1079)
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The T quark mass mr vs. Br(By — utp~) (x107%)
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The T quark mass mr vs. Br(t — ¢Z) (x107)
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The T quark mass mr vs. Br(t — uZ) (x107°)
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The T quark mass
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Results

The T quark mass
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Conclusions

Conclusions

Through a new isosinglet ) = 2/3 quark and associated small
violations of 3 x 3 unitarity,

m we can relax tensions present in the SM flavour picture,

m produce significant deviations from SM expectations for several
“hot” observables,

m and do it in a testable manner (correlations!).

m Interesting results for light values of mp = within LHC range!
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Conclusions

Backup — Observables — Br(B™ — 77v)

m Sensitive to |V,

Br(B" — 7tv) =15+

Gimimp+ [, 1 m2 X [Viy[?
87 mQBJr ub
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Conclusions

Backup — Observables — AT

m CKM elements: th, VTq + U34, U44

m Loop function: fr(z,y)

m Sensitivity to

> Vo fr(2g,, w4,) =D 1UialUjal® fr (i, ;)

Gu,qd i,J
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Conclusions

Backup — Observables — D% D" mixing

m We have tree level FCNC couplings

Lyypz D U14U21UL’Y cL 2y

2y

m To account for the observed size of D°~DP without having to
invoke long-distance contributions to the mixing,

\U,,Us,| has to be of order \°

E.Golowich, J.Hewett, S.Pakvasa, A.A.Petrov Phys. Rev. D76, 095099 (2007), arXiv:0705.3650
m Achievable; however, this short-distance contribution to D%-D°
mixing could be switched off (and thus long-distance
contributions required)

Miguel Nebot U. of Valencia & IFIC




Conclusions

Backup — Observables — Rare top decays

m Tree level FCNC couplings

Lyypz D (U24U34 eyt + Uy Usyuy*te) 2,

2¢y

m ... which potentially lead to rare top decays t — c¢Z, t — uZ at
rates observable at the LHC
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