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> Mote plilo con carne & Care .............. 71.50
B white hominy w/ grilled steak & coffee
& Calentado con Huevos pericos .......... $6.00
B Mixed rice & beans w/ scramble eqgs :
- 7 Calentado con carne asada y
UCNIOS DEYICOS -..obv'itosmsts Bersisssscosssstos Bt $8.50
Mixed vice & beans w/ grilled steak & scramble
€995
8 Carne asada con arepa y queso ........ $7.50

Grilled steak with corncake & cheese
4 Calentado con Chorizo O chicharron .....$5.75
Mixed rice and beans w/ sausage
10 Huevos pericos con arvoz o arepa .35.75
Scramble eggs with rice or corn cake
11 Humitas con cafe
Sweet corn patties with coffee
12 Bolon de verde mixto con Chicharron
Y queso / Mixed green plantain w/ pork &
cheese $3.25
13 Pancakes con huevos revueltos, tocino &
jugo de naranja
Pancakes w/ scramble eqgs, bacon & Orange
juice

S V\( b A
14 Arvepas Tostadas con mantequilla. 32.00
‘A“ Toasted corncake w/ butter “Gin \ ’
15 Arepas Tostadas con queso......cm. $3.00
S8 Toasted corncake w/ cheese > 3
BRLC AKepa de choclo.......... 5 5 0o 5. $2.50
&% Sweet corncake

17 Arvepa de choclo con queso............... $3.00

Sweet corncake w/ cheese
18 Pan Ecuatoriano de todos los sabores,
Pandebono, Bunuelos, empanadas de

4 NG
| \/4 FLLlO/ LtOd / ~/4 P/Jét@é

ke JAMNON & YUESO
" Ham & cheese

23 Tocino & Huevo/ Bacon & Egg .......... $4.50
24 Pechuga de pollo/ Chicken cutlet .......... 4.75
25 Pollo™o carne a la milanesa............... 5.00
Chicken or steak Milanese
(j:l:ifl/(’l(/('lj /\S)d/(tJé
26 Ensalada con pollo Asado.................. $8.50
Grilled chicken salad
27 Ensalada de Aguacate......................... $5.75
Avocado salad
28 Caesar salad / Caesar salad.................. $5.00
29 Caesar salad con pollo ..................... $6.50

Caesar salad with grilled chicken

Por favor pregqunte por su ensalada favorital

Feel free to ask for your favorite salad
| g
(Q/)(zcia/())d / \g;)ecia/ c/id/wd
(Sat & Sun) Sabados & Domingos

30 Encebollado de Pescado/ Fish stew...$9.00
31 Ceviche de camarones/ shrimp cocktail . $1.0.00

32 Arroz con guatita /Rice w/ tripe........... $8.00
33 Bandera / Typical Ecuadorian dish........ $11.00
34 Churrasco ECUatoviano ... $11.00
Ecuadorian Steak w/ rice, f. fries; fries egg &avocado |
35 Ceviche MIXto.........oom....tie ittt o $13.00
36 Bistec encevollado......... 000 gk 2 $11.00
Stew steak w/ rice & beans, sweet plantains & salad
D ARCLAUGA (AN INORL ek o vocvvneinensirenibversenss $11.00
Chicken breast in l[emon sauce
P8 Pechuga al Ajillogiast - s s s $11.00



Flavor Physics

What? Why? How?

 Flavor Physics? study the different types of quarks, a.k.a. “flavors,” their spectrum
and transitions among them (interactions)

e More generally: leptons too!

e Transitions: strengths, symmetries (e.g., CP/P/T; continuous?)
e Why?

e Richness (much to do & understand)

e Stringent test of models/theory o VI - v
e Closely tied to all observed CP violation (CPV) e
e Many/diverse methods involved. Main challenge: e MZ%R
strong interactions (to uncover flavor)
e ' SFAM
EELs: 59.9a27%
e Electro-weak (Fermi)
e Chiral-lagrangian ARM o
e HQET =N e RAGE) v aoa
o SCET ;g P NG m&) RATULATION S,
0 WL L - ‘ A hl r
e Symmetries X 3 || FoRE K31\ '

Tl EEAB CKREDPLT ?
Sy = Mo PR e LEMY
©); OriginalArtist

Re prod uction® rlghts'o btainable from
3 LA\, CartaonStock.com

e Non-perturbative (lattice)




Since the SM works well, we will adopt it as our standard (no pun) paradigm.
Review:

(three families of each of:)

« ” TNIRY “p 9
- Uy, CL, irL d /
dr. — cchn , “SL” 9 cchw UR, R L €R,

(371) 1 (172) 1 (171)—1

1 (3,1)2 _
6 3 ~3 2
H <H>—L(O) D,y = 8, +igs A, T® + igsWo L +ig1 B,Y
’ — — 1gs v o l
(1,2), V2 \v po = O RSl Sp ST 2 Tor TS
L= Lounge + > Wiy -Dy + |D,H|? - [Agﬁagqi + ADHdg) + AEHELE + h.c.]
(e
Flavor “Symmetry:” For \Y“P-E =0, L has U(3)" symmetry
(a U(1) is anomalous, but we will mostly be concerned with SU(3) factors)
qz — qujQ%a u% — UUiju%'za dqR — UDijde, 62 — Ugijfi, 67}% — UEije‘;%,
~ q ’U/i
Tired of index gymnastics already? Use ¢ — Uyqr Hu R)\UqL etc (with ¢q7 = ( dzL ) ).
L

Flavor symmetry is broken explicitly by Yukawa interactions
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Keep track of pattern of symmetry breaking : treat Yukawa couplings as “spurions”
(spurions: as if couplings were fields, but are constant in spacetime)

1S

ﬁﬂR)\UqL — f{ﬂRU[T])\/UquL invariant Ay — A, = UU)\UUqT
if
check: UrAyqr — Ug U(T]UU Ay U;r U,q1, = UrAUqL and analogously for other
couplings.

Summarize: under the flavor group GF — SU(S)(] X SU(S)U X SU(S)D

the SM is invariant with the assignments

: 1,1 5
L S’g’ 1§ v (3,3,1)
URr - =
o A D - 3, 1, 3)
d R - (1, 1, 3)
A e sl cees New interactions that break this “symmetry” tend
to produce rates of flavor transformations that are
inconsistent with experimental observation hence the usefulness of this
(absent tuning or large parametric suppression) symmetry

*'This is a quark sector story. We will be mostly concerned with quarks.
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KM-model of CPV and the CKM matrix (review)

(] 1 O
Unitary gauge: _ - -
Yy gaug H \@ (v N h) gives fermion masses

Ly = — [ﬂR)\UUL + drApdy, + ?_LL)\J{JUR + CZL)\ECZR}

V2

Diagonalize mass matrices (for simpler computation and interpretation)
By Field redefinitions that:

e linear

e leave tiry - ¢ invariant (properly normalized kinetic terms)

Hence: linear-unitary transformations (not Gr= SU(3)?, but larger !")
ury, %VuLuL, dL %VdeL, UR%VUJR’LLR, dR%VdeR,
chosen so that
|4} AuVy, = Ay = diagonal, real, positive and VdTR ApVy, = N, = diagonal, real, positive
Exercise: Show that this can always be done.

Then

—L,, = [ﬂ)\/Uu -+ CD\/DCﬂ = my = —=vA, mp = —=vAp

1 s



It is these fields and associated particles that we identify with the “flavors:”

u,c,t,d,s,b



Note that under the field redefinition the kinetic term is unchanged, by design:
ﬂLiw“(’?MuL — ”L_LLVJL’L")/’U@MVULUL = aL(VJLVuL)Z‘/YMauuL = ﬂLZ‘”‘Y'uauuL ONON®)
What about the gauge interactions?

—tup(gsA"T* + 291 B)ug — —urV, (934°T" + 21 B)Vypur = —tur(g34°T* + 21 B)ur ~ ©

likewise for dg and also for

—qr(g3 AT + 21 B + 292W303)qr = —ur(g34°T" + 291 B+ 2 2W3up — dr(g34°T" + 2918 — 292W3)d,

1 + 4 2 1 : 2
But W* terms are off diagonal: =l W i L <‘7+ = V2 (O 1))
\/i \/i 0 O

2
Q_L(%92 Z WaUa)CJL = ur, %QQWJFCZL +d, %QZW_UL — ”L_LLVJLVdL %QQW—FCZL + h.c.
a=1

CKM matrix: | = VJL VdL

Since this plays such a central role in flavor physics we will spend 6 slides on it! ¥
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CKM matrix: e

Unitary /T = VYT =1 V= Vea Vis
V;id V;fs

How many parameters?
Freedom (leaving rest of Lagrangian unchanged, including my,p diagonal and positive)

u — diag(e'®!, "2, '3y d — diag(e’fr, e'P2, 'P3) d

Only phase differences «; — 3; enter in off diagonal terms: 5 independent

Unitarity 9
Count parameters: 3x3 matrix, complex = 18; minus Phases 5
Total 14

m 4 parameters:  3-ANGLES + 1-PHASE



Four Comments:

1. One irremovable phase — CP is violated in Ur, VW+d . +dr Y4l W ur

UnderCP  upy"dp — JL%LUL and WTH — Wu_

so CP = VT:V

Exercise: If two entries in the (diagonal) matrix my (or in mp) are equal, V can be brought into a real matrix
(that is, in O(3), the group of orthogonal matrices)

2. Precise knowledge of the elements of V' is necessary to

constrain new physics (or to test the validity of the SM/CKM eV el €
theory) V ~ 61 60 62 € v O. 1
Will describe later how well we know and how: 3 2 0

But for now, sketch the “texture:”

3. VIV = VVT =1 m rows (and columns) of V are ortho-normal vectors

Z VijVi; = 0 for ¢ # k : the sum of 3 complex numbers vanish => triangle in z-plane
J

look more closely
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| ) N shape
1k sum = () ~ € (base normalized to 1)

4
12 VuchZ—'_VUSVCZ _I_V’u,bvcﬂ[; — O 6‘|‘€‘|‘€5 — () ——————— 71 €
23 VeaVig + VesVis + VoV = 0] e+ +e2 =0 R €]
13 VudVig + VusVis ViV =0 €+ +8 =0 A

These are “Unitarity Triangles.”
The most commonly discussed is the fat one in the 1-3 columns: V, ,V* 4+ V, Vi + VigVii = 0

T . : A
Dividing my middle element in sum 4
* * (P.77)
Vud ub ‘/td‘/;gb — 0 X
VedVi VedVi Vi, AN Vi
| § Vea Vi
o
3 A‘ 3 n
— B
(0lo) (1,0) 0

II




Fat Skinny
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State of the art:

1 -5 L | L ‘ LI l ﬁ.l L I 1 I L
excluded area has CL> 0.95 % .
: Y :
1.0 — 2 —
- . .
0.5 / \ —~
- &y
= 00— L S
[ o
05 —
e AR, -
- Summer 14 E (MatCL:. 0.95) -
.1 '5 Lol | | I I l 1 1 1 I | I T | I L 1.1 1 I I L 1 1 |
-1.0 -0.5 0.0 0.5 1.0 15 2.0
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Exercise

7. Show that
Vch2> VigVit (VudV*b>
— c = td Vb = —ar o
i ° (thV;g, T Te (Vudv;b> k S\ VeV

71. Show that these are invariant under phase redefinitions of quark fields (e.g., under remaining arbitrariness).
Hence they are physical.

111. Define the Jarlskog invariant J through the last equality in this expression for the area of the unitarity
triangle

1 VudV> 1 1 1 1
Area = ——1 = = Im (VoqgVi ViVe) = —= J
T2 m(vcdvgz> WV Vet Vate) = =5 v

Show that J is the common area of all the unitarity triangles (before we normalized the base to unity).

1v. The area of the normalized triangle is J divided by the square of the magnitude of the largest side

As we'll see, the area of the normalized triangle dictates the size of CP -asymmetries
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4. Parametrization's of V'

Standard- 1 0 0 ci1s 0 Syze” % ci2  si2 0
V = ABC A=1[0 o3 93| B= 0 1 0 C=|-s12 ci2 0
O —S923 C23 _813625 O C13 O 0 1

with  ¢;j = cosb;j, s;; =sinf;;  and all angles in the first quadrant.

The texture of 1/ then gives small angles.
Exercise: Get the order of € . 0.1 of each of the angles 0;;. Estimate o.

Wolfenstein:

aX’(p +in)v1 — A2)\4
V1 —X2[1 — A2)\4(p + in)]

S12 = A, S$23 = A>\2, 813€i5 — A)\S(P +1in) =

Exercise: «
i. Show that p + i = — “//Udg”fkb, hence 1t is field re-phasing invariant.
cdVcp

71. Expand in A < 1 to show

1— 22 A AN3(p —in)
V= —A — 1) AN? + O\
AN (1—p—1in) —AN 1

15



Determination of CKM



Magnitudes

(1) |Vua| nuclear transitions,

(33) [Vaus|y | Veal, [Ves|, [Vasl, [Ves|, semileptonic decays of mesons: M — M'lv e.g., KT — n'e™

v

(228) |Vigl, (¢ =d,s,b) through 1-loop, as above, with issues similar to meson decays;

or t decays, perturbative

Semileptonic decays: under much better theoretical control than

purely hadronic decays. s ( ):
q

1. Exclusive decays: M — M "y M, M pseudo-scalar mesons)

4mr S
1000000

2
g5 Vi;
A= (M () | ar d ey M (p)
W
VH* = ayHd A = uyHysd
, 7 A ¢ =p-p)"
Need: <p ‘V ‘p> (C] )(p —l_p) + f_ (q )(p p) (No A by P-sym of strong interactions)
Since q"(ery,vr) =0 for me = 0, no f_ in rate

Determination of CKM requires a priori knowledge of f+

Symmetry plays a huge role
N



WARM-UP: EM form factor
Suppose V* is a conserved current 0,V¥ =0 andtake M'=M

eg. ()| J*|7(p)) = f+(@®) 0+ )" + f-(¢®)(p — )"

Then 9, J'=0 =  f(¢)=0 and  f1(0)=Q

Exercise: Prove these!

U This is also
K —> T Use Gell-Mann S U (3) The triplet is: d called a flavor

symmetry: don’t
S get confused!

For processes with energies that cannot excite charm (or beauty or top or Ws....)
and neglecting masses of u,d,s:

L = wilpu + dilpd + 5iDs
where D is only QCD.

Masses and charges break the symmetry:

18



K°(d3) +1 K*{v3)
& """ E—— ®
. v
¢ “
' \
' v
' A %
' v
: v
J K
¢ N =
n- (dﬁ) ff l T| ’I l i n+ (Uﬂ.:l
® ! ® o ' ¥,
-1 ' - % i % e Iy
\\ "’
' o
v 1 (’
\\x I"'
\ b
s\ -
]

T, K; 77 Octet: degenerate in symmetry limit f_ (q2) — (0 and f_|_ (O) — 1

Symmetry broken by quark masses m, ~ mg # ms and by charge (smaller effect)
Away from symmetry limit, Ademolo-Gatto theorem

5 m? _(0.1GeV ’ 197
fi(0) =1 +O@<) + O(m?) A2 T 1 GeV i
Combining data of neutral and charged semi-leptonic K decays: |Vus|f+(0) = 0.2163 £ 0.0005

Form factor from lattice QCD: f+(0) = 0.960 + 0.005

PDG:  |Vis| = 0.2253 & 0.0008
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B — D (-t BO(db), B (@), Bs(5b), D°(iic), D* (dc), D, (50
Exclusive decays.

Heavy Quark (HQ) Symmetry (souped up with HQET)

The “brown muck” is in both cases
bound by an infinitely heavy color
triplet (static) source of color.

U

Heuristic: at zero recoil (max ¢? !!) state does not change, just like in M’ = M case

Exercise: Check that zero recoil is ¢° = q°max

1
For M — OO use instead lal— p—,u ‘fU> — —‘p>

T i

nes: (D(W)[VHB)) = &) (o + o) win  §(1) =1

Isgur-Wise function .,
(612 — quaxZSV Vo= 1)

D is spin-0, D* is spin 1, correspond to singlet and triplet, and are related by HQ-symmetry.

If this seemed to fast, it was. I left many details out.
20



2. (semi-)Inclusive decays B — X V1 (as example, but also D decays)

quark-hadron duality j(B — X v ) — j(b — clv ) = 1% determination of |Vl
QCD+HQET+OPE I'(B — X, tv) =T(b— ulv)
provided sufhiciently

integrated

S
1
¥

o
o
T

free

b — ulV headaches

\

\
|
|
|
|
1
|
|
|
|
|
I
)

1/ dr/dE, (GeV™")
1/ltree dF /dE, (GeV1)
o
=~

02

e No HQS for
B — wly

1
25

E. (GeV)

e Hides under charm
for
b — uly

(except at endpoint)

P&

<>
R

AT, o T/, (@)
<>
5

>
)
f
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PDG:
0.97427 4+ 0.00015 0.22534 + 0.00065  0.00351F0 00015

Ve = | 0.22520 4 0.00065 0.97344 4+ 0.00016  0.04127 50052

+0.00029 +0.0011 +0.000021
(magnitudes) 0.00867 5 00031 0.0404 5 0005 0.999146 75 500016

For phases we need more (soon to come). But here are the PDG results:

Jarlskog J = (2961—8%8) x 107°

A =0.22535 & 0.00065, A =0.81170022

= +0.026 = +0.013
p=0.131"7013 n=0.345"5 911 -

Wolfenstein
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FCNC



FCNC= Flavor Changing Neutral Currents

but is used more generally to mean FCN-transitions

FC-transitions in the SM:

1. 'Tree level: Only W+

eg, N = pev N{“{:
: : : : U d o) £
But Z° and b interactions are diagonal in flavor: =t - / 6r oy 9

U

2. 1-loop: Can we have FCNC’s? Say b — sv7
Wa

L
YES! > ,wS
.
j-/\,\ 5/

m FCINCs are suppressed in SM relative to tree level by ~

2
gs Qv

16m2 dmc?,

24



GIM

GIM-mechanism: more suppression of FCNC in SM!!
(GIM=Glashow-Iliopolus-Maiani)

(1) “Old:” Lets imagine a world with m,, < m. < m; < My

Without explicit computation of integrals we can see that
W
b >

AW

N
ﬁéﬂ £, U(m oY {lijJ (mh%_ ;L >< I where ]_Z‘/va*

U/(/{ _\—\,\X/@/> r\/ ) ‘71 u,c,t
i SP"’“’"S
Expand in Taylor series F'(z) = F/(0) + F'(0) +--- and use Z VisVis = 0
u,c,t
I—Z>< 0)+ Y Vit Vis g F/(0) + -
u,C5t u,c,t
2
Moreover, since Z VieVie = —VwV,. then I=F'0 Z Vi, Vo m; mt 4 ...
, o m2 m2 = m2 m2
m FCNCs suppressed, in addition to 1-loop, by ~ ViV, s — L4V Vi —© oy gt
pp p, by MI%V MI%V M2
That is, both by 2 i
at1s, both by ¢* and 2
%

25
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(i1) “Modern” GIM:

Of course m¢ < Mw is not a good approximation, but the suppression by €2 is still there

= YR =~ X (P ) - (i - )

u,c,t

It turns out that F(x) is an increasing function, with F(1) ~ O(1), so m>/Mj, can be neglected

m virtual z-quark exchange dominates this amplitude.

Exercise: Show that for s — dry it is no longer true that t-quark exchange dominates
the amplitude, in fact, that ¢ and t quark exchange give numerically (roughly) the same
amplitude.

So why do we bother to explain “old” GIM? In models of new physics (NP) you
will encounter examples of GIM-like cancellation.
A good tool in your toolbox!

26



Flavor Symmetry
and New Physics.
A First Look and

Minimal Flavor Violation



Bounds on NP, by (rough) example

Extend SM by an interaction, e.g.,

AL = ZBMVHZ?RO"W/ (CL> > - bRO'MVSL

A SL V2A2 e

Anp v A2

So, hly, ~ . o

HIOUERY A VeV Trs? M2

Since the SM prediction agrees well with experiment, requiring jNP < 10%

SM
?)M o 52 1
A? - — A > 70 TeV

fmb\th sl 2 O

28



Minimal Flavor Violation

e Standard Model Fields
e Extend by adding dim>4 (local, Poincare and gauge invariant, hermitian) operators

NE=S= (€0
e This is the Effective Field Theory (EFT) setup.

* Additionally: require invariance under Gr= U(3)? - including spurions Ay and Ap
This is the “principle of Minimal Flavor Violation (MFV).”

e Take, for example:

O1 = qugﬂRTaCTW)\UC]L and O = (?LWM)‘IJ)‘UQL CZR%L)‘D)‘E)CZR

Go to mass eigenstate basis, study flavor changing interactions:

a 17— a v VU,LuL
Oy — G, HugT"c" VJR)\U (VdeL>

_a I+ a __pvyst ur,
_GWHURT "V AUV (VJLVdeL>

a I1+ a [V ur,
= G HugT* o™ \y (VdL)

The neutral interaction (# to #) does not change flavor (“flavor diagonal”);
the charged interaction (¢ to #) changes flavor as determined by CKM matrix
and mass matrix through \;;V

29



Similarly for O, = ch’y“)\zr])\UqL JR%L)\D)\%CZR

_ I N2 1 7 7 \2 _ [ uL
02 = Q" (N) ), dpvu(Np)Pd where = (k)
(and we’ve used that the mass matrices are now real and diagonal)

Note there is now a flavor non-diagonal neutral transition, involving the current

iy [VI(Np)*V]dy

Exercise: Show that it is generally true that the CKM matrix determines the flavor changing
interactions. More specifically, that flavor change is determined by

AV oor VA,

Extensions of the SM in which the only breaking of U(3)’ is by Ay and Ap
automatically satisfy MFV.

They are least constrained by flavor changing and CPV observables.

30



Bounds on NP, by (rough) example (again)

FMVbRO’uVSL

(1) No MFV: extend SM by, eg, _ 9 T uv [CL . ev
»%6 AL =35 BuHbro (SL) " V242

(Y

Anp V2A?

So, roughly, ~ x a m
S As VeV g i
and, since the SM prediction agrees well with experiment, requiring Anp < 10%
SM
2 2
2> WMy s,  A>70TeV
V2my, [V Vis| 2= 0.1
(i) With MFV: AL = %BW/HCZ Apc’q, — 0 flavor diagonall
But we can have AL — %BWHJR)\D()\I])\U)UW(]L > \/;’\2 X (A)2Vio Vi Flbro sy
MFV is “protected” because it incorporates modern GIM.
A \(/A—#)2 1 4 1
Now — 2 > A?> S ME ()% —— = A>4TeV
Asm ez Mla/ ~ V2 w ()5 a 0.1
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Flavor Physics: an important constraint on all new BSM models

Generic bounds without a flavor symmetry

3 [Neubert, EPS2011}
10° (QiQ)(@:Q;)
10* =
Z
=, 3
_ 10° ¢
D L
< I
102 =
10 F
L (s —d) (b —d) (b — s) (c — u)
Ampg, ek Amg, sin28  Amg, A, D—-D

Exercise: from these determine bounds with MFV assumption

Note: CPV in K mixing gives strongest constraints: we should (will) spend time on it
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Sm THIS WASN T PREDICTED

s INOUR MODEL — WHAT __~
® r\“ SHOULDWEDO? IV
\;-i 3

/
‘ \-.
L (

L
~\;’-‘ '\| /.’

".'/
)\

HADRON
COLLIDER |/ g

Xh
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Examples:

1. SUSY-SM
In the absence of SUSY-breaking this is MFV

L= / d*0 [Qe"' Q + Ue" U + De¥ D] + / d*0W *W,, + other kin terms — ( / d*0W + h.c.)

with superpotential:

W = HUMNyQ + Hs D p(@Q + non-quark terms

Q~(3,2)1
(3,2) H, ~(L2),
Here the chiral superfields are: U~ (3,1)_z ’
_ ’ Hs ~ (1,2)_1
D~ (3,2) 2

Add soft SUSY-breaking: AL = oy My + ¢p Mo du + Mg + b, dugu®y + Gny Pagady + h.c.

. 2 . . .
For generic M ,, 4, 9u,a new flavor changing interactions are present and large

(they can be suppressed by making the squarks heavy).
Not so if, e.g., M?],u,d X1, gud X Ayud (in accord with MFV)

This is the motivation for gauge mediated SUSY breaking

gauge The gauge interactions are flavor blind

SlURC interaction
brkg [Severe problem in gravity mediated SUSY-breaking}




2. “MFV Fields”

Recently observed anomalous t-FB asymmetry. Possibly explained by

v {
()s-channel, e.g., axigluon E) HL_ = ’}“’a\( )
>S5 ——s—1
(i)t-channel, e.g., scalar }w{

——< ¢

Won’t explain why axigluon breaks U(3)? (roughly needs opposite sign couplings to # and #).
Concentrate on #-channel models: clearly ¢p#u coupling (lavor off-diagonal) breaks U(3)? .

Unless one fine-tunes, there are also large «c and ¢t couplings, and if coupling is to L-quarks
also ds, db and s6 couplings.

Solution: construct U(3)? symmetric model by introducing multiplet of scalars transforming
under U(3)’. For example, one can have

grour with ¢ — U,¢U,  (and a2_1 under SU(2)y, x U(1)y)

This actually works!

Exercise: classify all possible dim-4 interactions ~ )’ and correspona’mg transformation laws
for the scalar field under U(3)? and the SM-gauge-group () to order (v, D)’ and (i) up to order (\u.p)"
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End Lecture 1



Flavor and Higgs:
Standard and Nonstandard

WE FOUND THE ‘GOD’
PARTICLE: AND HE'S




|4i9qs  Flaws couplings in SM
ozu;; ""l (?'LA UR -+ H qLan +HI..>€€R [-l' |—}],_,\~U,, -+ g:MUVR) -t\\.(.

Un'v)a«y Javuge ( P \eal\"t)

\/l : \‘}-;[vg\n\

e ?Lr{("*"‘) [Q)ﬁ'uﬂ + dNde+ 836 |
= (k L(/““:U'- M Vg + d.MPd - - X

As before M- \/J; mY Vie = diagomal

=D Ln M hags cgplivgs  are Jawr—diagoual



Supp ose we add Blankenburga, Ellis & Isidori, 1202. 5704

Harnik, Kopp & Zupan 1209.1397

Log = Z Cij _ZLd‘;{h + Z Cij ’L_LZLU[ZQh + Z Cij _ZL@}%}L + H.c.
i,j=d,s,b (i#j) i,J=u,c,t (i#£3) i,j=e,u,7 (i7£7)

Sheld we rsh b lok for, 50y, s ZTh o tohe 7

Operator Eff. couplings 95% C.L. Bound Observables
cefr| Tm(cepr)|

(5pdp)(51dR) Boi] 3, 1.1 x10710 | 4.1 x 1071 Ampg: €x
(5rdr)?, (5pdg)? CNENGC 2.2 x 10710 | 0.8 x 10712

(crur)(Crur) Cou Crp 0.9 x 107 | 1.7 x 1071% | Amp; |¢/p|, ¢p
(erur)?, (éLug)? c,, € 1.4x107Y | 2.5 x 10710

(brdy)(brdg) Cbd Cly 0.9x107% | 27x107° | Amp,; Sp,—uK
(brdr)?, (brdgr)? G G 1.0x107% | 3.0 x 107

(br s1)(bLSR) Chs C 2.0x 1077 | 2.0 x 107" Amp,
(brsL)?, (bLsgr)? Coy G 2.2x 1077 | 2.2x 1077

Table 1: Bounds on combinations of the flavour-changing h couplings defined in (1) obtained
from AF = 2 processes [12], assuming that mj; = 125 GeV.
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Here are some more:

Eff. couplings Bound Constraint
lesp|?, leps)® |29 x 107 [*] | B(Bs — ptp™) < 1.4 x 1078
|Cdb‘27 ‘de’2 1.3 x 107° [*] B(Bd — ,LL+,LL_) <3.2x107?

I want to spend some time in these lectures explaining
the physics of these processes.

Your aim should be to be able to reproduce the entries
in these tables, at least within an order of magnitude

by an educated estimate.

My aim is to enable to do that.
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Although I will speak little about leptons,

the story is analogous: l l ! ,
! — K —’ | J
Eff. couplings Bound Constraint
cercrel  (|CenCpel) 1.1 x107% (1.8 x 1071) |0me| < me
IRe(cercre)|  (JRe(cepcue)|) | 0.6 x 1072 (0.6 x 1072) 6ae| < 6 x 10712
Im(cercre)]  (JIm(cepcpue)]) | 0.8 x 1078 (0.8 x 1077) | |de| < 1.6 x 10727 ecm
|curcryl 2 |om,| < my,
IRe(curcry)] 2 x 1073 6a,| <4 x107?
Im(cyrer,)| 0.6 d,] <1.2%x 107 ecm
Gy | EreCus| 1.7 x 107 Bl — ey) < 2.4 x 10712
lcur 2, Jerul? 0.9 x 1072 [¥] B(r — py) < 4.4 x 1078
Cer|?, |Crel? 0.6 x 1072 [*] B(t —ey) <3.3x 1078
Operator Eff. couplings Bound Constraint
(,LLR eL)(_LqR), (,LLL eR)(_LqR) |C,ue 2, CG,MP 3.0 x 1078 * B,u_m(Ti) < 4.3 x 10712
(TR pe)(Arpr)s (Topr)(Bopr) | lerul®s lepr* | 20 x 1078 [¥] | T(7 — pjip) < 2.1 x 107°
(Trer)(Brpr); (Trer)(BLpr) lerel?y leer® |48 x 107! [ | T(7 — efip) < 2.7 x 107°
(Trer)(firer), (Trer)(firer) | |cueCirls |Cuecrel 0.9 x 10~* I'(r — jiee) < 1.5 x 1078
(Trer)(irer), (Trer)(iirer) | |ciucirls |t cCrel
(Trpr)(@Lpr), (Trpr)(ELUR) | [CenChirl, lceucrul | 1.0x107% | T(1 — epp) < 1.7 x 1078
(Trir)(€rpL), (TLpR)(ERLL) | |CheClirls |CheCryl




Digresfiwlz H‘ijgx zs Dilafon

M LAGﬁA’N&(AN oNLY DIMENS[owal SChLE - -/441' (I*\V‘-'-' -'/«‘H"-H-t- X[lf’").‘)
A}( classical level
SM is Scale invanayt as /u"—>o,

V v
g _/_lﬁ / > B &IL& net 'mlﬂ-ns#uj Ju>=0

Qeters V= N [(HB-27) | bhen  classically

SM s scale javanail as H\=20

\)’\L spu s <H> A(0)

gcd»le iIhvanove ' ¢/x\—3 C ¢/(>(\e3 de 9¢a“¢ " e jdxlﬁ)¢
Cem"‘ - Gnhnvow 5~/mm.}7 » {WF6 > Conhinvous s~,um.)~7l Sfa"'!"”"“’)' broken

= Nawby Goldsfome Bosn = "Dilaton ”

é— SB. Scal.g in\;ar]mce
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Where is 17 (Who i 142)

F(‘)( avny SB SYMN}y’ , gemmﬁr @ = JIRJO) 4£3°=0 3
(b Vochns Wheoron) Thi's o uths) shlely> 5 <Y1 3" 1>0

Spinless

B, L.T. <wpa]o> = CFB" 4 = cowthant  called “decay conglant”’
(Wskeacal, 77-)/\/)-

For dilations S5 is complicated bt g & =T, 7= jwproved
stress - enersy ‘k"‘“")

Trck: inhodvee swall breaking d symmely , temove at end
Y. ) . . v
TR - \l% Fg;&) , [ - USRS fef fe improved T

Execciie. Oglermine 7Y 1h SM. From 1t Compile T m . (Wa/""“.i " Shaple 1«4‘”—!& ’
)o“ Y wWO! .
Simplr exawple * Siﬂﬁle {—p.n_( <calar
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Be 4 pl‘ySfcus'I'- %uess!

TV dhdd conhain 'GP _[gom)
b ad 470 bt 4 (760 = 0B)I4 + P06 3

/

o T = FGF- 41 Feng

Mot good enough, Th =- F4id #o
.]J_m'rbll-twu": /ﬁu-\'bwml_;cal‘y Constrved

7 Y- g+ S (27 8 ivabive

(daa; vt chauge
. “charge” Jf? T
Find §: Taspe - Dpdg -3§ 0% -Ur65) Tads

T = XGPS 3g3p +y (Sy- 1Y) F

F"Mlly, rplice @ - -}l(v4+l«)

e e e ONLY lew iw T LINEAR
T - \é(a /V'—J”))h + quadahic 4 '

m M felds

sm-DILAToN = Whiggs
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Goldberger, BG and Siba PRL1oo (2008) 111802, arXiv:0708.1463

DiOL}PeSSlon 2 D\\a;bm 4 l’H‘jﬁS.
'I’ll'jﬁj’le” mo de|s 0,[ EW Symmetry bhea,lc.iwj

o Gemaically vo “higqqs”
6 Suppos,e Made' i] a,ppPO)(lMdJ"ly Sfﬂle i\n\/‘an’am‘t (p‘.Ca'S ,ec"'ut‘:?.s)

=  Scale wariang + EWSB = elilaton

M exact scale ywavau ce = mgss for dilabn (pfeudoGE;).

AWE SOME,

HUT

COUPLING S 7
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http://inspirehep.net/author/profile/Goldberger%2C%20Walter%20D.?recid=757986&ln=en
http://inspirehep.net/author/profile/Goldberger%2C%20Walter%20D.?recid=757986&ln=en
http://arxiv.org/abs/arXiv:0708.1463
http://arxiv.org/abs/arXiv:0708.1463

(Find Wis 0 Colewmads Rspects of Symmd-vy\
¢ Covplugs o NGB s fixed by symmehy
« Basiest @ v \?,H-eml-\fe lagrang faw
‘ Qecipet (2 cups o} failn, | bp 4} good lu:ln).’

I =2 a Q aod  dun®, = O

r T Ope rator
Coefhicent  (helds)

THEN 1 s l\,, - Z CM(e"‘/v)b"'alm Q.

B( exam y,e,

— Wi = —
07 = UL. mU U& ] e /V U'- MUU& - (I*‘é"'”) V‘_W‘U Uﬁ

Lol SHI diagoual ia flaver In fact SAME AS FOR HIGGS in SM

Exercise. Compste T*Y for single scalar wilty \/;)[¢‘:.y") I M«
aL{ud psevdo- NGB aand compte NGOG J,,S’"0>. Gmpale wilh Pice's lec tures
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