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Preface, about

Matter comes in generations
w — ?ﬂ,/,?, — 1,2,3

commonly labelled with increasing mass, distinguished by ‘flavor’.
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Quark Spectrum
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hierarchical! Spectrum spans five orders of magnitude.

Flavor Test w Rare Decays Cargese, July 2014 Slide 3



Preface, about

Matter comes in generations
w — %7@ — 17273

Complex phenomenology: wide range in spectra, m, /m; ~ 107>, CP
violation, mixing; Flavor physics intimately linked to the making of
the Standard Model. New questions with new physics.

These lectures cover:

+ Flavor in the Standard Model and beyond

+ Rare decays |AF| =1 —theory

+ Rare decays — points of recent interest for LHC(b), Belle Il , ...

not directly covered: origin of flavor (very deep question)
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lecture 1: Why Flavor Physics?
(Sensitivity to beyond the Standard Model physics)
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The Standard Model of Particle Physics

renormalizable QFT in 3+1 Minkowski space w. local symmetry
SUB)e x SUR2), xU(l)y — SUB)e X U(1)em
Lom=—1F2+0iPy + 2(DP)?> — Y Py  +u?dTD — \(PTP)?
N——

Yukawa interact.
. fermions (quarks and leptons) D,=0,—tA,+ ...
F,.: gauge bosons g%, v, Z° W+
d: Higgs doublet (1dof observation 2012 consistent with SM)

Known fundamental matter comes in generations ¢ — ;, i = 1, 2, 3,
subject to identical gauge transformations.

Flavor physics= investigations on generational structure of fermions
and BSM partners.
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The Standard Model of Particle Physics: Flavor

fields in representations under the SM group su@)c x SU2)L x U1)y

nggS (I)(l, 2, 1/2) hypercharge Y = Q — T3
quarks: Q1.(3,2,1/6);, Dr(3,1,—1/3);, Ug(3,1,2/3),
|ept0nSZ LL(l, 2, —1/2)2, ER(l, 1, _1)2 L: doublet, R:singlet under SU (2) 1,

Lsm = y_oun.rp VidDv;
—Q1,(Y.)ij®Ur, — Qr,(Ya);;®Dgr, — L1, (Y.)i;PER,
+Lhiges + Lgauge OC = (o2 P*
Y..4e: Yukawa matrices (3 x 3, complex), off diagonal entries mix
generations; sole sources of flavor in SM. In hypothetical limit

Yy.a. — 0 SM gains large "flavor-symmetry”
Gp = U(S)QL X U(S)UR X U<3)DR % U(S)LL < U(S)ER
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The Standard Model of Particle Physics: Flavor

masses from spontaneous breaking of electroweak symmetry
CIDT(QZ‘) —> 1/\/5(0, v+ h(x)), Higgs vev (®) = v/v/2 ~ 174 GeV

LspV"F 0 = —Q Y, ®Ur — QLY PDp — LY. PER

Want mass eigenstates rather than the above gauge eigenstates:
perform unitary trafos on quark fields QQ, = (Ur, D), Ug, Dg
qa(gauge) — Ga(mass) =V ,q4  With VA,qu’q = 1.

Lo = Uy, VI Viu Yu®° VI Vg, Ug+ downquarks

VO TV

diag(mu, me, mt) = <(I)> : dlag(yua Ye, yt) — <(I)> ) VL,UYUV};u

diag(md, Mg, mb) = <<I>> ' diag(yda Ys, yb) — <(I)> ' VL,deV]ji,d
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The Standard Model of Particle Physics: Flavor

unitary trafos: G4 = Vagga with Vi Vi = 1.

Lo = Uy V] Vi. Y, @ V} Vr, Ug-+ down quarks.

VO VO

diag(mua me, mt) — <(I)> | VLauYuvﬁi,u
diag(md, M, mb) — <(I)> ' VLadevf;d
Lo = OV, ViV, 07 ViU = ~Tm, 90,

N—— ~- Hf_/
(:]L diagonal =URr

The tilde basis are mass eigenstates, down quarks analogously.

What else happened under the basis change in Lg3;?
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The Standard Model of Particle Physics: CKM

The SM higgs interactions are strictly flavor diagonal and neutral
current gauge interactions v, Z, g stay being flavor universal, since
they dont mix the chiralities, for instance:

ULYMAMUL = UL (Vg’uV[Qu) ”}/'LLAM (V[JiuvL,u) UL
= Up" AV ViU = Uyt AUy nothing has happend!
However, lets look at the charged currents WW=:
Uy*WiDL =Up (Vi Veu) v*W, (ViVea) Di
= (N]LW“WJ VL,uV]jd DL
\——’

=Vorkm=V#1
Since Y, and Y, dont diagonalize (as observed!) under same unitary
transformations, there is one important net effect related to flavor.
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The Standard Model of Particle Physics: CKM

The charged current interaction gets a flavor structure, encoded in
the Cabibbo Kobayashi Maskawa (CKM) matrix V..

9

V2

Vi; connects left-handed up-type quark of the ith gen. to left-handed
down-type quark of jth gen. Intuitive labelling by flavor:

LCC - — ([?LWMWJVDL -+ Z:DL’)/MW/;VTUL) .

(Vud Vus Vub\
V = Via Ves Vi : Vig =V, etc

\th Vis th)

Via W exchange is the only way to change flavor in the SM.
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The Standard Model: CKM properties

V' Is unitary
V' is in general complex, and induces CP violation
V' has 4 physical parameters, 3 angles and 1 phase. Why?

unitary 3 x 3 matrix has 9 parameters. If V" would be real, it would be
orthogonal and contain 3 'Euler’ angles ©,, O3, ©53. Then there
should be 9-3=6 phases.

However, perform global, generation-dependent re-phasings of
(GL)x — €% (Gr)r, ¢ =U,D, k=1,2,3In  Lec ~ U *WFHVD,

(Rotate RH fields simultaneously (¢r). — e*“ (Gr)x to keep quark
masses real.)

Removes 5 phases (6 fields have at most 5 indepednt rel. phases).

Flavor Test w Rare Decays Cargese, July 2014 Slide 12



The Standard Model: CKM properties

"PDG” parametrization (exact, fully general)

—i8
/ C12€13 512€13 5136 \
_ ) )
V = —S812C23 — C12523513€°  C12€23 — S512523513€ 523C13
) id
\ S$12523 — €12€23513€ —C12523 — S12€23513€ C23(C13 )

s;j = sin ©;;, ¢;; = cos ©;;. ¢ is the CP violating phase.
In Nature, 6 ~ O(1) and V' is hierarchical ©;3 < 0,3 < 015, < 1.

Very different — large mixing angles for leptons (PMNS-Matrix):

@23 ~ 45°, @12 ~ 35°, @13 ~ 0(100) all 0(1) — anarChy?
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CP is violated!.. together with Quark Flavor

Quark mixing matrix has 1 physical CP violating phase dcx .

jx‘r‘%;’ The Nobel Prize in Physics 2008

(with 3 generations)

"for the discovery of "for the discovery of the origin of the

the mechanism of broken symmetry which predicts the
spontaneous existence of at least three families of
broken symmetry in quarks in nature"

subatomic physics"

“ i
Photo: Universtity of Chicago Photo: KEK

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa
@ 1/2 of the prize @ 1/4 of the prize @ 1/4 of the prize

Kobayashi and Maskawa, Prog.Theor.Phys 49 (1973) 652
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CP is violated!.. together with Quark Flavor

Quark mixing matrix has 1 physical CP violating phase dcx .
Verified In BB mixing Sin Qﬂ — 0.672 £ 0.023 Hrac Aug 2010

dcxn 1S large, O(1)!

CPX also observed in B-decay Acp(B — K*7F) = —0.098 £ 0.013

HFAG Aug 2010

I'(B— Ktn7)#T'(B— K n")
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The Standard Model: CKM properties

V' in Nature is hierarchical ©;3 <« 0,3 < 015 < 1. Wolfenstein
parametrization; expansion in A =sinO¢, A, p,n ~ O(1)

( 1 — \2/2 +A AN (p — in) \
V=| -\ 1—22/2 +AN? + 00\
\ AN (1 — p—in) —AN? 1 )

fits: A = 0.225, A=0.82, p=0.13, 7=0.34
beyond lowest order p = p(1 — \?/2) and 77 = n(1 — \?/2)

n # 0 signals CP violation; third gen. quarks decoupled at order )\2.
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The Flavor of the Quarks u.d, s, c, b, t

There are in total 10 (known!) param. in quark flavor & CP sector:
6 masses, 3 angles and 1 phase in CKM-matrix

with accuracy: |V,,| = 0.225 (permille), |V,;| = 42 - 1072 (percent),
Vs = 4 - 1073 (ten percent), sin 23(measured) = 0.67 (percent)

PS: enormous progress from B-factories over past decade. PPS: still improving precision.

All hadronic flavor violation, including decays, productions rates at
colliders and meson mixing effects should be described by these 10
parameters alone, if SM is correct. Since all parameters are known,
this statement is very predictive and subject to numerous tests.
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SM tests with Quark flavor

Viis unitary VVT =1or, 3. Vi; Vil = dir.

the unitarity triangle
Vi Vi + Va Vi + Vi, Vi = 0, all terms order \°.

A=(o,n)

Vudvlil b
VeaVea

C

Vid‘/%ié
vcd V(;b

C = (0,0) B =(1,0)

lts apex determines the Wolfenstein parameters p, 7. In the absence
of CP viol., the triangle would be squashed.

Information on the apex can come from various processes,
measuring angles or sides.
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SM tests with Quark flavor/CKM 1995 vs today

The CKM-picture of flavor and CP violation is currently consistent

with all — and quite different — laboratory observations, although

some tensions exist.
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The Flavor of the Quarks u.d, s, c, b, t

The quarks spectrum and mixings are hierarchical, and stem from

the Yukawa matrices.

Numerically, we determined them as

[ 1075 ~0.002 0.008 +0.003 \
Y, ~ 10~ 0.007 —0.04
\ 108 +4107 0.0003 0.94 )
H,)
Y, ~ diag (107°,5-107%*0.025 A
H,)
Y, ~ diag (107%6-107% 0.01 (A

Very peculiar pattern. We dont know why it is this way.
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So, Flavor and CP violation in SM is parameterized by 10
fundamental flavor parameters, which are (in part
precisely) known. Lets go on and ask about flavor in
generic SM extensions.
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Exploring Physics at Highest Energies
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Testing the SM with FCNCs

In SM neutral currents conserve flavor. However, charged currents
induce FCNCs through quantum loops.

-
e~ S

The upper figure shows an FCNC with flavor number changing in
units of one, AF = 1, as in decays, meson mixing has AF' = 2.
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Testing the SM with FCNCs

Different sectors and different couplings presently probed:
s—>d: K'— K° K — wuw

c—u. DY — DY AAqp

b—d: B°—B°, B— py,b— dvy, B— muu

b— s: By — B,, b— sy, B— K%, b— sll, B— K%l (precision,
angular analysis), B, — upu

t — c,u, | — "2 not observed

In red: mentioned lated
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Flavor Changing Neutral Currents

Lets discuss a generic SM FCNC b — s amplitude (AB = AS =1)

W

-
e~ S

b wu,c,t s

A(b — S)SM — VubVJSAu + ‘/cb‘/;zAc + V%b‘/;;At
guantum loop effect induced by the weak interaction.
Ag = Almg/miy).

with CKM unitarity VVT = 1, specifically >, V;, V¥ = 0:

A — s)sm = Vi Vis (A — Ae) + ViV (Au — Al)

A would vanish if i there wouldn’t be a non-trivial CKM matrix, that
IS, one that allows for changes between different generations, and ii
for identical up-type quark masses.
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Flavor Changing Neutral Currents

A(b — s)sm = VipVig (Ar — Ae) + ViV, (Au — Ac)
N—— N——
A2 A4
amplitude is dominated by first term because of lesser CKM
suppression and because the GIM (Glashow lliopoulos Maiani)
suppression inactive for tops 2

m2—m m2 —m?
t— ~ (O(1), whereas "< < 1.

My, My,

We probe top properties with rare b-decays despite of m; > m,,.

CP violation requires interference between the two terms with
different phases; for b — s, this is small, O()\?).

The general features hold for any FCNC in the SM:
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Flavor Changing Neutral Currents in SM

I FCNCs are induced by the weak interaction thru loops.

i FCNCs require V' # 1.

Iii FCNCs vanish for degenerate intermediate quarks. Since mass
splitting among up-quarks is larger than for down quarks, GIM
suppression is larger with external up-type than down-type quarks.

Bb— sy)=3-10""* (E, > 1.6 GeV)
Bb— sltl™)=4-10"° (mz > 0.04 GeV?)

SM: B(t — cg) ~ 1071°, B(t — ¢y) ~ 10712, B(t — ¢Z) ~ 10713,
B(t — ch) < 107! Eilam, Hewett, Soni '91/99

Flavor Test w Rare Decays Cargese, July 2014 Slide 27



Flavor Changing Neutral Currents in SM

We see that 3 mechanisms suppress FCNCs in SM: CKM, GIM and
absence at tree level. New physics, which doesnt need to share
these features, competes with small SM background!

FCNCs feel physics in the loops from energies much higher than the
ones actually involved in the real process.

They are very useful to look for new physics, in fact, we already now
a lot about new physics from FCNCs!
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Probing Physics at Highest Energies with Flavor

Vg Vg
[4F] [ F]
a

g* o (BI(bryudr)(bpytdy)| BY

A(Bd — Bd)SM X ——5
myy

<B§ |(bT°d) (b d)| BY)

Aip
g* (By|(br'd)(bI"d)| BY)
1672 A%IP

A(BY — BY)np (tree)

A(Bg — Bg)NP X

(weak loop),

where we allowed for generic new physics at the energies Ayp,
either at tree level, or thru weak loops, as, e.g., in the MSSM.
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Probing Physics at Highest Energies with Flavor

BY — BY oscillation data ok with SM: A(BY — B))xp S A(BY — BY)sm

Axp 2 4mmy /(97| Via]) ~ O(250) TeV ( tree level)
Anp 2 mw /| Vig| ~ O(10) TeV (weak loop)

In either case, the connection with the electroweak scale is lost!
K'K° D°D° BYBY BB
Axp [TEV] | 2-10° 5-10° 2-10° 3-10?

Table 1: The lower bounds on the scale of new physics from FCNC
mixing data in TeV for arbitrary new physics at 95 % C.L.
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Flavor Physics at the TeV-scale

______
¢¢¢¢¢¢¢¢¢¢¢

The absence of O(1) New Physics observations in FCNCs implies
that physics at theTeV-scale has non-generic flavor properties.

In particular, suppression mechanisms of similar power as CKM and
GIM, which are built-in in the SM, need to be at work.

* 2 n
AFC’NC’ ~ szKkj X Amzk X (1/ANP)
h - / v \ -~ o
mixing splitting(GIM) decoupling

\ 4
V

flavor

Connection to TeV-scale is lost, or TeV-scale flavor non-generic!
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Example: MFV

Effective field theory of flavor violation induced by Yukawas only:
SM has global symmetry for Y, 4, =0: Gp =
UB)oxUB)u, xUB)p, xUB) xUB)g, = U(l)gxU(1) xU(1)y

A model is termed minimally flavor violating (MFV), if, as in the SM,
all flavor symmetry breaking is induced by the Yukawa matrices.

More technically, assigning charges to the Yukawas under G a
formally invariant effective Lagrangian can be obtained.

Y.(3,3,1,1,1), Yy(3,1,3,1,1), Y.(1,1,1,3,3) “spurions”of Gr

— B, — B, mixing on blackboard; in MFV same suppression as SM
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Example: Flavor in SUSY

+ The superpotential (N = 1, unbroken R-parity) is MFV:
Wyssm = QrYuHUr + QrYeHqDg + LY. Hebigp + pHy H,

+ Without further input there can be arbitrarily large and CP-violating
intergenerational mixing among the scalar partners of the SM
fermions from the SUSY breaking:

soft _QL’L< )UQLJ +
This is ruled out by FCNC data for TeV-scale SUSY partners.

-
- ~n
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SUSY Flavor Constraints

+ The off-diagonal squark mass terms "mass insertions”
57 = (1h)y;/m2,. i # j, induce FCNCs, and are constrained by

data. JIRGE) NS
T TREE NLO TREE NLO
03 | 14x1072 | 22x1072 | 1.8x107% | 29x 1073
10 | 30x1072 | 46x1072 | 39x10~% | 6.1 x1073
| 40 | 70x107% | 1.1x107" | 92x107% | 1.4x107*
VIR(6%,)1L (6%l VIS0 (8)ze]
T TREE NLO TREE NLO
03 | 1.8x107* | 86x107* | 23x107* | 1.1x107*
10 | 20x107% | 96x107% | 26x107* | 1.3x107*
40 | 28x107% | 1.3x107% | 3.7x107* | 1.8x 10
VIR(6L)? | V19(6%)%
T TREE NLO TREE NLO
03 | 3.1x10% | 26x107% | 41x10~* | 3.4x10™*
10 | 34x107% | 28x107* | 46x107* | 3.7x107*
| 40 | 49x107° | 39x107° | 65x107* | 5.2x107"
Table 1: Maximum allowed values for |R (87;) , | and |3 (8f;) , |, with A, B = (L, R) for an average squark mass

my; = 500 GeV and for different values of x = m'f_ / mz{ The bounds are given at tree level in the effective Hamiltonian and at

e.g., 0711.2903 NLO in QCD corrections as explained in the text. For different values of m; the bounds scale roughly as mg; /500 GeV.
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MFV Flavor in SUSY

+ MFV implies squark flavor-mixing given by quark-Yukawa matrices

mg = mial+bY,Y,] +bY,Y]) et

Y, = diag(yu, Ye, ¥:), Yo =V - diag(yq, Ys, Ys) (up mass basis)

Controlled departure from flavor-blind SUSY breaking:

e.g., s-top — s-charm mixing: (mg)ss/m* ~ y; Vi Viy ~ 107° tan 52

+ (1) deviations possible in MFV-MSSM from SM in rare processes
if tan 0 is large. tan 0 =< H, >/ < Hyg >

+ Anomaly mediation, gauge mediation and CMSSM/mSUGRA (by
construction) are MFV.

+ MFV coefficients also induced by renormalization group running.

Flavor Test w Rare Decays Cargese, July 2014 Slide 35



