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Administration Details

If problems with wireless see me

Note: Password must be 8-13 chars, must
contain special character (Not all special
characters are allowed)

Recitation (19:30-21:00)

Nightcap (21:00-22:30)
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Lecture |

® History, motivation, what are heavy quarks?
® Review of Standard Model

® CKM matrix

e FEffective Field Theory

® Flavor Changing Neutral Currents

® Minimal Flavor Violation

Lecture 2

® (P violation, more on CKM

® Tops



100 years ago...

electron

proton

Didn’t even have Bohr’s model yet
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50 years ago...

Eightfold Way (1961)
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49 years ago...

The Quark Model (1964)

K—K

AV
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K—K o=
Q=-1 Q=0 Q=+1
Three quarks for Muster Mark! BOO kkeep' ng d cVi Ce?
Sure he has not got much of a bark P bI
And sure any he has it's all beside the mark. ro €ms...

—dJames Joyce, Finnegans Wake



49 years ago...

Three quarks for Muster Mark!
Sure he has not got much of a bark

And sure any he has it's all beside the mark.

—dJames Joyce, Finnegans Wake

The Quark Model (1964)
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Problems...



parton

proton

44 years ago...
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43 years ago...




40 years ago...

CKM matrix (1973)

/ 7 T 7
d Viud Vus Vi d d
1= Ve Ves Va | | s| = Ve | s

V Via Vis Vi b b

Need CP violation = Bottom and top quark predicted



39 years ago...
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We have Charm (1974)!




36 years ago...

In 1975 the 7 was discovered and led to the search for other 3rd-

generation particles.

In 1977 the Upsilon (a bb bound state) was observed at the

Fermilab Tevatron.

We have Bottom (1977)!

We must have Top too!
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m [GeV/c]

Searching...
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|8 long years later...
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We have Top (1995)! 3.
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VVhy should we study
heavy quarks?

® Measure and tests of SM parameters
® Search for new physics
® |mportant to understand for backgrounds

® Can use large mass to our advantage



Why!? (expanded)

Lots of interesting B physics
® Theory

® Jop loops no GIM & CKM suppressed
® |arge and clean CPV possible

® Some hadronic physics is understandable
model independent m;, > Aqcp

® Experiment
® Clean sources Y (45)
® |ong B lifetime Am/T" ~ O(1)



Why!? (expanded)
® | ow energy point of view (EFT)

At low energies anything that changes flavor
is a local interaction (SM or NP)

Dim 6 operator
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Why!? (expanded)
® New physics flavor problem

TeV scale (hierarchy problem) < flavor and CPV scale

Write down operators with O(1) coefficients

sd)’ b)? bs)?
(12) — A > 10* TeV (A2) — A > 10° TeV (;) — A > 10° TeV
AmK AmB A,rn’Bs

TeV-scale NP models typically have new sources of
flavor and CP violation



Masses (MeV)

Heavy!

|E+06
|E+05
|E+04
|E+03
|E+02
|E+O]I
|E+00

Up Down Strange Charm Bottom Top
Quarks

Quarks are heavy if m¢g > Aqcp

Pole Mass MS
Charm ~1.3— 1.7 GeV 1.275 £ 0.025 GeV
Bottom ~4.5—5 GeV 4.18 £ 0.03 GeV
Top 173.5 £ 0.6 £ 0.8 GeV 160 £ 5 GeV




Masses (MeV)

Heavy!

|E+06
|E+05
| E+04
|E+03
| E+02 Aqep
|E+0
|E+00

Up Down Strange Charm Bottom Top
Quarks

Quarks are heavy if m¢g > Aqcp

Pole Mass MS
Charm ~1.3— 1.7 GeV 1.275 £ 0.025 GeV
Bottom ~4.5—5 GeV 4.18 £ 0.03 GeV
Top 173.5 £ 0.6 £ 0.8 GeV 160 £ 5 GeV




Quick SM review

Quark matter content (and Higgs)

e (), (), (8, o =51

('3\,2)1/6 (3: 123 (3, 1)-13 (1,2) 1,

£:£gauge‘|‘21;m¢_ HURQL_I_)‘de QL_I_hC]

a

i Lo
D, =90, +igsA, T +1g2W), - +19:1B,Y

If A =0, then U(3)® symmetry (¢, — U,qr, etc)



Quick SM review

Quark matter content (and Higgs)
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Keep track of breaking using spurions



Quick SM review

Quark matter content (and Higgs)
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If A =0, then U(3)® symmetry (¢, — U,qr, etc)

Keep track of breaking using spurions
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Quick SM review

Quark matter content (and Higgs)

e (), (), (), o o= ()

('3\,2)1/6 (3: 123 (3, 1)-13 (1,2) 1,

£:£gauge‘|‘21;7@¢_ HuRQL_I_)‘de QL_I_hC]

a

D, = 0, +igs AST" + z‘ggwg% +igiB,Y
If A =0, then U(3)® symmetry (q7, — Uq,qrL, etc)
Keep track of breaking using spurions
Hur\"qr — HugUN\"Uuqr so \* — Uu)\“U;

ﬂR)\qu — ”L_LRU,:E(UU)\uU;r)quL — ”L_LR)\UC]L



Quick SM review
Diagonalize
ur, — Vy,ur, dp, = Vg, dr, up — Vy,ur, dp — Vg4.dr
VI XV, =A%, Vi Ay, =7

N

Diagonal, real

Gives diagonal masses, leaves everything else unchanged
except

1
EQQ

Veryv =V, Va,

1
qr. (2920aWa> qr, — Ur, VJL VdLW+dL + h.c.



CKM matrix

Mass and flavor eigenstates do not line up
N x N unitary matrix has N* real parameters
Rotate relative phases of quarks reduces to (N — 1)°

For 3 generations: 4 parameters = 3 angles, | phase

Wolfenstein parameterization: shows hierarchy

Vud Vus Vub 1 — %AZ A A)‘S (10 o ”7)
VCKM — Vcd Vcs Vcb — ; —A 1 — %)\2 A>\2
AN

Via Vis Vi (1—p—1in) — AN 1

A= 0.22 while A, p,n~ 1



CKM matrix

Vud Vus Vub 1 — %)\2 A A)\S (IO o ’”7)
VCKM — Vcd Vcs Vcb — ; — A 1 — %)\2 A>\2
AN

Viae Vis Vi (1—p—in) — AN? 1

® One complex phase = CP violation

ﬂL’y“dL Cj d_LV,uuL,W_i_'UJ Ci WM_ — VT —V

if CP conserved

® Precise measurement needed to
® test Standard Model

® constrain new physics



Unitarity Triangles

Unitarity puts constraints on CKM matrix
Z VieVik = D ViiVily =
k

Vanishing of product of first and third columns:

Vud Vi + VogVii + VgV = 0 scales as AN3 + AN + AN3

(p)

Represent graphically as a triangle

Via Vi
Via Vi

Total of six triangles

(0.0) (1.0)

Kaon: 0 = V,qV.', + VegVE + VigVs ~ A+ A+ AZN°




Unitarity Triangles

A=(pn)

/N

C=(00) B B=(10)

® Angles

VCdVgZ) ( ViaVy, ) ( Vudvjb)
= — ar — ; o = —= ar - » : — — ar — »
b= g ( ViV P2 g ViV, Y = @3 g VedV3

Invariant under phase transformation of quarks
— physical

® Area

area 2 1m VCd‘/;l; 2 |VCd‘/C>|l<)’2 m( dVubVed b)

J =Im(VyuaV,, VigVer)  Jarlskog parameter

Im(Vi; Vi Vig Vi) = J(0i0k1 — 0110k, ) common area of all triangles
J
2 largest|V;,; V5|2

Normalized area



Previous Unitarity Triangle Bounds

0 .
p (2002)
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Unitarity Triangle Today
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Unitarity Triangle Today
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0006 Effective field theory - Wikipedia, the free encyclopedia
i [ <

- ] [ﬁ}] [@] [G] [+] W http://en.wikipedia.org/wiki/Effective_field_theory ~ Q- +) |
[0 Papers Citations Cite Summary arXiv SPIRES Apple Amazon Yahoo! News (1380)v Dictionariesv »
| Effective field theory - Wiki... | e
;0 2% 2 Sign in/ create account m
*’ Q" \Z\- 5 article discussion edit this page history
f ) ¢
aC R -)\ Your continued donations keep Wikipedia running!
S~ AT
6 ) - ) —2 . .
i 0 Effective field theory
‘;5( e, From Wikipedia, the free encyclopedia
Cnc,elrﬁlalﬁgjﬁ In physics, an effective field theory is an approximate theory (usually a quantum field theory) that contains
navigation " the appropriate degrees of freedom to describe physical phenomena occurring at a chosen length scale, but 3

ignores the substructure and the degrees of freedom at shorter distances (or, equivalently, higher energies).

m_Main nano

An Effective Field Theory 1s an approximation to the true
underlying theory, with enough in 1t to describe the
physics of interest.

1.e., true theory = Standard Model?
EFT = depends on question

Particularly useful when there are multiple well-separated scales



Effective Field Theory

* When there are well-separated scales, can find
small dimensionless numbers

* Goal 1s to try to expand 1n one of these small
numbers

* Equivalently, shrink large energies (small
distances) to a point .

—Think multipole expansion // \Vai \\ .
e In Field Theory, remove \o %) el

N i
AN / modes
heavy d.o.1. ~—
Corresponds to short wavelengths

—Effects turn into coefficients



What 1s needed?

* The “light” degrees of freedom
—If EFT contains correct d.o.f., get the IR correct
—If missing d.o.f., get problems

J
Don’t know this (— (high energies)

" Extra particles whose propagation

not relevant for low energies

EFT gets
here down

Want to describe (low energies)




Heavy Quark Effective Theory

mQ =>> AQCD
Useful for heavy-light bound states

Heavy quark Light brown muck

If mg — o0 just sits in center as color source



Heavy Quark Effective Theory

mQ =>> AQCD
Useful for heavy-light bound states

Heavy quark Light brown muck

If mg — oo just sits in center as color source

For finite mass, momentum will be order Aqcp



Heavy Quark Effective Theory
mQ =>> AQCD .
First step is to decompose p" = mqov" + k"

Break quark field into large and
small components

hv(ili) _ eiva-az 1 ;_ ﬁw HU(ZIZ) _ eiva-az 1 ; 7A¢

Y =e " [hy(z) + Hy(2)]
and plug into QCD lagrangian
L= (i) —mq)y



Heavy Quark Effective Theory
mQ =>> AQCD .
L =) —mg)y

= hyiv - Dh, — H,(iv - D + 2mg) H,
_I_}_Lvin_Hv + EUWJ_}L”U

Now what? Doesn’t look improved
However, integrate out large components

1
Hv — : . hv
2mg + v - deL
and, after some simplification, we get

1 - Js -
h,(iD | )?h, + ~—2—h,0,,G""h, + O(1/m?
3mg (DL + 4B, +0(1/m)

Leog = iLfUiU - Dh,, -




Heavy Quark Effective Theory

mQ =>> AQCD .
— 1

. | 7 . 2 | gs v 2
h,iv - Dh,, dmg hy (1D ) h, mg hoou G* hy + O(1/mg))

Implications!?

mg — 00  —  Leg = h,iv - Dh,

® Static source of color
® |ndependent of heavy quark mass

® |ndependent of spin [SU(2) symmetric]



Application: Extracting V., from B — D) pi

Ny

b— cli o Vg 2 5, W E T %
B [v6s TS (& C) D|"”
2 2

3 2 S ¢

@ Measuring V. requires knowledge of hadron form factors

5 o (@%) = (D¥)en, b|B) fa_ (@) = (DW|éy, vs b|B)

® Heavy Quark Symmetry provides form factor relations, normalization

fB—>D ~ fB—>D* fB—>D* Nf UB - UD

@ Measure V with 2% accuracy . ‘



Application: Extracting V., from B — D) i

Need to include perturbative correction
Need to extrapolate to zero recoil

Veplexe = (39.6 £0.9) x 1077

Inclusive measurements also use HQET

[
W/<
Aq, A
dr:<bquark>x{1 0, S L 2) | .. as(--) 4 a2(---
decay mp mp




Another application of HEQT
Vb |ine

’ I —
- < . . dr—ordE,

New small
scale

E, (GeV)

Need cuts on phase space — hard theoretically

Need to resum large perturbative and
non-perturbative corrections



Another application of HEQT

‘Vub|inc
¢ I |
< _ New small
P i - scale
W . | dT(b—o)dE,
' = i
o
o
Vu;\
u - AE ]
k—
0 1 >
E, (GeV)

Need to resum large perturbative and
non-perturbative corrections

Remove using b — s
Vb line = (4.41 £0.1557,"°) x 1072




Problem!?

‘Vub‘inc — (441 T 0158_(1)915) % 10—3

Vb lexe = (3.23 £0.31) x 1077

Exclusive calculation from B — 71fu

/

Need form factors
Use overlap of data and lattice to extract

One more: B — 11

Vs B+ = (5.10 +0.47) x 10

Needs lattice too




=

Problem!?

0.7
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Other EFTs
® NRQCD: expansion in v

relevant for heavy quark pairs m > mv > mv* ~ Agcp
decay rate written as

do(ij — H) Z CY (0" (n
Calculable 1n Scale as some V"
perturbation series Can be octet

e SCET: expansion in p1 /p—

relevant for collinear physics (jets, corners of phase space)



FCNC

Flavor transitions in SM

Tree level ¢ —’—‘5:,:{‘* only W=

V,

U d
Z° ~,h flavor diagonal W
u d

Loop level FCNC are possible

eg. b— sy —é Hﬁ}— -~

In SM, FCNC suppressed relative to tree level by

1672 4w cos?(Ow )




FCNC

Flavor transitions in SM

More FCNC suppression in SM: GIM-mechanism

u,c,t
y & ) ) 1 _I_ 75 bm g%
: k : = equeyu(ps)o” ( 2 ) U(pb)m%‘/ 1672 d
W
where

-5 o (2) -~ 2 v () () e )

1=u,c,t 1=u,c 7

VbV, + Ve V., + Vi Vi =0 CKM suppression

Top loop dominates
(Not true for s — d~)



in top decays!
t = cs,t— cy

FCNC . o

Current bound < 3.2%

SM predicti 10-13 — |ots of room for NP!
prediction ~

LHC is top factory — get to ~ 10 ° level

Can do operator analysis to estimate size of signal

Constraints from top and B decays

O%; = (Q37"Q2)(H'D,H) +h.c. — Br(t — ¢Z)max ~ 1077

O%n = (tpy"cr)(H'D, H) + h.c. — Br(t = ¢Z)max ~ 0.1



New physics flavor problem?
(5d)° (bd)? (bs)?
A2 A2 A2

Am Amp Amp,

— A > 10* TeV — A > 10° TeV —> A > 10 TeV

TeV-scale NP models typically have new sources of
flavor and CP violation

How do we protect flavor?
Back to flavor symmetry: U(3)"

Extend SM by adding terms (local, Lorentz, gauge inv)
that are invariant under U (3)” including spurions

)\flu )\d



Minimal Flavor Violation (MFV)

Fields transform as: Qr(3,1,1), ugr(1,3,1), dr(1,1,3)

Spurions transform as: A\, (3,3,1), \q(3,1,3)
Go to basis Ay = diag(yu. v, ), A = Vigendiag (v, ve, vi)

EFT analysis possible

To get non-diagonal terms, need at least:

QL )\L )\u QL)
d A AN QL
A N A N ad,

(or more insertions of \)



Minimal Flavor Violation (MFV)

Extensions of SM with U(3)* breaking by )\, 4 satisfy MFV

Examples
. B — X~
X X
L ANP @, ANP (SLO',u bR)

51.br not invariant under [/ (3)°

Qr\adR is flavor diagonal

Qr N Nadr — 5.V, ViyyZysbr

f MFV then X ocV,* Visy 2y,



Minimal Flavor Violation (MFV)

Extensions of SM with U(3)* breaking by )\, 4 satisfy MFV

Examples
2. SUSY: Without SUSY breaking, MFV

L = /d46’ [Qer—l- ﬁequLDeVD} + -+ </d2(9W—|—h.C.>

W = HyUMNQ + HyDAgQ + - - -

Add soft SUSY breaking

ALSUSY —break = Oy My dg + Oy Moy + O3Mida + (dh, Pugudq + dhsdagadq + h.c.)

Unless Mid,q x I and Gu,d X Au,d

large flavor-changing interactions
— Motivation for gauge-mediated SUSY breaking



Minimal Flavor Violation (MFV)

Predictions

|. Spectra: Yu,d.s,c < 1, so approx U(2)° remains

Ex: in gauge-mediated SUSY breaking,
first two generations of squarks near-degenerate

2. Mixing: Only source is Vo

LHO) 1 0.2 0
0 0 1

New particles decay to either
3rd or non-3rd generation (not both)



Summary

® Review of SM, CKM, FCNC

® [Effective field theories useful for multi-scale
problems — Useful for heavy quarks

® MFV — constraints on new physics
(but may not be true)



