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Introduction

Dictionary and motivation



What is Flavor?

* Flavors = several particles (mass eigenstates)
with the same quantum charges

 Within the Standard Model:

Type SUB)c xU)gy Flavors
Up-type quarks (3)+2/3 u,c,t
Down-type quarks (3)-1/3 d,s,b
Charged leptons (1)_4 e, U, T

Neutrinos (1), V1,Vp, V3




Flavored Dictionary

Tem oefmton s

Flavor Physics Int’s that distinguish among flavors  Weak, Yukawa

Flavor parameters  Parameters that carry flavor index  mg, V;;

Flavor universal Int’s with couplings « 1 Strong, EM
Flavor diagonal Int’s with only diagonal couplings Yukawa
Flavor changing Processes where Fipitia1 # Ffinal

F = number of particles minus number of anti-particles of a certain flavor



Flavor Changing Processes

Flavor Changing Charged Current (FCCC)

e Both up-type and down-type quarks, and/or both charged leptons and
neutrinos take part

'.U_)eV_eVu
e K™ - u™v, (su-uv)
e B - YK (b = cCs)

Flavor Changing Neutral Current (FCNC)

e Either up-type or down-type quarks, but not both, and/or either charged
leptons or neutrinos, but not both, take part

* U ey
e K, - utu~ (sd—-ptp”)
e B - ¢K (b - sS5s)



Why is Flavor Interesting?

Flavor physics can discover new physics or probe
it before it is directly observed in experiments

The NP flavor puzzle

— |f there is NP at the TeV scale, why doesn’t it modify
FCNC?

The SM flavor puzzle

— Why is there structure in the SM flavor parameters?

The v flavor puzzle
— Why are neutrino-related flavor parameters different?



Examples of Flavored Discoveries

The smallness of I'(K;, - u™u™)/T(K™ - u*v)
= Predicting the charm quark

The size of Amy

= m,

The size of Amg

= m;

The measurement of g

— Third generation

The measurement of v flavor transitions
= m, 0



The SM:
From definition to Lagrangian

Introduction

The SM: from definition to Lagrangian

The SM: from Lagrangian to phenomenology
The CKM matrix: parametrization and UT’s
FCNC: SM suppression factors

CP violation

Baryogenesis

Testing CKM

The New Physics flavor puzzle

The Standard Model flavor puzzle
The flavor of Higgs

Flavor anomalies?




10

Constructing a model

The symmetry

Pattern of spontaneous symmetry breaking

Representations of fermions and scalars
= L = Lyin + Ly + Ly + Ly

Spectrum

Interactions

Accidental symmetries

Parameters



SM: Definition

e The symmetry is a local
Gsy = SU3)¢ X SU(2), X U(1)y

* Spontaneously broken by the VEV of

$(L2)4172, (%) =7
Gsy > SUB)e XUy, Qe =Tz +7Y

* Three fermion generations (i = 1,2,3)

QLi(3,2)+1/6)Uri(3,1) 123, Dgi(3,1) 13,
L;i(1,2)_1/2,ERi(1,1)_4
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Local SU(3) X SU(2); X U(1)y

* Requires the following gauge boson DoF:
— GE(8,1), W (1,3)0, BH(1,1),
* Field strengths
- GCIZW = 0"Gq — a"G(ff — gsfachll;Gg/
~ Waﬂv = 0" Wy — avWaﬂ . geachb”Vch
— B# = gHBY — 9VBH
e Covariant derivative
— DV = 0% +igsGy Ly + igW,!'Ty, + ig' B*Y
* L, are SU(3) generators: %Aa for (3), 0 for (1)
* Ty are SU(2) generators: %’l’b for (2), 0 for (1)
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Covariant derivatives

DHQy = (0% + 359,64 A0 + 5 gWiTy + g'B) Qu
DRUR; = (9% + - g5Gida += g'B*) Ug,

DHDpg; = (5” +59555/1a —59'3“) Dg;

DHL; = (a# + éng"‘rb - ég’B“) L

DHEgp; = (0% —ig'B*)Ep;

DH¢ = (6” + éng“Tb + ég’B“) 0



Lkin

Liin = =G, Goyy — YW, Wy, — BBy,
_iQLiV,uD'uQLi — %iVuD“URi —iDp;V, D" Dg;
— iLLi)/HD”LLi —l'ERiVuDMERi - (DMQb)Jr(Duqb)
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Ly
* The SM fermions are in chiral rep’s of Gy,
= Mpjrac = 0

e The SM fermions have Y # 0
— MMajorana™— 0

SM _
LM =0

15



Ly

LM = YijQuipDrj + YijQuidUr; + YLiipEr; + h.c.

* W/o loss of generality, we can change to a basis
ye » ¥, =U, YU,
such that

Y, = diag(ye, ., ¥:)
* |n this basis:

() (i) (5)): enmn
eL ) /lL ) TL ; RMR» *R
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Ly

LM = YijQuipDrj + YijQuidUr; + YLiipEr; + h.c.

* W/o loss of generality, we can change to a basis
Y¥ - P, =V, YV,
such that

1?u — diag(Yur Yer Yt)
* |n this basis:

up, 9 Y
() () () vt
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Ly

LM = YijQuipDrj + YijQuidUr; + YLiipEr; + h.c.

* W/o loss of generality, we can change to a basis
Y - ¥, =V Yevi,
such that

¥y = diag(ya, ¥s V)
* |n this basis:

Uar\ (UsL\ (UbL).
(dL)'(SL)'(bL)' Ar» Skr br
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Ly

LM = Y4QLidDr; + Y1 QuipUr; + YL ER; + h.c.

* Ingeneral,V; =V,
= The Y,, basis # The Y, basis
* Inthe Y, basis

Yd =vYy,
* Inthe ¥, basis

Yy =vTy,
* |n either case

V=V,V

* Vo, Vur, Var, Var depend on the basis from which we start
* |/ does not. It is physical
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Ly
LM = —p2pte — (o)

e 1 > 0 to have the potential bounded from
below

e u? < 0tohave (¢) # 0

0
) . = [ 1
In unitary gauge ¢ (\/_E (v + h))
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LSM

LM = — %Gl Gy — YWy Wy, — YaB*VB,

lQLquD QLi — iU—RzYuD Ug; iD—RlVMD Dp;
lLLquD LLl lERlyuD ERl o (D“d))T(Dqu)
( L] QLL¢DR] + YuQLl¢UR] + YeLLl¢ER] T b @ )

—12ptp — 2(pTe)’
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The SM: from £ to phenomenology

Spectrum
Interactions
Accidental symmetries

Flavor parameters
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The SM spectrum
| partide | spin | color | Qpy | masslv] _
w* +1 g/2

1 (1)
70 1 (1) 0 Vg? +9%/2
A° 1 (1) 0 0
G 1 (8) 0 0
h 0 (1) 0 V22
e, U, % (1) —1 }’e,u,r/\/E
Ve, Vyu, Vs % (1) 0 0
u,c,t 1Z (3) +2/3 Vet/V2

d,s,b Y (3) -1/3 Yasp/V2
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EM interactions

2e e _ _
LQED,I/J — —?uinA“ui + §diy[,LAudi + efl-yﬂA“fi

* Vector-like, P conserving
e Diagonal
e Universal
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Strong interactions

s _

Locpy = — el GilaVuGe

e Vector-like, P conserving
e Diagonal
e Universal
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Ly

NC weak interactions

e 1 ;

v = [EmVuZ”VLa - (E - SW) eLivuZter; + syeriv Zter;

SwCw

1 2\ __ 2 5
+ 5 T 35w Ui YuZthuy; — §5WuRiVuZ”uRi

-

1 1 — 123
2 551%/) diyuZtdy; + ESﬁdeiVuZMdRi]

e Chiral, P violating
e Diagonal

— BR(Z—>etu")<75%x1077

e Universal
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— I'(utu™)/T(ete™) = 1.001 + 0.003



CC weak interactions - leptons

g - o _
Ly o= —E(VBL)/MW“‘eL + Vv WU + vy, Wty + h.c.)

* Only left-handed, P violating
e Diagonal
e Universal
— T'(p*v,)/T(e*v,) = 0.99 £ 0.02
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CC weak interactions - quarks

g B Vud Vus Vub dL
LW,q — _ﬁ (u_L Cy, tL) Vea Ves Vep )/”W“‘ S; |+ h.c.
Via Vis Vi by

V= VuLV;rL = the CKM matrix
* Only left-handed, P violating
* Neither universal nor diagonal

* Universality of gauge interactions is hidden in unitarity of V

- 3(Zj|Vuj|2 + Zj|VCj|2) = 6 = I'(hadrons)/T'(Ieptons) = 2
— Experiment: 2.09 + 0.01

2 2
- Zj|Vuj| =Zj|ch| =T(W - cX)/TW - uX) =1
— Experiment: 0.98 + 0.02
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Yukawa interactions
h .
Ly = _;meffoR + h C.
* Diagonal

e Non-universal

* Proportional: Ys/m, = V2 /v
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Higgs decays
-ﬁ_

0.58 0.98 + 0.20
wWw* 0.21 0.99 + 0.15 3-body
g9 0.09 loop
(AR A 0.06 1.09 + 0.23
A 0.03 1.17 + 0.23 3-body
cC 0.03

144 0.002 1.14 + 0.14 loop
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Higgs decays

Theory at tree level: BRp,: BR,7: BR,. = 3m&: m2: 3m?

WW*,ZZ*: three body decays (e.g. Zu*u™)

No tree level hgg coupling (h(1)g; m,; = 0)

e Loop -t dominated

No tree level hyy coupling (h(1)y; m, = 0)

e Loop- W, t dominated
e BR,, ~ 0.002- discovery mode!

ZZ*, WW?*,yy, 7, bb experimentally established

£



The SM interactions

u,d,f universal

Strong u,d G Js universal

NC weak all Z0 g(T; — s&Q)/cy,  universal
CC weak ﬁd/_ wt gV/ non-universal/

universal

Yukawa u,d,f h Vr Diagonal
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Accidental Symmetries

* The SM has an accidental global symmetry:
Gglobal U(1)g xU(1), X U(l)ﬂ X U(1),
 The proton must not decay
—e.g.p - etn? forbidden
* FCNC decays of charged leptons forbidden
— e.g. u — ey forbidden
* Neutrinos are massless

— Neutrino flavor transitions observed!
— The SM is, at best, a good low-energy EFT
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Breaking accidental symmetries

e Accidental symmetries are broken by higher-
dimensional (non-renormalizable) terms

e At dimension five:
Zi'
—7’ L;L;p¢p breaks U(1), x U(1), x U(1),
e At dimension six:

_Z ”’“ Q;Q; QL breaks U(1)5
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Global Symmetries

* Lin has a global symmetry:
U)o X U@y xUQ)p xUB), XxUB)g

* The following transformations change basis:
QL = VoOQr, Up = VyUg, Dp = VpDg, Ly, = VL1, Egp = VgER
5X%X (3g +6;) =155 + 30, parameters
* Ly breaks this symmetry into
Golopal = U(D)p X U(1), x U(1), x U(1),
4, parameters

* Canremove 155 + 26, parameters
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Counting flavor parameters

 Y¢ = 9, + 9, parameters
« [U3)]? - [U()]?® = 65 + 9; parameters
* Thus, 3z(m,) + 0, physical parameters

e Y4 — 18, + 18; parameters
» [UBB)]® - U(1) = 93 + 17, parameters
* Thus, 95 (mq, Hl-j) + 1,(6kpr) physical parameters
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The Wolfenstein parametrization

1 .
/ 1-— E?LZ A A3 (p — lT])\
- 1
v —A Il = 5/12 AN?
\A/13(1 —p—in) —A;? 1 /

A =0.2251 + 0.0005
A=0.81+0.03

p = +0.160 + 0.007

n = 4+0.350 + 0.006
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The standard parametrization

C12€13 S12€13 s1z€7%
V=1 —s12¢23 — C12523513ei6 C12C23 — 51252351391.(S 523€13
512523 — C12C23513ei6 —C12523 — 512C23S13ei(S €23€13
1 S12 513e_i5
o —S12 1 S23
S12523 — 513ei5 —S23 1
S1p = 0225
So3 = 0.042

S13 = 0.0037
§ = 74°



The Unitarity Triangle (UT)

* VuaVup + VeaVep + VegVip = 0

(0. 0)

41
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FCCC processes

u - detv [V,ql = 0.97417 + 0.00021
s - ub™v V.| = 0.2248 + 0.0006
c>df"vorv,+d—-c+pu” V.4l = 0.220 + 0.005
c— sttv or ¢c§ - £ty V.| = 0.995 + 0.016
b ct v IV.,| = 0.0405 + 0.0015
b - ufv [V,p| = 0.0041 + 0.0004
pp - tX |Vip| = 1.01 + 0.03

b - scu and b - suc y = (73 +5)°
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Loop suppression

The W-boson cannot mediate FCNC at tree
level

Only neutral bosons can a-priori mediate
FCNC at tree level: g,y,Z,h ?

The couplings of massless gauge bosons are
universal (gauge invariance)

g,V cannot mediate FCNC at tree level;
Z?7h?
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/Z-mediated FCNC?

Class |

Class Il

All mass e.s. of given spin,
color, charge in the same

SU2);, X U(1)y rep
Z-couplings universal

SM

Example: all u; (3)42/3
come from (3,2) +1/6

Mass e.s. of given spin,
color, charge carry different
T3

Z-couplings neither
universal nor diagonal

Vector-like fermions

Example: u,;,(3)4+2/3 from
(3'1)+2/3
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h-mediated FCNC?

Class |

Class Il

1.
2.

Chiral fermions

Single Higgs doublet
couples to each sector

h-couplings diagonal

SM
NFC-2HDM
MSSM

1. Vector fermions

2. 2+ Higgs doublets

e Off-diagonal h-couplings

 Vector-like fermions
e MHDM

46
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CKM suppression

All FCNC processes < V;j, i # j

Vis: Vea ~ A; Ve, Ves ~ 225 Vi, Veg ~ A3
— (1 ~0.2)

AF = 1 example:

— A(b — sy) < Vi, Vis ~ A2

AF = 2 example:

— A(B® » BY) « (Vy, Vig)? ~ 2°
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GIM suppression

If all quarks in a given sector were degenerate,
there would be no FC W -couplings

FCNC in the d () sector o« Am{; in the u (d)
sector

Processes involving b-quark - no suppression
— A(b — sy) < m¢/mg,

Processes involving only first 2 generations —
suppressed

— A(K® > K°) o m2/m?
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AF =1:b - st~

Apser X T —

AF = 2: K"

g4
Mygg X —
s 16w

— KO mixing

FCNC examples

W;PNVI"'L,
b —- L= p— 5

2

(th Vts)

w

m% W

2 (I/CSV:d)Z mZ




FCNC in and beyond the SM

 Within SM - highly suppressed
— Loop suppression
— CKM suppression
— GIM suppression (if dominated by light gen’s)
e Beyond SM —in general, suppressed only by
high scale

— New physics can contribute to FCNC comparably
to the SM even if it takes place at a scale orders of
magnitude higher than the electroweak scale
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What is CP Violation?

* |nteractions that distinguish between particles
and antiparticles (e.g. e; < ep

e Manifestations of CP violation:
— T'(B® > yKs) # I'(B° - YKs)
— Ko, K, # K, K_



Why is CPV interesting?

CP asymmetries provide some of the

cleanest probes of flavor physics

e Reason: CP is a good symmetry of the strong int’s

ng (a CPV observable) is many orders of

magnitude larger than the SM prediction

e Conclusion: There must exist BSM sources of CPV
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CPV & Complex couplings

Under CP:

— Yo ¢o Pl
 Hermiticity of the Lagrangian:

— Ly = Y909 + YT,
Under CP:

— Ly = Y0y, + Yihpy;
Ly isCPVifY;; # Y[}

— More accurately, CP is violated if, using all freedom to
redefine the phases of the fields, there is no basis where
all couplings are real
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SM2: CP conserving

 Y¢ = 4, + 4, parameters
e [U(2)]? » [U(1)]? = 25 + 4; parameters
* Thus, 2r(m,) + 0, physical parameters

e Y¥d — 8, + 8; parameters
» [U(2)]? » U(1) = 35 + 8; parameters
* Thus, SR(mq, 912) + 0; physical parameters
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SM3: not necessarily CPV

* | = Phase-convention independent CPV
—Im V Vlelle]] _]Zmn 1 €ikm€jin
* CPVrequires] # 0

= = C12C23C12351252351356 ~ %A%
* Necessary & sufficient condition for CPV in SM

— Xcp = Am%cAm%uAmguAmlzosAmlzodAmgd] # 0
* An equivalent formulation in interaction basis:
— Xcp = Im{det[M M), M, M|} # 0
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S¢KS
B0 I K

S P o

dr/dt [Bpnys(£)>9Ks|-dr/dt [Blnys(©)>Ks]
ar/dt [Bpnys(—¥Ks|+ dr/dt [BS, < (D-¥Ks]
* Theory: Ayk.(t) dominated by interference between

A(B® > Kg) and A(B® = B — yKy)
= Ayk(t) = Syk, sin(Amgt)
* BaBar/Belle: Syx. = 0.69 + 0.02

* BaBar/Belle: Ay (t) =




Sl/)KS in the SM

Model independently, Sy, = 1m[|ZEE|j;cp]
BBl “Jcp
¢SM  _ 1 [Vt*thd Vcch*d] _ 2n(1 —p)
Pl VinVig VepVeal 0%+ (1 — p)?

All hadronic parameters cancel in Ayg(t) (and Sy k) as a

result of the CP invariance of QCD
The approximations involved are better than one percent!
Similar theoretical cleanliness in CPV observables:

K — mvv, B —» DK
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The Baryon Asymmetry

+ My ==2—L=(6.2140.16) x 1071
b=p7);
" h=Dpn
" e =Ny,

* Antimatter disappeared from the Universe:
" n;/n, = 0

* Matter has survived:
" n,/n, =~ 107°



How do we know?

- 0.005 Baryo&?(ileHSity g2 0.02/ 0.03
S A ) S T3
026 ‘He é E
025 M\ f — =
Yoo é E
023 & o % ”””” =
: 7
10_3§ él |
E\D/H|p = g
105 | ’ w
] | | ey /1 -
1079 7
%Z E
T Ve
LiHl, | S > ]
10-10 | | T" Z o
1 2 3 4 5 6 7 80910

Baryon-to-photon ratio 1) X 1010

Nucleosynthesis
N =561%09

Qtor

02 04 06 08 1.0
L

L (a) Curvature

1} (b) Dark Energy

L (c) Baryons

CMB
7710 = 62 i 02



Sakharov Conditions

* The baryon asymmetry can be
dynamically generated
(baryogenesis) provided that

1. Baryon number is violated
2. CPand C are violated

3. Departure from thermal
equilibrium

If CP were not violated, neither matter nor antimatter would have survived




SM B + L violation

Q

« T =0: [ e~27/Cw

e T > TEWPT: ' < ZSOCZEVT

Q,

1_‘B+L violation =~ H for TEWPT <T< 1012 GeV
Baryon number is no longer violated after t ~ 10™1! seconds

Electroweak baryogenesis: t ~ 107! seconds
Leptogenesis: t < 10727 seconds



SM EWPT

* Need astrongly 1t order PT * my, ~ 126 GeV

2 o

* (¢): 0 — v continuously and uniformly in space
* The B + L violating processes switch off slowly
* The baryon asymmetry is erased

The SM EWPT is not of the right kind
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SM CP violation

The KM mechanism cannot produce

large enough baryon asymmetry

There must exist new sources of
CPV beyond 6KM
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Testing CKM

|Is CKM self-consistent?

How much room for NP in FCNC?




Self-consistency?

* 4 parameters (1,4, p,n),
>> 4 observables:
test self-consistency

|Vus|=)L
e K »mfyv —m— 1 =0.2251 + 0.0005
|Vcb|=A/12
e B> DMy >4 = 0.81 + 0.03

* Left with 2 parameters (p, n),
>> 2 observables

68



p, n-dependent observables

CKM dependence p,n dependence

C(b > ubv) Vi |2 p* +n?
Various I'(B = DK) VepVes p+in
Im ” y = arg
Vuqus \/Pz + 772
CPVin B K Vo VeV Vo 2n(1 —
in B - YKg [ Lt t*d c*b cd S0 2F = 1( zp)z
Vo ViV Vea (1-p)*+n
CPVin B - 7m, pm, pp Vb VeaVubVaa a=nm—F-y

m £ 3 E 3
th th Vub Vud
Amg/Dmp, Vea/Ves|? (1-p)*+n?

€k Im (VesVia)? n —p)
(VusViia)? (1-p)2—n?
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Self-consistency test

1.5

1.0

0.5

-0.5

-1.0

-1.5

1T T T T T ‘ [T |°‘2¢ | T T T
excluded area has CL > 0.95 |, %5
|
|

v

o

% Amg & Am,

-1.0

Y fk
% i sol. wicos2B <0
ICHEP 16 | (excl.at CL = 0.95) —
I B ‘ NI AN S B R AR
-0.5 0.0 0.5 1.0 1.5
P

p = +0.160 + 0.07
n = +0.350 + 0.006

2.0



Allowing for NP

* Assuming that all FC and CPV processes are
dominated by CKM is self-consistent =

— Very likely, FC processes are dominated by the CKM
mechanism, and CPV in FC processes is dominated by
the KM phase

 We can do better: Assume that tree level
processes are CKM dominated, but allow NP of
arbitrary size and phase in FCNC processes =

— |s the KM mechanism at work?
— How much room for NP is there in FCNC?
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e Tree level:

b - ufv

B - DK

B — pp, isospin, Sy

* FCNC
SyKs sin[28 + arg(Aq)]
Amg |Aql
Agy sin[arg(A4)]/]Aql

CA/I

Summerid \\
.
= N
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Conclusions

The Kobayashi-Maskawa mechanism of CPV is at
work (n = 0.38 + 0.02)

. A NP contribution to B® — B mixing amplitude

that carries a phase very different from the KM
phase is constrained to lie below the 10% level

A NP contribution to B® — B° mixing amplitude
which is alighed with the KM phase is
constrained to lie below the 20% level
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The NP flavor puzzle

SM = EFT
Flavor constraints
The NP flavor puzzle

Minimal flavor violation (MFV)




SM = Low energy EFT

 SM = low energy effective theory, valid below a scale A > m:

Gravity
* Aplanck ~ 10" GeV

Neutrino masses

o Ageesaw < 1015 GeV

Dark Matter

e Awimp ~ TeV

The fine-tuning problem
e N\f ~TeV

* Must consider non-renormalizable terms suppressed by

powers of A
76



Non-renormalizable terms

77



* Lower bounds on A for z;;

* Upper bounds on z;; for A

78

Probing NP with FCNC

(i)’udL)z

(SrdL)(51dR)

(C_LVMUL)Z

(Cru)(CLug)

(b_LVu dL)Z

(brd,)(bLdR)

(EVMSL)Z

(ESL)(ESR)

9.8 x 102

1.8 x 10*
1.2 x 103
6.2 x 103
6.6 X 102
2.5 %103
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Conclusions

NP can contribute to FCNC at a level comparable to the
SM even if it takes place at a scale that is six orders of
magnitude above the electroweak scale

If Zjj = 0(1),then A > 10% — 10° TeV

— We misinterpreted the hints from the dark matter puzzle
— We misinterpreted the hints from the fine tuning problem
If Anp = O(TeV), then the NP flavor structure is far
from generic

— Degeneracy

— Alignment

The NP flavor puzzle: If there is NP at A ~ TeV, why
doesn’t it modify FCNC?
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Minimal Flavor Violation (MFV)

For Y¥4€ = (, the SM has an [SU(3)]°> symmety

— Y% breaks SU(3)o X SU(3)y

— Y% breaks SU(3)y x SU(3)p

— Y€ breaks SU(3); X SU(3)g

MFV: Y%%€ are the only source of [SU(3)]° breaking
ywde = spurions: [SU(3)]> would have been respected if
- Y%(3,3,1,1,1)

—Y4(3,1,3,1,1)

- Y°%(1,1,1,3, §)

MFV: All higher dimension operators, constructed from SM-
fields and Y7 -spurions are formally invariant under

[SU3)]®
Example: Gauge mediated supersymmetry breaking



MFV at work

* Apply MFV to z;;of the dimension-six terms:

cameaim | 7,1 < 1/7e0) >

(siveds)”  ¥eVesVea)® 1077 9.0 x 1077
(52dR)SRAL) YiVsya(VesVig)? 1014 6.9 X 1079
(C_LVuuL)z Vo VerVip)? 10~1* 5.6 X 1077
(CLur)(Crur) YpYeyuVepVep)® 10720 5.7 x 1078
(bryed,)” Ve VeVea)? 10+ 2.3 x 107
(brdr) (Brdy) YEyvpyaWVepVip?  107° 3.9 % 107
(b_LYuSL)Z vi VepVis)? 1073 5.0 X 1075
(bysr)(brsL) YEVbYs(VenVis)? 107° 8.8 x 1076

e MFV allows NP at A ~ TeV
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Smallness and Hierarchy

ye~1 Ve ~ 1077 Yy ~ 1073
y, ~ 1072 ys ~ 1073 yg ~ 1074
Vi ~ 102 Yu ~ 1073 Vo ~ 10-°
V| ~ 0.2 V.| ~ 0.04 V.., ~ 0.004

SKM ~ 1

* Only two parameters are 0(1):
* Yyrand ogy

* The other flavor parameters exhibit smallness and hierarchy
* Ye/Vt ~ 107°

e Accidental or for a reason?

e Compare to the other SM parameters:
* g.~1,9g~06,e ~03,4~0.12
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Proposed solutions

sl Approximate Abelian symmetry (FN)

ml  Approximate non-Abelian symmetry (DLK)

Conformal dynamics (NS)

Location in extra dimension (A-HS)

Loop corrections

Non-renormalizable terms (GL)
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The Froggatt-Nielsen (FN) mechanism

* U(1)y symmetry
* Broken by a small parameter €; H(e) = —1

* |[n general, different fermion generations carry
different H-charges

o yf 0¢ EH(f_L)+H(fR)+H(¢)
. ‘Vij‘ oc ¢H(QLi)—H(QLj)

86



FN - example

* H(Q)) = H(U;) = H(E;) = (2,1,0)

et €3 €2 et e* €t
¢ Y~ |3 €2 ¢ |5 Y4~ ()T~ 3 €3 €3
e? € 1 €’ €% €*

ye ~ 1 Yo ~ €° Yy = E-

Yp € Ys ~ €° Yq ~ €

7 o Wy & Yorle:

Wel| = @ Vep| ~ € [Vup| ~ €7

 For € ~ 0.05 — roughly consistent with the observed hierarchy
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The flavor of neutrinos

Am3; = (7.5 1 0.2) x 107° eV?, |Am%,| = (2.5 £ 0.1) X 1073 eV "2
|Ug,| = 0.55 + 0.0, |U,3| = 0.67 £ 0.03, |Up3| = 0.148 £ 0.003

U,LLS > any |Vl]|

UeZ > any |VL]|

Ues| is not particularly small - (|Ugz| ~ 0.4|Ug U, 3])

m,/ms > 1/6 > any m;/m; for charged fermions

Neither smallness nor hierarchy have been observed so far in
the neutrino related flavor parameters



Anarchy vs. TBM

* Anarchy:

., /0.6 0.6 0.6
- M, ~ S” <0.6 0.6 ().6)

W N0.6 0.6 0.6
— Consistent with FN with H(L,) = H(L,) = H(L3)

* Tribimaximal mixing:

2/V6  1/V3 0
— |Ulrem = 1/\/6 1/V3 1/42
1/V6 1/V3 1/42

— Requires non-Abelian symmetry (A,) and special pattern of
symmetry breaking
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The Flavor of Higgs

Testing the SM predictions

Testing flavor models



SM: YF = (V2 /v) Mg

* Proportionality
= Yy =" m (3 = Yy

e Factor of proportionality

. yi/mi — \/2/1)

* Diagonality
" Y =0fori+j

Sf



Proportionality?

_ alpp > h)BR(h > f)
v lo(pp > R)BR(h = f)lsu

| Experiment [N L
Httn 1.29 + 0.18 0_100; P o
Uzz* 1.17 + 0.23 Lorol B

Hww* 0.99 + 0.15 - - .
Hpb 0.98 + 0.20 o .
Uz 1.09 + 0.23 g
10-5. )
Huu < 2.8 65’/ .
H < 4 x10° b 0.001 0.010 0.100 1 10 190
ee
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Diagonality?

Observable Experiment Vo =

BR(t - ch) <22x1072% 9.0x 1072
BR(t - uh) <24x107° 94x 1072
BR(h — ) <25x107° 14x107?
BR(h —71e) <6.1x107% 23x107?
BR(h — pe) <34x10% 6.0x10~*




Conclusions

* Ve, Yu < Yr In support of proportionality

* Y&, Vb, Yz Obey Y3pq/M3pg = \/E/U IN
agreement with the SM factor

e Strong upper bounds on violation of
diagonality, Y;¢ /Y < 0.1, Y /Y < 0.1

* The beginning of Higgs flavor physics
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SM EFT

L3~ = Dijfifid +h.c.

A=
LF° =S fifip(¢T¢) + h.c.

172
V2m =V, (A +—/1’) Viv

22

where m = diag(m,, my,, m;)

where A = V'V
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MEFV

o Ay =aly+bAAs A, + 0(23)

2m,; - av? | 2bm;
5 1+,
v Y A2 A2

L e—
¥ =

* Diagonality: Y, Yy, =0

uT)
2
* Factor:y, = \/_mr (1 +
. y_ ﬂ 2b(mZ-m3)
Proportionality: T m |1 I¥: |

2



FN

* Aij = 0()Ay;

¢ V€ = \/_ml Y | 4V’ v {Uij (mj /v) (i <))
! ) (m;/v)/U;i (i >])
: . U va vm

* Diagonality: Y,; = 0(=57),Y;, = O(UZBIP\‘Z)

\/_mT | aTvz
* Factor:y; = . [1 Az]
— 2
* Proportionality: = —ﬁ[l | Gy B0 ]

Yt me A?
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h-testing flavor models

 Measure h = 1T, TU, Ul
e Test MFV, FN, NFC, GL...

SM 1 1 0

MEV*  14+0@?/A2) 1+ O(m2/A2) 0
FN 14 0®2/A%) 1+0@w?/A%)  O(|Us[20%/AY
GL 9 25/9 O(1072)
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Flavor Anomalies?
R, Ry
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B - KWyt~

[, dq® [dT(B > KOu*p™)/dq?

Ry rap) =

[ dq? [dT(B » K®e*e™)/dq?
| Observable | SM__ | Experiment

Ri [1.6]Gev? 1.00 + 0.01 0.74529:399 + 0.036
R+ 11.1.6]Gev? 1.00 £ 0.01 0.6970:67 £ 0.05
R+ 10.045,1.1]Gev? 0.91 1 0.03 0.6610:57 = 0.03
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R, - from NP

* Given other measurements, it is plausible that
(if indeed NP) the modificationisin b = suu

e Destructive interference is needed

* Assume Ayp > my; = SM-EFT

* Only two dimension-six operators
Gpa

* L~ N VipVislCrOpp + CrOgy ]
Oup = (SVﬂPAb)(ﬁVuPBM)
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R ) from SM-EFT

CiF +
Rk ri61gevz =1+ 2Re( CSM
LL

Cri, — Cre.
Ry 11,61cevz & 1+ 2Re (

SM
CLL

= CNP/CcpM ~ —0.15 is singled out as the
prime candidate to explain the anomalies
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R, - from leptoquarks

(3;1)—4/3 DE Crr
(3:2)+1/6 EL CRL
(3:2)+7/6 éE CLR
(3,3)-1/3 QL CrL

* Only T(3,3)_1/3 can account for both Rx and Ry~
Re(VisYyp)  0.004

* To generate C}\*/C;}* ~ —0.15, we must have — = ~ ———
m2 TeV
_ BR(Bs—utu~ BR(Bs—¢putu~
+  Predictions: s — . qbf: ) = Rg = Ry~
BR(Bs—u*pu™)sm  BR(Bs=Pu™p )sm
YRvh 2
* If Y obey MFV, then 52k = 2%
YusYup Vi

* In this case, the combination of Ry, BR(B — Kt1), Amg_and the LHC lower bound
on my cannot be simultaneously satisfied =MFV will be excluded
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B - DMty

['(B - DM1v)
Rpe = )
['(B —» D®y)

observable | sw_|_perment | __cxe/sm

Rp 0.299 £ 0.003 0.407 +£0.046  1.36 £ 0.15

Rp+ 0.258 £ 0.005 0.306 + 0.015 1.19 + 0.06

The p-value is 1.57 x 10~*
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R from NP

* Assume Ayp > my; = SM-EFT

* 3 combinations of 2 lepton and 2 quark fields
can give the required b — c transition:

LLQOQ,ELu0Q, eLQd
* Given the presence of L and Q, many related
FCNC processes
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R in simplified models

scalar (3,1)_1 /3 LQ¢ EUC Coorts Conte
vector (1,3), QQ,LL Cooit
vector (3,1)42/3 QL,DE Coortr Coate
scalar (3,2)17/¢ UL,QE Conio
Vector (3,2)_s5/6 QE®, LD Coaro

* The flavor indices correspond to models of horizontal [SU(2)]3® models
e Can work for my < a few TeV

« Many constraints from other measurements, e.g. bb = 1t
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Flavored Conclusions

1 FCNC: Loop x CKM x GIM suppression

= Excellent probe of NP at very high energy scales

Quarks: smallness, hierarchy

) = Approximate symmetry?

Squarks: degeneracy, alignment

= Flavor paradise, but where are they?

Neutrinos: anarchy = Knowing more

does not necessarily mean understanding better

Higgs: diagonality? proportionality?

-3l = A new opportunity for flavor

Ry, Rp: Statistical fluctuations or New Physics?
= Stay tuned for LHCb and Belle Il
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