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Quark flavor physics

Lecture I: Concepts of Quark Flavor Physics

¢ |[ntroduction and motivation
e Yukawa couplings, CKM matrix, unitarity triangle

e Neutral meson mixing, some UT determinations

Lecture ll: Indirect Searches for New Physics
e CP violation in the interference of mixing and decay
o Effective weak interactions

¢ Testing the Standard Model with rare FCNC processes



Effective field theory

=

Lecture lll: Concepts of Effective Field Theory |~ , . "~y
e Basic ideas, Wilsonian effective action

e Scale separation, integrating out high-energy modes, low-
energy effective Lagrangian, dimensional analysis

e Modern view of QFTs and general principles

Lecture IV: Applications of Effective Field Theory
e The Standard Model as an effective field theory
e Several examples of applications beyond the Standard Model

¢ |[nteresting insights



Remembering Puebla ...



Cracking the Standard Model?

Matthias Neubert — Cornell University

CTEQ Summer School 2005
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May 2005

May 25, 2005 CTEQ Summer School



Unitarity triangle then and now

Winter 2005:
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Many other lessons have been learned, not all were pleasant ...
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Searching for the unknown

# SO far, all measurements in the flavor sector
are in agreement with the SM

# However, there are tantalizing hints of New
Physics effects in some rare, penguin-
dominated decays

# Not in contradiction with anything we know
from other processes (e.g., B—X.y)

# Experimental situation stabilizes, and theory
IS under good control

May 25, 2005 CTEQ Summer School



# Experimental situation: (after LP 03)
S(PK.) =+0.45+0.43£0.07 BaBar
S(®K) = -0.96+0.50£0.10 Belle

- -0.15+0.33

S(PKs) - S(J/w Ks) = -0.88+0.33 (2.70)

Belle data
[press release]
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Deviation is 3.8c !l
[ reasons for excitement!

Charmonium :
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Current status (Winter 2012)
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The Standard Model still stands, but ...

“This could be the discovery of the century.
Depending, of course, on how far down it goes.”

... we have entered an era of significant changes



Events / GeV

Data - Bkg

Most amazingly, LHC discovered a Higgs boson
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The most important discovery in 30 years !




Most amazingly, LHC discovered a Higgs boson

(s=7TeV,L=5.1fc" \s=8TeV,L=5.3fb"

| | | | | |

ATLAS 2011 - 2012 = 1260 Gov CMS ™y = 125.5 GeV
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Preliminary indications:
e overall production rate agrees very well with SM
e decays to ZZ+WW agree well with SM (ATLAS: 1.34+0.38, CMS: 0.67+0.30)

e h—yy rate tends to be higher than SM, but perhaps we should not get too
excited yet ...



Lecture I: Concepts of Quark Flavor Physics



Flavor physics as an indirect BSM probe

The hierarchy problem (mechanism of EWSB) and the origin of
flavor are two big, unsolved mysteries of fundamental physics

e connected to deep questions such as the origin of mass of
elementary particles, the stability of the electroweak scale,
the matter-antimatter asymmetry in the Universe, the origin
of fermion generations, and the reason for the hierarchies
observed in the spectrum of fermion masses and mixing angles

e in SM, flavor physics is connected to EWSB via the Higgs
Yukawa interactions

Higgs and flavor physics provide unique opportunities to probe the
structure of electroweak interactions at the guantum level,
thereby offering sensitive probes of physics beyond the SM

Following the Higgs discovery (July 2012), both routes can now be
pursued with vigor



Flavor physics

« What is “flavor’?

e Generations: triplication of
fermion spectrum without
obvious necessity

e Dynamical explanation of flavor? %i %

« Equally mysterious as dynamics () (1)
of electroweak symmetry v3) h

. down, strange bottom
breaking % g

(3) (3)

charm top

« Connection between
two phenomena?




Flavor physics

e Hierarchies in fermion mass spectrum:

Masses of quarks and leptons
de s@ Dpe
u+-e ce te
V4@ ®V,8Vg ece ue Te
Lol v vl ool el vl e vl cemd cod v o vl ol vl ol vl ool 1
s a2 < = 5 & =
< = < < <

e Likewise, hierarchies in quark mixings



Flavor physics

e Flavor physics studies communication between
different generations

« Standard Model: present only in charged-current
interactions s

(dL’SL)bL)k 2

7/
>

w (UL)CL)tL)i

Cabibbo-Kobayashi-Maskawa
matrix elements




Yukawa couplings and CKM matrix



Yukawa couplings

e Most general, gauge invariant and renormalizable
interactions of Higgs and matter fields:

generatic:; index ) ) y SU (2 )|_ U (1 )Y
i (& H T
L | | 2 1/2
er 129 TL
. ur, Cr, f;L
. | | 2 +1/6
QL (dL) ! (SL) , (bL)

Up UR . CR, tp 1 +2/3

diR: dp . SR, br 1 -1/3



Yukawa couplings

SUE2). Uy

r z >
P - . 2 =iod”: . 2 +1/2
2 B!

—|—hc.

Y: 1 -1/2-1/2  1/3 -1/2+1/6 -2/3 +1/2 +1/6
e Y,Y, Y, arbitrary complex 3x3 matrices

o Electroweak symmetry breaking: <¢,%> =v/v2



Yukawa couplings

e Gauge principle allows arbitrary generation-
changing interactions, since fermions of different
generations have equal gauge charges!

e Usually such couplings are eliminated by field
redefinitions:

wi — |J1] ll)j
unitary (i.e., probability preserving) “rotation” in
generation space



Yukawa couplings

e Diagonalize Yukawa matrices using biunitary

transformations, e.g.:
Yye 0 0

Yo=W. AU, A=]0 y, 0

0 0 yr
e Then perform field redefinitions:

e, ~U.e, eg—=W.eq

u —=U,u , u— W, u

d —-Usd, dg—W,dg

e This diagonalizes the mass terms, giving masses

m, =y, (v/V2) to all fermions




CKM matrix

o Effect of field redefinitions on weak interactions
in the mass basis (QCD and QED invariant)

o Charged currents:

dr,
Lo = W (ap,er, i) vV | s2 | +he;  V=UlU,
V2 b
L

- generation changing couplings proportional to V;;:

(Cabibbo-Kobayashi-Maskawa matrix)



CKM matrix

e Neutral currents:

g2
'Cnc — Z"
cos Oy zf: {

cancel each other

- no generation-changing interactions!
(at level of elementary vertices)

- GIM mechanism (Glashow-Iliopoulos-Maiani, 1970)
- led to prediction of charm quark (K-K mixing)



CKM matrix

e Unitary 3x3 matrix V can by parameterized by
3 Euler angles und 6 phases

e Not all phases are observable, since under phase
redefinitions g—e'v«q of the quark fields:

e”u () 0 efd () 0 |
V — 0 e % 0 V 0 €% 0 3 Vi — eilPg—eu) Vi
0 0 e Wt 0 0 e'¥b

e 5 of 6 phases can be eliminated by suitable
choices of phase differences!



CKM matrix

 Remaining phase 6., 1s source of all CP-violating
effects in Standard Model (assuming 6,.p=0)

- weak interactions couple to left-handed fermions and
right-handed antifermions

- violate P and C maximally, but
would be invariant under CP and T ( 5
if all weak couplings were real 5- :C

- physical phase of CKM matrix
breaks CP invariance

e Allows for an absolute distinction between matter
and antimatter!



SCIENCE AND TECHNOLOGY NEWS | THE WEEK'S BEST IDEAS
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CKM matrix

e CP violation required to explain the different
abundances of matter and antimatter in the
universe (baryogenesis)

e CP violation in quark sector requires N=3 fermion
generations

e Model for explanation of CP violation led to
prediction of the third generation!
Kobayashi, Maskawa (1973)



CKM matrix

« Form of V not unique (phase conventions)

e Several parameterizations used; a very useful one
is due to Wolfenstein (1983):

Vid Vas Vb 1% A AN p —in))
Vv=|v, V. vV, | = )\ 1 -2 AN + O\
Via Vis Vi AN(1 = p—in) —AN 1 )

e Hierarchical structure in A=0.22
« Remaining parameters O(1)

o Complex entries O(\3)




CKM matrix

e Jarlskog determinant:
for arbitrary choice of i,j,k,l the quantity

'*) = J Em,n €ikm €iln

is an invariant of the CKM matrix (independent of
phase conventions)

e CP invariance is broken if and only if J=0
 Wolfenstein parameterization:

J=0(\%) = 0(104) rather small



Unitarity triangle

o Unitarity relation V'V=V VT =1 implies:

e For i=k this gives 6 triangle relations, in which a
sum of 3 complex numbers adds up to zero:

Ve area = J/2




Unitarity triangle

e Phase redefinitions turn triangles

e For two triangles, all sides are of same order in A;
the unitarity triangle is:

‘ Vb Vud + Vb Veg + Vip Vig =0 |

e Graphical representation:

(p,M)
Y QL2

ViV

(0,0) (1,0)



Present knowledge of the unitarity triangle
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Oscillations of neutral mesons

e« Neutral mesons can be transformed into their
antiparticles by second-order weak processes

e Analogy with quantum-mechanical system of
coupled pendulums: state BY at t=0 develops into
a superposition of states B and B° with time-
oscillating amplitudes




Oscillations of neutral mesons

» B-factories produce pairs of B® and B® mesons in
coherent quantum states

e+

" anti B

e Decay of one meson (with reconstruction of its
flavor) initiates time measurement for the other
meson



Quantum-mechanical treatment

(neglect exponential decay for simplicity)

» Schrodinger equation for B® and B°:

o mass eigenvalues:
. B\ M e *Am\ [ B Vv Am
dt\ BY ]\ Lie2Am M B° | e 2

56

e Non-diagonal entry due to box diagram:

‘/l‘b ‘/l‘d
B b | W d
g O d | 1 5 O 5’ < (VipVig )? < e2P
d | W b
Via Vi




Quantum-mechanical treatment

(neglect exponential decay for simplicity)

» Schrodinger equation for B® and B°:

mass eigenvalues:

. B"\ M e *Am\ [ B° Vg Am
dt\ B*) \ie*Am M B e 2

e Non-diagonal entry due to box diagram:

b | —

Vi Vi
- b | W d
0 0 * .
B ; ! . ! - B o (VipVig )? x €2
Vi Vi

 Time evolution of an initial (at t=0) BO state:

(1)) = e~ M [cos(%Amt) |BY) 4 ie*” sin(LAmt) |BO)}




Oscillations of neutral mesons

Dilepton Asymmaetry
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Determination of |Vig| from Am

e Master formula:

GIMZ oo (M 1
Am = gm VeV S“(Mév)

8

0.76 erturbative QCD _ 2 9
So(z¢) =~ 0.784 e = 5 Bafpmp

(from lattice QCD)

. Discovery of B-B mixing (ARGUS experiment, 1987)
pointed to a very heavy top quark!



Determination of |Vig| from Am

1 [ st e soss 1l T
v % result derived from
1.0 5 B4 mixing alone
sin2p (large theoretical
0.5 uncertainties)

result derived from
ratio of B, and B,
mixing frequencies

IllllITIIIIII‘If]I]]I_rTIIII

-0.5 .
(reduced theoretical
uncertainties)

-1.0 €k
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Some more constraints on the unitarity triangle



Determination of Im(Vig?) from kaon mixing
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- Determination of Im(V,4?)
from CP violation in K°-K°
mixing

- Large hadronic uncertain-
ties (lattice QCD)

Vi Vi
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d | |/ s
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Determination of |Vub| from semileptonic decays
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Quark flavor physics

Lecture I: Concepts of Quark Flavor Physics

¢ |[ntroduction and motivation
e Yukawa couplings, CKM matrix, unitarity triangle

e Neutral meson mixing, some UT determinations

Lecture ll: Indirect Searches for New Physics
e CP violation in the interference of mixing and decay
o Effective weak interactions

¢ Testing the Standard Model with rare FCNC processes



A more subtle quantum-mechanical effect:

Study interference of mixing and decay in neutral
B-meson decays into CP eigenstates

Time-dependent CP asymmetry provides direct
access to angles of the unitarity triangle

To see how this works, use our previous result for the
time dependence of an initial B® state (at t=0)



CP violation in interference of mixing and decay

<

« Time evolution of an initial (at t=0) B° state:

() = e M| cos(EAmt) | BY) + ie*? sin(LAmt) | BY)

 Consider decay of a CP eigenstate f,
with decay amplitudes A for B'—f

and A for BO—f
« Amplitude for this decay at time t>0:

Apo(t) = e ™M A cos(sAmt) + iAe* sin(5Amt)

direct decay indirect decay via mixing




CP violation in interference of mixing and decay

e Time dependence of decay rate:

Amt —o6 . o Amt — 9ige .
[go_,¢(t) ox |A]? cos® > - | A|? sin® — Im(A* A ¢*P) sin Amt

i

| |A|? 2Im(A* A e27)

sin Amt

cos Amit —

x 1

- 4P
AP +IAP AP+ A7

 Rate for CP-conjugate process B'—f given by same
expression with A<=A and f—-f




CP violation in interference of mixing and decay

<

e Time-dependent CP asymmetry:

I'so () — L'po_, £(t
Acp(t) = B f() B f()

- = Ccos(Amt) — Ssin(Amt)

A2 — | Al? 2Im(A* A e29)
A]2 + A2 A2 + A2
(direct CP asymmetry)

» Special case: decay amplitude dominated by a
single partial amplitude with weak phase ¢,

— ¢=0 and s=sin[2(B-¢,)]]




CP violation in interference of mixing and decay

"?p.
s -~

e Allows determination of a weak phase (almost)
free of hadronic uncertainties!

e 2 possibilities in SM:

g,=0 = S=sin(2p)| (e.g. B=J/yKe, 0Ke)

gu=-y = S=sin[2(B+7v)] = -sin(2a)| (e.g. B—mr,pp)

« Comparing sin2f values extracted from tree-
dominated vs. loop-dominated processes is a
sensitive probe for New Physics




CP violation in interference of mixing and decay




CP violation in interference of mixing and decay

e “Golden” decay e CP asymmetry S(f)=sin2f
B—J/y K:: determines CP-violating
c phase 3 without knowledge
D J/y of decay amplitude!

BO < e Theoretical uncertainty
K only ~1%
d > e Very precise measurement

of an angle of the unitarity
« Amplitude is real to very triangle:

good approximation, ¢,= 0
‘ sin2(3=0.691+0.020 '




A very precise constraint on the unitarity triangle
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sin2[3 from tree- and loop-dominated processes

sin(2p") = sin(2¢}") [EEYS
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No hint yet for New Physics !



Indirect searches for New Physics

u S u S d ]

WS g W n,c,t u,c,t

d u d u q q

(a) (b)

d d S b s

u,c,t | ju,c,t “ W t I'--. t

- ”:[r_'l Z _| - :,r . Z IL-_ g ,.”:]’r

q | q q q
(c) (d)

d b,s d T =

| U | ,C,t

b s d | 1

(e)



Effective field theory (a first encounter)

o At low energies, the exchange of heavy, virtual
particles (M»E) leads to local effective interactions

<

exchange of heavy, virtual particles induced, effective local interactions
between light SM particles at low energies

o Effective field theory offers systematic description

of effects of modes with large virtualities through
an expansion in local operators



W exchange at low energy (Fermi theory)

« Fermi theory of weak interactions describes

W-boson exchange in terms of local 4-fermion
couplings

e Consider: b u

b u

E« MW

W —_— (local operator)

V

« Fermi constant:  G./v2 =g,2/8M,
- determines scale of weak interactions



W exchange at low energy (Fermi theory)

e Semileptonic decay: QCD corrections influence
both graphs in same way

e Resulting “effective”
interaction for E<My,:

AG
Lg=—=V,,C er~y, vy urY'br
T \/g b 1(\!‘5) L pYL %L VL
C1=1

4

 Scaling 1/M,,? for d=6 operators explains weakness
of “weak” interactions



W exchange at low energy (Fermi theory)

« W exchange between four different quark fields
(nonleptonic decays):

b u
E« MW

W _—

N

o At tree level, analogous treatment as before

b



W exchange at low energy (Fermi theory)

e Complications for loop graphs:

S
XXX

e Nalve Taylor expansion of W-boson propagator no
longer justified!



W exchange at low energy (Fermi theory)

e Problem with large loop momenta:
[ s 1) # 3 [ (14 ) 10

e But no differences at low loop
momental!

» Effect can be calculated and
corrected for using perturbation
theory, since effective coupling g
a.(Myy) 1s small




W exchange at low energy (Fermi theory)

e Resulting effective interaction:

AG ' i | — L.
Fet = 7; Ves Vuv [Cl( ) SL Yuep by + Colp) 5pyucr uiﬁfﬁ b }

with Wilson coefficients:

; G‘ig(ﬂ) 11[2r 11
Cop) = 3= (m M‘; - + O(a?)

— accounts for effects of hard gluons (p~My)



Main idea of effective field theory

e Separation of short- and long-distance effects;

schematically:
Mg J1.2 Mgy 112 T C.(n)
/ T‘/ I
« Short-distance effects (p~My) are (0,(n))

perturbatively calculable

e Long-distance effects must be treated using
nonperturbative methods

 Dependence on arbitrary separation scale u
controlled by RG equations

B

" Aqep



Main idea of effective field theory

« Why useful?

e Any sensitivity to high scales (including to physics
beyond the Standard Model) can be treated using
perturbative methods:

Ci(w) = CPMMy,m,w) + CNP(Myp, Spr )

e Nonperturbative methods (operator product

expansion, lattice gauge theory, ...) usually only
work at low scales (typically u~few GeV)



FCNC processes

e While generation-changing couplings of W bosons
to quarks exist, flavor-changing neutral currents
such as

b—ssy, b—>sZ% b—s>svv, b—sdd, bd—db, etc.
(and others, also for light quarks)

do not exist as elementary vertices in the Standard
Model (GIM mechanism)



FCNC processes

e But such processes can be induced at loop level,

e.gd.:
penguin diagram
b 4 W IRy, s

loop-induced
decay b—svv



FCNC processes

o Effective interaction at low energies
(E«Mw,Mz,mt):

£

=S

V
C(MW:MZ) mt) M)

b

)v

penguin diagram approximated
by local 4-fermion operator



FCNC processes

e Detailed analysis (penguin autopsy) exhibits that
GIM mechanism is “incomplete” in this case:

2

> () = 0 () ()

q u.c,t

2 2

vV 1)~ 1 ()|

Unitarity relation:
VieVie + Va Ve + ViV, =0

— residual effect due to nontrivial mass
dependence, often o(m,/M,,)? or In(m./u)




FCNC processes

 Rich structure of couplings of Z°,g,y lead to a
plethora of effective local d=6 operators

e Consider, e.g., decays of type b—s+X (or b—d+X,
s—d+X), where X is flavor neutral:

Heff —

Z Vo Ve (01 Q(fﬂ + Cs Qgﬂ) — Vi Vi Z C; Q;

_g=u.c i=3.....10,7v,8¢g

Gp
V2

/ /

W-boson exchange penguin and box graphs




Operator basis

e Current-current operators (W exchange):

Q{fn} — (g-ip-i)V—A (iﬁjbj)V—A b p=u,c b p=u,c

Q{gp} = (5ipj)v—a (Pjbi)v_a

(G192)v+a = " (1 £ 95) g0

e Results analogous to
earlier discussion):

11 o g (M’ Hf)
Cy(My) =1—— =
1( ﬂ) G A

11 « g (ilf W )
2 A7

p=u,c S p=u,c S

< results quoted at
u=M,, for simplicity

C' (ﬂif Hf) —

7



Operator basis

e QCD penguin operators:
Qs = (5:bi)v_a Z (7595)v-a

g=u,d.s,c,b

Qs = (5:b;)v_a Z (7;9:)v—a

qg=u,d,s.c,b

Qs = (5:bi)v_a Z (4595 )v+a

g=u,d.s,c,b

Qs = (5:bj)v-a Z (7;9:)v+4

qg=u,d,s.c,b
e Results:
n - 1 - 1 '""""' m2 GS ( J.?Lj ]I-r;l”r) .
Cy(Mw) = Cs(Mw) = — Eq (Ué) 47 Loop function:
~ 7

1 T~ 2 Y ﬂr’j;;’ E r) — —— O 1 T
04(1?\#1;,1;) — Oﬁ(ﬂfﬂq,f) — — Ly m; a ( " ) U(I) 19 + ( /I)

2 _;\rf[]l}'l;r 4'}'1_



Operator basis

e Electroweak penguin operators:

3
Qr = (g-ib-i)V—A Z §Eq (@j(Ij)VJrA b
S
q=u.d,s,c.b
_ 3
Qs = (5ibj)v-a > _ 564 (@j¢)v+a
qg=u.d.s,c.b
_ 3
Qo = (S-ib-zf)V—A Z §Eq (Q‘j%)V—A
q=u.d,s,c.b
_ 3
Q10 = (S-ibj)V—A Z §Eq (QjQ-zt)V—A
qg=u.d,s,c.b

e Results:
C?(i”*’irw) — f(

Loop functions:

2 1
Ty G(JI W') 1, . N _ ; 4 125
) ) 08(11"{1’1’_) — ClO(J’J"V) =0 f(I) — { —Inr — — -+ O(I/I)

N2
ij\r’fﬂf 6?1- 2 3 36
.2 ]_ .2 ¥ Jurf X 3
Co(My ) = {f( o ) + 9( i )] A M) 9(z) = —g — 5111:1:+O(1/:I?)

N2 Vi 2 N2
J.j\r’_lr W S111 9{:1;" Jl’f W 4?1_




Operator basis

e Dipol operators: / chirality flip « m,
b
eTrl
QT’}f: 8??550'[5“(1+75)F”yb
gsmb _

QSQ —

8?'('2 S J,uu (1 + 75) Gﬁyiﬂ, b

e Results (x=m2/M?) :

Cory (M) = 1 +O0(1/z) That's it !

‘:’ (apart from operators
Csy( My ) = =t O(1/z) containing leptons ...)



Operator basis for neutral meson mixing

» Consider finally B-B or K-R_mixjng processes -
mediated by transitions bd—db (or bs—sb, sd—ds)

e Effective interaction: d b.s
W
2 \-\/\mvumm/

m; - _
ﬂ.fé ) (db) V—-A (db) V—A

Lox = Gr(ViaVa)* F (

- dominant contribution («m,?) due it ANy
to top-quark loop bs d

- first hint toward very heavy top quark



Probing New Physics in the quark flavor sector

Effective Lagrangians offer a systematic way to
parameterize possible New Physics contributions in weak-
interaction processes in terms of Wilson coefficients

The corresponding effects are suppressed by (gx/Anp)?, in
analogy with Gr ~ (9/Mw)? in the Standard Model

Rare FCNC processes have very strong, indirect sensitivity
to New Physics scales in the multi-TeV range, often outside
the reach for direct production of new particles at the LHC

Flavor physics thus complements direct searches at LHC



Probing New Physics in the quark flavor sector

105:'
4l
% 10
= -
=~ 10°F
2 :
g -
< 10%F
10 F

- (s —d) (b — d) (b — s) (c — u)

AmK, €EK Amd, SiDQﬁ Ams, ASSL D—D

Generic bounds on New Physics scale (for gx~1)



Probing New Physics in the quark flavor sector

The fact that the generic New Physics scales in flavor
physics are in the multi-TeV range is sometimes called the
flavor puzzle

Either new particles are really as heavy as 10-1000 TeV, and
the hierarchy problem is solved by fine-tuning, or there must
be a mechanism explaining why the flavor-changing New
Physics interactions are strongly suppressed (gx«1)

The latter calls for flavor symmetries or an alignment
mechanism, which correlated these couplings with the small
flavor-violating parameters of the Standard Model to New

= important impact on BSM model building !



Effective field theory

=

Lecture lll: Concepts of Effective Field Theory |, —, , =~~~y
e Basic ideas, Wilsonian effective action

e Scale separation, integrating out high-energy modes, low-
energy effective Lagrangian, dimensional analysis

e Modern view of QFTs and general principles

Lecture IV: Applications of Effective Field Theory
e The Standard Model as an effective field theory
e Several examples of applications beyond the Standard Model

¢ |[nteresting insights



Effective field theory

Effective field theories are a very powerful tool in quantum field
theory (QFT):

e systematic formalism for the analysis of multi-scale problems
(“Taylor expansion of Feynman graphs”)

e simplifies practical calculations, often makes them feasible

e particularly important in QCD, where short-distance effects are
calculable perturbatively but long-distance effects are not

e provides new perspective on renormalization

e pbasis of factorization (i.e. scale separation) and resummation
of large logarithmic terms



Effective field theory

Useful reviews:

e E. Witten, Nucl. Phys. B 122 (1977) 109
e S. Weinberg, Phys. Lett. B 91 (1980) 51
e |. Hall, Nucl. Phys. B 178 (1981) 75

e J. Polchinsky, hep-th/9210046

e A. Buras, hep-ph/9806471

e M. Neubert, hep-ph/0512222



Lecture lll: Concepts of Effective Field Theory



Derivation of the effective Lagrangian

Consider a QFT with a characteristic (fundamental) high-energy
scale M

We are interested in performing experiments at energies £ < M

Step 1: Choose a cutoff A < M and divide all quantum fields
into high- and low-frequency components (w > A and w < A):

[¢:¢L+¢HJ Ay

Recall: 4 A
P(r) = / (QWC;?CQE,C (ak e~ kT 4 of eik-x>

1 E




Derivation of the effective Lagrangian

Consider a QFT with a characteristic (fundamental) high-energy
scale M

We are interested in performing experiments at energies £ < M

Step 1: Choose a cutoff A < M and divide all quantum fields
into high- and low-frequency components (w > A and w < A):

6= 6u+6u |

Physics (i.e. Green functions) at low energies E < A is entirely
described in terms of the fields ¢, ; Green functions of these
fields can be derived from the generating functional:

Z[JL] = /D(bL Doy eis(¢La¢H)+idexJL(;U) b1 ()

1

O T{on(ar) - on(e}0) = 5o (=i 57 ) o (i 57y ) 210

Jr,=0



Derivation of the effective Lagrangian

Step 2: Since the high-frequency fields ¢z do not appear in the
generating functional, we can “integrate them out” in the path
integral:

Z1J1) = / Dy, e SABL)+i [ a7 I (@) 61(2)

4 )

oA (PL) — /D¢H S (OL,¢H)

\ J

where

and Sa(¢r) is called the Wilsonian effective action

Dependence on the cutoff A enters via the condition on the
frequencies of the fields



Derivation of the effective Lagrangian

Step 3: Effective action is non-local on the scale At ~ 1/w,
corresponding to the propagation of high-energy modes that
have been removed from the Lagrangian

Since the remaining fields have energies w < A, the non-local
effective action can be expanded in an infinite series of local
operators:

Sx0r) = [ dPaL(a)

where:

-

Leﬂ: Z gi Qz ¢L

/ \

coupling constants local operators built out of
(Wilson coefficients) fields ¢ 7, and their derivatives




Dimensional analysis

Does a Lagrangian consisting of an infinite number of
interactions and hence an infinite number of (renormalized)
coupling constants give any predictive power?

e Not if one adopts an old-fashioned view about renormalization
and renormalizable QFTs

e But not all is lost...

We can use naive dimensional analysis to estimate the size of
individual terms in the infinite sum to any given matrix element



Dimensional analysis

As Is common practice in particle physics, we adopt units
where h = c =1, suchthat [m] = [E] = [p] = [z7'] = [t}] are all
measured in the same units (mass units)

Denote by |g;] = —v; the mass dimension of the coupling
constants in the effective Lagrangian

Since by assumption the theory has only a single fundamental
scale M, it follows that:

gi=C; M7

where by naturalness we expect that Ci= O(1)



Dimensional analysis

At low energy, it follows that the contribution of a given term
gi Qi to an observable (which for simplicity we assume to be
dimensionless) scales like:

4 )

C; <—) = KL1; ity >0

M
>1; it~ <0
\ J

Therefore, only operators with v; < 0 are important for £ < M
This is what makes the effective Lagrangian useful !

Depending on the precision goal, one can truncate the infinite
sum over terms by only retaining operators whose 7; value is
smaller than a certain value



Dimensional analysis

Since the Lagrangian has mass dimension D = dimensionality of
spacetime (the action is dimensionless), it follows that

0; = [Qi] = D+

Hence we can summarize:

Dimension Importance for £ — 0 Terminology
0; <D, v <0 grOWS relevant operators
(super-renormalizable)
0, =D, v =0 constant marginal operators
(renormalizable)
0; > D, v >0 falls irrelevant operators

(non-renormalizable)

Only a finite number of relevant and marginal operators exist !



Dimensional analysis

Comments:
Dimension Importance for £ — 0 Terminology

0; <D, v <0 gTOWS relevant operators
(super-renormalizable)

0, =D, v =0 constant marginal operators

(renormalizable)

0; > D, v >0 talls irrelevant operators

(non-renormalizable)

e “relevant” operators are usually unimportant, since they are
forbidden by some symmetry (otherwise they give rise to a
hierarchy problem)

* “marginal” operators are all there is in renormalizable QFTs

e “irrelevant” operators are the most interesting ones, since
they tell us something about the fundamental scale M



Example: ¢*- theory at weak coupling

Use the free Lagrangian to derive the mass dimension of all
fields and couplings, assuming the theory is weakly coupled:

_ p. (1 m? 5, Ay
S—/d$<§8u¢aﬂ¢—7¢—ﬂ¢>

In D dimensions, it follows that:
D

9l=7 -1, [ml=1, N=4-D

Hence:

e The mass term is a relevant operator

e The interaction term is marginal in D=4 (relevant in D<4)



Example: ¢*- theory at weak coupling

Use the free Lagrangian to derive the mass dimension of all
fields and couplings, assuming the theory is weakly coupled:

_ p. (1 m? 5, Ay
S—/d$<§5’u¢aﬂ¢—7¢—ﬂ¢>

In D dimensions, it follows that:

[ﬁb]:g—l, im]=1, [N =4-D

Hence:

e An operator containing n1 fields ¢ and n» derivatives has
dimension:

5i=n1<§—1>+n2, %:(nl—2)<§—l>—l—(n2—2)

e For D>2, adding fields or derivatives increases the dimension !



Comments

Examples of effective field theories:

High-energy theory | Fundamental scale | Low-energy theory
Standard Model My ~ 80 GeV Fermi theory
GUT Mcur ~ 10 GeV | Standard Model
String theory Mg ~ 101 GeV QFT
11-dim. M theory . String theory
QCD mp ~ 5 GeV HQET, NRQCD
Mchsm ~ 1 GeV ChPT

e SM and GUTs are perturbative QFTs
e Fermi theory contains only irrelevant operators (4 fermions)

e String/M theory: fundamental theory is non-local and even
spacetime breaks down at short distances



Comments

Examples of effective field theories:

High-energy theory | Fundamental scale | Low-energy theory
Standard Model My ~ 80 GeV Fermi theory
GUT Mcur ~ 10 GeV | Standard Model
String theory Mg ~ 101 GeV QFT
11-dim. M theory . String theory
QCD mp ~ 5 GeV HQET, NRQCD
Mchsm ~ 1 GeV ChPT

e QCD at low energy: example with strong coupling, where the
relevant degrees of freedom at low energy (hadrons) are
different from the degrees of freedom of QCD

e | ow-energy theory is strongly coupled, yet ChPT is useful



Running couplings / Wilson coefficients

Often the fields ¢ iy correspond to heavy particles, whose effects
become unimportant at low energies

But the frequency decomposition implies that high-energy
excitations of massless particles (such as gauge bosons) are
also integrated out from the low-energy effective theory A v

A

Consider now the situation where we lower the cutoff A
without crossing the threshold for a heavy particle that
could be integrated out:

e the structure of the operators Qi in the effective -+ F
Lagrangian remains the same

® hence, the effect of lowering the cutoff must be entirely
absorbed into the values of the coupling constants g;

Follows that g; = g:(A) are running, A-dependent parameters !



Modern quantum field theory

“Theorem of modesty”:

e no QFT ever is complete on all length and energy scales

e all QFTs are low-energy effective theories valid in some energy
range, up to some cutoff A

Giving up renormalizability as a construction criterion for
“decent” QFTs:

e at low energy, any effective theory will automatically reduce to
a “renormalizable” QFT, meaning that “non-renormalizable”
interactions give rise to small contributions ~(E/M)"

¢ this does not make renormalization irrelevant, but it provides a
different point of view (Wilsonian picture of the RG)



Modern quantum field theory

Forget the folklore about “cancellations of infinities”

Get used to more physical viewpoint that:

* |ow-energy physics depends on the short-distance
dynamics of the fundamental theory only through a small
number of relevant and marginal couplings, and possibly
through some irrelevant couplings if our measurements are
sufficiently precise

e this finite number of couplings can be renormalized (i.e.,
infinities can be removed consistently) using a finite number
of experimental data

e textbook criterion of “renormalizability” is automatically
fulfilled (approximately) by any effective field theory



Modern quantum field theory

Forget the folklore about “cancellations of infinities”

Get used to more physical viewpoint that:

e contrary to the old paradigm of strictly forbidding non-
renormalizable interactions, we always expect them to be
present and give rise to small effects, which may or may not
be observable at a given level of accuracy

e this provides an “indirect way” to search for hints of physics
beyond the (current) Standard Model:

low-energy, high-precision measurements



Modern quantum field theory

Instead, relevant (“super-renormalizable”) interactions cause
problems!

Consider, e.g., the mass term m2¢2 In scalar field theory
Dimensional analysis suggests that m? ~ M? ~ Agy,

But then a light scalar particle should not be present in the low-
energy effective theory!

Hierarchy problem!

The same argument applies for all mass terms in any QFT (and
likewise for the cosmological constant) !



Modern quantum field theory

New paradigm: EFTs must be natural in the sense that all mass
terms should be forbidden by (exact or broken) symmetries!

Indeed:

e gauge invariance: forbids mass terms for gauge fields
(photons and gluons in the Standard Model)

e chiral symmetry: forbids mass terms for fermions (all matter
fields in the Standard Model)

Explains why the SM is a chiral gauge theory!
e Supersymmetry: would link the masses of scalars and

fermions and, in combination with chiral symmetry, forbid
mass terms for scalar fields (solves the hierarchy problem)



Effective field theory

=

Lecture lll: Concepts of Effective Field Theory |~ , . "~y
e Basic ideas, Wilsonian effective action

e Scale separation, integrating out high-energy modes, low-
energy effective Lagrangian, dimensional analysis

e Modern view of QFTs and general principles

Lecture IV: Applications of Effective Field Theory
e The Standard Model as an effective field theory
e Several examples of applications beyond the Standard Model

¢ |[nteresting insights



Lecture |V. Applications of Effective Field Theory



Standard Model as an effective field theory

Some interesting insights can be gained by considering the
Standard Model (SM) as a low-energy effective theory of some
more fundamental theory (supersymmetry, extra dimensions,
new strongly coupled physics, GUT, ...)

We will denote the scale of New Physics by M; this could be as
large as 10'° GeV for some applications, but as small as 10° GeV
for others

The SM Lagrangian should then be extended to an effective
Lagrangian, which besides the SM terms contains additional,
irrelevant operators

These operators must respect the symmetries of the SM
(gauge invariance, Lorentz symmetry, CPT) but are otherwise
unrestricted



Standard Model as an effective field theory

o Standard Model is most successful effective field
theory to date, even though it leaves open some

questions:

Higgs mass (hierarchy problem) |

COSmOlOgical,constant l / renormalingle quantum field theories |
[-"EF‘T — C{D) ;Uml —+ C(Q) jfz O(d:ﬁ) + Z ({4) Ofd:Ll)

1 5 =5 1 —
+—Z PO+ NV O L

M M?
| s

neutrino masses
(see-saw mechanism

possible effects of “new physics”,
proton decay, flavor physics, ...




Standard Model as an effective field theory

We will discuss a couple of interesting aspects of SM physics
from the perspective of this constructions:

e weak interactions
e anomalous magnetic moment of the muon
e proton decay

e conservation of baryon and lepton numbers (accidental
symmetries)

® neutrino masses and see-saw mechanism

e Higgs production at the LHC



Weak interactions at low energies (flavor physics)

Fermi’s description of the weak interactions at low energy is a
prime example of an effective field theory, which has provided
first evidence for the scale of electroweak symmetry breaking

At the low energies relevant for neutron [3-decay, kaon physics,
charm physics or B-meson physics (few MeV - few GeV), we can
integrate out the heavy W and Z bosons as well as the top-quark
and Higgs boson from the SM

This gives rise to a low-energy effective theory containing
4-fermion interactions (Fermi theory) and dipole interactions
between fermions and the photon and gluon

This effective Lagrangian successfully describes the huge
phenomenology of flavor-changing processes



Weak interactions at low energies (flavor physics)

Example: Effective Lagrangian for b—s FCNC transitions
(see Buras lectures for a derivation)

4 )

G
HeHZT}; Z)\p(CleerCéQgﬂL_ > CiQi+C77Q77+CSgQSg)

p=u,c i=3,...,10

(




Weak interactions at low energies (flavor physics)

Example: Effective Lagrangian for b—s FCNC transitions
(see Buras lectures for a derivation)

u S u S

>< E}(

d u d u
(a)

SM diagrams involving virtual
heavy-particle exchanges
contributing to the low-energy
effective weak Lagrangian




Weak interactions at low energies (flavor physics)

Example: Effective Lagrangian for b—s FCNC transitions
(see Buras lectures for a derivation)

From the fact that the leading operators in the low-energy
effective theory have dimension 6, it follows that the
corresponding couplings are irrelevant and proportional to Mw?,
indeed:

~N

)
Gr _ _9

V3 SM

\ J

he strong suppression of these contributions at low energies
explains why we refer to these interactions as the weak
interactions, even though the coupling constants of the
SU@2)L.®U(1)y electroweak interactions is about as large as the

electromagnetic coupling constant



Anomalous magnetic moment of the muon

In a celebrated calculation that was the birth of modern QFT,
Schwinger computed the anomalous magnetic moment of the
electron in 1948 and found:

4 )
Je : Je — 2 8
e 2Me Wi 2 27

\_ J

How will this result be affected if the SM is considered as an
effective field theory?



Anomalous magnetic moment of the muon

In a celebrated calculation that was the birth of modern QFT,
Schwinger computed the anomalous magnetic moment of the
electron in 1948 and found:

4 )

ge .th ge - 2 @7
(& — ’ a/e — — i o o o
He = o ! 2 o

\_ J

How will this result be affected if the SM is considered as an
effective field theory?

Add unique dimension-5 operator (§ =5, v = —1):

4 )

M2 w O-,LLVF'LLVw
\

J

factor v required by EWSB



Anomalous magnetic moment of the muon

In a celebrated calculation that was the birth of modern QFT,
Schwinger computed the anomalous magnetic moment of the
electron in 1948 and found:

4 )

ge .th ge - 2 @
e — : Qe = — ..
He = o ! 2 o

\_ J

This adds g/M to te and hence:

Q gmev
Ay — |
© 97 M?

\ J

As long as M > m. the additional term will be very small, and
by comparing a measurement of e with theory we can
constrain M



Anomalous magnetic moment of the muon

Analogous discussion (with m. replaced by m,, ) holds for the
muon

In this case, there is presently a 3.60 discrepancy between
theory and experiment:

{ oM —afP ~ —2.8-107° J

Interpreting this effect in terms of our irrelevant operator implies
that: / contains loop factor (small)

M ~ /g x 100 TeV

One of the best hints for BSM physics!



Proton decay

Suppose you know the gauge symmetry SU(3):®SU((2).®U(1)y of

the SM but nothing else (ho GUTs). What could you say about
proton decay?

he effective Lagrangian must contain at least three quark

fields (change baryon number by 1 unit) and one lepton field
(change lepton number by 1 unit)

Hence:

9
»Cproton decay ™ W qqq€

Since the lowest-dimension operators have dimension 6
(corresponding to v; = —2), the proton can be made sufficiently

long-lived by raising the fundamental scale M into the 107 GeV
range



Proton decay

Now imagine that you do not know about the existence of
quarks (no one has seen any) but you do know about protons
and pions

Then an effective Lagrangian giving proton decay could be:
Lproton decay ~Y g T Qﬁe wp

This is a marginal operator, and hence proton decay would not
be suppressed by any large mass scale!

In some sense, we see that the longevity of the proton provides
a hint for a substructure of the proton: replacing a fundamental
field by a composite of several fields raises the dimension of
the operators and hence gives rise to additional suppression



Proton decay

he same trick can be applied to other fine-tuning problems

For example, the hierarchy problem can be solved by supposing
that the Higgs boson is not an elementary scalar particle but
iInstead a composite of a pair of elementary fermions

If this is the case, then the Higgs mass term corresponds to a 4-
fermion operator, which is irrelevant

This Iis the main idea of technicolor theories



Baryon and lepton number conservation

In the construction of the SM, the conservation of baryon and
lepton number is not imposed as a condition

There are no corresponding U(1) symmetries of the Lagrangian

How can we understand that in nature we have not seen any
hints of baryon- or lepton-number violating processes?



Baryon and lepton number conservation

In the construction of the SM, the conservation of baryon and
lepton number is not imposed as a condition

There are no corresponding U(1) symmetries of the Lagrangian

How can we understand that in nature we have not seen any
hints of baryon- or lepton-number violating processes?

The answer is that It Is impossible to construct any relevant or
marginal operator that would respect the gauge symmetries of
the SM and violate baryon or lepton number!

Hence, at the level of renormalizable interactions, baryon- and

lepton-number conservation are accidental symmetries of the
SM



Neutrino masses

The discovery of non-zero neutrino masses is often described
as a departure from the SM

But this is no longer true if we consider the SM as an effective
low-energy theory

Without a right-handed neutrino (which indeed is not part of
the SM), it is impossible to write a neutrino mass term at the
level of relevant or marginal operators

However, it Is possible to write a gauge-invariant neutrino mass
term at the level of irrelevant operators of dimension >5:

4 )

g /7 * ¥
Eneutrino mass — M (lgq) )C(q)lL)
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Neutrino masses

However, it Is possible to write a gauge-invariant neutrino mass
term at the level of irrelevant operators of dimension =5:

-

\_

Eneutrino mass

)

M

(I @) C(®l)

~

J

After electroweak symmetry breaking, this gives rise to a
Majorana mass term of the form:

e vgg ™
Lneutrino mass ﬁTC Vr
oM

\_ J

The SM as an effective field theory predicts that neutrinos
should be massive, with m, ~ v*/M suppressed by the
fundamental scale of some BSM physics



Neutrino masses and the see-saw mechanism

Experiments hints at the fact that the fundamental scale relevant
for the generation of neutrino masses is very heavy,

[ M ~ 10™ GeV J

which is not far from the scale of grand unification

Extensions of the SM containing heavy,
right-handed neutrinos (with masses that
are naturally of order M) provide explicit
examples of fundamental theories which
yield such a Majorana mass term when
the heavy, right-handed neutrinos are
integrated out (see-saw mechanism)




Higgs production at the LHC

he protons collided at the LHC contain only light quarks (u,d,
and a little bit of s), which in the SM have negligible couplings to

the Higgs boson, and gluons, which do not couple to the Higgs
boson at all

How, then, is the Higgs boson produced in pp collisions at the
LHC?



Higgs production at the LHC

he protons collided at the LHC contain only light quarks (u,d,
and a little bit of s), which in the SM have negligible couplings to
the Higgs boson, and gluons, which do not couple to the Higgs
boson at all

How, then, is the Higgs boson produced in pp collisions at the
LHC?

We can gain insight by assuming (as seems to be the case) that
the Higgs boson is lighter than the top quark

We can then construct an effective low-energy theory for Higgs
physics, in which the top quark is integrated out



Higgs production at the LHC

In this effective low-energy theory, direct couplings of the Higgs
boson to pairs of gluons and photons arise at the level of
irrelevant dimension-5 operators, with coefficients that scale
like 1/m¢, e.g.:

4 )

h a Uv,a
Lhoo = \Fmt 1% Ge,G )

\_

These operators appear first at one-loop
order, via the exchange of a virtual top-quark

The effective hgg interaction provides the
dominant production mechanism for the Higgs
boson in gluon-gluon fusion at the LHC



Summary

Effective field theories are a very powerful tool in quantum field
theory

The are of great practical use, but also provide the conceptual
tools to understand scale separation (factorization) and
renormalization in a physical and systematic way

Effective field theories are abundant, since any QFT can be
considered as an effective low-energy theory of some more
fundamental theory, which is often not yet known

Because of this fact, effective field theories provide the tools to

perform indirect searches for new physics beyond the
Standard Model



