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Effective Field Theory

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

systematic formalism for the analysis of multi-scale problems

simplifies practical calculations, often makes them feasible
(“Taylor expansion of Feynman graphs”)

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

provides new perspective on renormalization

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



Effective Field Theory

Useful reviews:

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

- J. Polchinsky, hep-th/9210046

- A. Buras, hep-ph/9806471

« M. Neubert, hep-ph/0512222



Effective Field Theory

Lecture I:
- General concepts of EFTs

« Scale separation, integrating out high-energy modes,
low-energy effective Lagrangian

- Modern view of QFTs and general principles
Lecture lI:

» Applications

- The Standard Model as an effective field theory

* Interesting insights






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= o1+ o | 4
+ A

Recall:
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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= o1+ o |

Physics (any Green function) at low energies F/ < A is entirely
described in terms of the fields ¢y, : Green functions of these
fields can be derived from the generating functional:

Z|Jr) = / Dby Doy 5 @rdmtifdPz (@) dr(@)
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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:

ZJp) = /D¢L eS8 (9r)+i [ dPx Jp(x) 1 (@)
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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:

-

'Ceff Z gi Qz ¢L

/ \

coupling constants local operators built out of
(Wilson coefficients) fields ¢, 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 us any predictive power?

* Not if one adopt an old-fashioned view about renormalization
and renormalizable QFTs

 But not all is lost...

Can use naive dimensional analysis to estimate the size of
individual terms in the infinite sum to a 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 )
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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 Zrows 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 OTOWS relevant operators
(super-renormalizable)

0; =D, v =0 constant marginal operators

(renormalizable)

0; > D, v >0 talls irrelevant operators

(non-renormalizable)

- “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

 “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

In D dimensions, it follows that:

[Cb]:g—l, im]=1, [N =4-D

Hence:
* The mass term is a relevant operator

* 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:

B n (1 y m? A
S—/d 55(581@3 ¢_7¢2_I¢4>

In D dimensions, it follows that:

[Cb]:g—l, im]=1, [N =4-D

Hence:

- An operator containing n1 fields ¢ and n2 derivatives has
dimension:

5i:n1<§—1>+n2, %:(nl—z)(g—l)Jr(nz—z)

* 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 Mgyt ~ 1019 GeV | Standard Model
String theory Mg ~ 10'® GeV QFT
11-dim. M theory . String theory
QCD mp ~ 5 GeV HQET, NRQCD
Mchsm ~ 1 GeV ChPT

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

 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

GUT
String theory
11-dim. M theory

QCD

My, ~ 80 GeV
MGUT ~ 1016 GeV
MS ~ 1018 GeV

mp ~ 5 GeV

Mchsm ~ 1 GeV

Fermi theory
Standard Model
QFT
String theory

HQET, NRQCD
ChPT

« 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

- Low-energy theory is strongly coupled, yet ChPT is useful



Running couplings / Wilson coefficients

Often the fields ¢ 7 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:

* the structure of the operators Q) 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; = ¢;(A) are running, A-dependent parameters!



Modern quantum field theory

“Theorem of modesty”:

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

- 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:

- 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

We should forget the folklore about “cancellations of infinities”

Adopt the more physical viewpoint that:

* low-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

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

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



Modern quantum field theory

We should forget the folklore about “cancellations of infinities”

Adopt the more physical viewpoint that:

 contrary to the old paradigm of strictly forbidding irrelevant
iInteractions, 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

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

low-energy, high-precision measurements

- e.g.: flavor physics, neutrino physics, (g-2),, EDMs, dark-
photon searches, ...



Modern quantum field theory

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

Consider, e.g., the mass term m2gb2 In scalar field theory
Dimensional analysis suggests that m? ~ M* ~ A3y,

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

Hierarchy pr0b|em! Ao @ .............. H_

The same argument applies for all mass terms
in any QFT!

And likewise for the cosmological constant!

|
Victor Weisskopf



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:

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

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

Explains why the SM is a (broken) chiral gauge theory!

- But the Higgs boson exists and causes a naturalness problem!

- Supersymmetry: would link the masses of scalars and
fermions and hence, in combination with chiral symmetry,
forbid mass terms for scalar fields (solves hierarchy problem)



Is nature supersymmetric?

* The Higgs boson exists and causes a naturalness problem!

- Supersymmetry: would link the masses of scalars and
fermions and hence, in combination with chiral symmetry,
forbid mass terms for scalar fields (solves hierarchy problem)

i O

9

Supersymmetric “shadow” particles



Is nature supersymmetric?

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Moriond 2014 det — (46-229)fb! s=7,8TeV
Model &Y Jets ET™ [Larm) Mass limit Reference
L] T T T l T L] T T T T T T I T L] T L] T T L]
MSUGRA/CMSSM 0 2-6jets  Yes 20.3 84 1.7TeV  m(g)=m(3) ATLAS-CONF-2013-047
MSUGRA/CMSSM 1eu 3-6 jets Yes 20.3 g 1.2 TeV any m(g) ATLAS-CONF-2013-062
» MSUGRA/CMSSM 0 7-10jets  Yes  20.3 g 1.1 TeV any m(q) 1308.1841
L g q_,qxl 0 26jets Yes 203 |d 740 GeV m(¥))=0 GeV ATLAS-CONF-2013-047
S 3z g—)qq/\/l 0 2-6jets Yes 203 |2 1.3 TeV m(t})=0 GeV ATLAS-CONF-2013-047
S 38 3oqqt >qqW* > Tepn 3-6jets  Yes 20.3 4 1.18 TeV m(t})<200 GeV, m(¥*)=0.5(m(¥})+m(z)) ATLAS-CONF-2013-062
D 3z, 3qq(ll/lv[vw)X) 2e,u  0Bjets - 203 |% 1.12 TeV m(E)=0GeV ATLAS-CONF-2013-089
Q®  GMSB(/NLSP) 2e,p 24jets Yes 47 & 124TeV tanp<15 1208.4688
) GMSB (Z NLSP) 1-27 0-2jets  Yes 20.7 4 1.4 TeV tang >18 ATLAS-CONF-2013-026
S  GGM (bino NLSP) 2y - Yes 203 |z 1.28 TeV m()>50 GeV ATLAS-CONF-2014-001
£ GGM (wino NLSP) Tepu+y - Yes 4.8 m(¥})>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 4.8 m(t})>220 GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 0-3jets Yes 5.8 m(H)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet  Yes 10.5 m(g)>10~* eV ATLAS-CONF-2012-147
S5 3-bbi 0 3b Yes  20.1 g 1.2 TeV (1)<600 GeV ATLAS-CONF-2013-061
‘8, g g—nz‘)?g 0 7-10 jets  Yes 20.3 3 1.1 TeV m(¥}) <350 GeV 1308.1841
3 e 8omXy 0-1epu 3b Yes 201 |2 1.34 TeV m(¥%)<400 GeV ATLAS-CONF-2013-061
N 3obit| 0-1e,pu 3b Yes  20.1 g 1.3 TeV m(¥})<300 GeV ATLAS-CONF-2013-061
bibi, by —)bX] 0 2b Yes  20.1 by 100-620 GeV m(t})<90 GeV 1308.2631
o = biby, bty 2¢,1(SS)  03b Yes 207 | B 275-430 GeV m()zf) 2 m(t}) ATLAS-CONF-2013-007
=< _g 7171 (light), 7, —>b)~(1i 1-2e,pu 1-2b Yes 4.7 i 1 m()(l) =55 GeV 1208.4305, 1209.2102
S S #f(light), 7y Wb 2e,u 0-2jets  Yes 203 i 130-210 GeV m(x,) =m(f,)-m(W)-50 GeV, m(f,)<<m(¥T) 1403.4853
g‘g 711, (medium), 7} —»£¥ | 2e,u 2 jets Yes 20.3 I3 215-530 GeV m(X1)=1 GeV 1403.4853
< g [iii(medium), 7 —bXT 0 2b Yes 201 |7 150-580 GeV m(X|)<200 GeV, m(t7)-m(¥7)=5 GeV 1308.2631
&"6‘ 717, (heavy), f; —>z,\:/ 1eu 1b Yes 20.7 E, 200-610 GeV m(Xl) -0 GeV ATLAS-CONF-2013-037
~ O ffi(heavy), ;i —X] 0 2b Yes 20.5 3 320-660 GeV m(¥})=0 GeV ATLAS-CONF-2013-024
D [, fod 0 mono-jet/ctag Yes 203 |# 90-200 GeV m(f)-m(¥})<85GeV ATLAS-CONF-2013-068
7171 (natural GMSB) 2e,u(2) 1b Yes 203 |7 150-580 GeV m(¥})>150 GeV 1403.5222
iy, ot +Z 3e,u(2) 1b Yes 203 |#& 290-600 GeV m(t1)<200 GeV 1403.5222
RUR R, [—>€X1 2e,p 0 Yes 203 |7 90-325 GeV m(t})=0 GeV 1403.5294
S ):(+X Xlr —Iv(Lv) 2e,pu 0 Yes 20.3 ,fz 140-465 GeV (/fl) =0 GeV, m(Z, #)=0. 5(m@\':|t)+m()§?)) 1403.5294
@ X)X ) 27 - Yes 207 |& 180-330 GeV m(¥1)=0 GeV, m(z, »)=0.5(m(¥7 )+m(¥})) ATLAS-CONF-2013-028
T N —)[vaL[(vv) VL) 3eu 0 Yes 203 LHLAG 700 GeV mET)=m(t3), m(¥})=0, m(Z, %)=0.5(m (¥} )+m(t})) 1402.7029
X1X8—>WX0ZX6 2-3 e, 0 Yes 20.3 A.’&, -ﬁ 420 GeV m(y)= m(Xz) (X )=0, sleptons decoupled 1403.5294, 1402.7029
XWX Y 1eu 2b Yes 20.3 | XA, 285 GeV m(¥T)=m(¥3), m(¥})=0, sleptons decoupled | ATLAS-CONF-2013-093
B ¢ Direct ¥1X] prod., long-lived X7 Disapp. trk 1 jet Yes 203 |& 270 GeV m(FT)-m(¥})=160 MeV, 7(¥1)=0.2 ns ATLAS-CONF-2013-069
= % Stable, stopped g R-hadron 0 1-5jets  Yes 22.9 g 832 GeV m(t})=100 GeV, 10 us<7(z)<1000 s ATLAS-CONF-2013-057
é’ £ GMSB, stable 7, V) =72, f)+r(e. ) 12K - - 15.9 10<tanp<50 ATLAS-CONF-2013-058
S 8 GMSB,¥/>yG, long-lived b 2y - Yes 4.7 0.4<7(¥)<2 ns 1304.6310
= 33, V) —qqu (RPV) 1p, displ. vtx - - 203 |d 1.0 TeV 1.5 <ct<156 mm, BR(1)=1, m(¥])=108 GeV | ATLAS-CONF-2013-092
LFV pp—v: + X, Ve + 2e,u - - 4.6 A;,,=0.10, 1,3,=0.05 1212.1272
LFV pp—v, + X, V. —e(u) + T Tepu+t - - 4.6 A4,,=0.10, 4;(2)33=0.05 1212.1272
> Blllnear RPV CMSSM 1eu 7 jets Yes 4.7 m(G)=m(g), ctrsp<1 mm ATLAS-CONF-2012-140
b Pl SWH X —eew,, et dep - Yes 207 |y 760 GeV m(¥})>300 GeV, 413,50 ATLAS-CONF-2013-036
X1X1 KT oW L XD TTVe, €TV Bepu+t - Yes 20.7 I 350 GeV ()( )>ao GeV, 1133>0 ATLAS-CONF-2013-036
&—94949 0 6-7 jets - 203 |2 916 GeV BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
g—iit, f—obs 2e,u(SS)  0-3b Yes 207 |2% 880 GeV ATLAS-CONF-2013-007
. Scalar gluon pair, sgluon—gg 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826
g Scalar gluon pair, sgluon—f 2e,u (SS) 2b Yes 14.3 ATLAS-CONF-2013-051
“6‘ WIMP interaction (D5, Dirac y) 0 mono-jet  Yes 10.5 m(x)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147
Il I 1 1 1 1 L 1 L
v- =8 TeV 1
full data Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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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
103 GeV (= 1 TeV) 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

The effective Lagrangian encoding BSM effects up to operator
dimension d=6 reads:

1 1 1
Lon =L+ 7> G0 + 55 G000 +0 <—)
k k

A? A3

unique operator (neutrino masses):
Quy — (@TZP)TC(@TZT)
Weinberg (1979)



Standard Model as an effective field theory

The effective Lagrangian encoding BSM effects up to operator
dimension d=6 reads:

1 1
Lsy = (4) -I-AZC Qk AQZC(GQk —I—O<A3)

X3 S06 and 904D2 ¢2903
Qo | fEoGaGEGen | Q. (o) 0 | (Fo)Den) 59 operator (2499 incl. flavor g. numbers)
& | FAECGIGEGS || Qo | (ple)Olele) Qug (¢10) (Gurp)
Qw 5UKW;5VWJIPW/JKH Qb (SOTD“SO> (SOTDMSD) Quyp (©'0) (Gpdrp) Buchmu”er, Wyler (1 986)

~ LIKTi/ vy Jpiiy K
QW € Wu W Wp

> - — Hagiwara et al. (1987 & 1993)
— e ver Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)

_ <
Qe | GG | Quw | (oe)r oWl | QY | (¢'iDue)(ly"l:)
~ _ <> _
Qo plo Gy, G Qe | (L,o" e )pBu QY | (¢'iD] @) (T, 1)

(
Quw | PloWLw™ | Qus | (@o"T4u)3GL, | Qu | (oiD,0)(E"e,)
Qv | eleWLw™ | Quv | @™ u)r'sWh, | Q9 | (¢'iDue)(@n"e)
Qos | ¢0BwB” | Que | (@o™u)FBu | Q% | (#HiDIo)@r v a)
Q.5 o' B, B™ Qic | (Go"Td,)p Gr, | Quu (¢4 D o) (@ u,)

Qews | T WLBY | Qaw | (Go"d )T oW, || Qua | (¥Ti
Q@WB ‘PTTIQOW;{VBW Qas (%der)SDBW Qoud Z(SET MSO) 7197“617")

Operators other than four-fermion operators



Standard Model as an effective field theory

The effective Lagrangian encoding BSM effects up to operator
dimension d=6 reads:

1
Lsm = LS\Z + A Zq(f)@k ZC(G Qk +0 <A3)
k

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | Gd)@'l) | Qu | @ed@nre) | Qe | (Gd)(Enre) 59 operator (2499 incl. flavor g. numbers)
0 (@Y 0r) (@57 ) Quu (Upyputer) (s u) Quu (LYl ) (s uy)
i | @' e) @) | Qui | ([drd)(dard) | Qu | Gl (doydy) .
Qi (I yule) (7" 1) Qeu (Epuer) (Usyur) Qe | (BWgr)(Es7er) Bgchmuller, Wyler (1986)
A | G ar ) | Qu | Gedldord) | QR | o) @) Hagiwara et al. (1987 & 1993)
QW | @) dard) | QR | @rTe) @ T | Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)
QW | (@ T u)(d TAd) | Q) | (Guar)(doydy)
Q| (@ T*a,)(dy T dy)

(LR)(RL) and

LR)(LR) B-violating Flavor observables are crucial in order to
(

(
edq zer s g uq e J ) Cuf gj TCf i
Qe (Ger)(dsgr) Qa e (@) Cur] () O] explore this enormous parameter space!

Quna | (@u)en(@d) | Qugu e*Me g [(g57)"Cql¥) [(u]) " Cer]

Quuna | @T 1)z (@TAdy) | Quoy e ke [(a57)7Cal¥] (a7 Cly]
Qg | Wen)ejnl@iu) fin V()T €)mn [(a27)TCaP¥] (™) CLY]
Ql(g’;u (Bhower)en (@5 u) | Qau e [(d2)TCuf] [(u?)T Ce,]

Four-fermion operators



Standard Model as an effective field theory

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

* neutrino masses and the see-saw mechanism
- effective weak interactions in the quark sector
- anomalous magnetic moment of the muon
 proton decay

 conservation of baryon and lepton numbers (accidental
symmetries)

- Higgs production at the LHC



Neutrino masses and the see-saw mechanism

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)

\_ J




Neutrino masses and the see-saw mechanism

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(®lr)

~

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)




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)

Ap = V3, Vo (CKM matrix elements)

s N
Hest Z A (01 QL +CQ5+ D CiQi+ CryQry + Cs,y Qgg)
N V2 g i=3,...,10 y

-
Q1 = (pb)v_a(3p)v-a Q5 = (Pibj)v—_a(5;0:)v-a
Qs = (5b)v_a ) 4(qq)v_a Qs = (5ibj)v_a Y ¢ (G@)v-a
Qs = (8b)v_a > 4 (@0 v+a Qs = (5ibj)v—a > ¢ (G%i)v+a
Q7 = (8b)v_a ) q5€4(d9)v+a Qs = (8ibj)v_a ) _q56q(qi@)v+a
Qo = (3D)v—_a Y q5€q(qq)v-a 10 = (Bibj)v—a ) _q5€q(Tia:)v-a
Q7y 8_—7; My 50, (1 4+ 75) F*D Qsg = ;qu my 50, (1 +75)G"D,




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

>< %

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:
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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
SUR2)L.®U(1)y electroweak interactions is about as large as the

electromagnetic coupling constant



Weak interactions at low energies (flavor physics)

A global analysis of experimental dataon B — Xy, B — K™,
and B —» K™yt~ decay distributions provides information
about various operator coefficients (defined to vanish in SM):
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Allowed regions in the Re(CYY)-Re(C}) plane (left) and the Re(CY)-Re(CXY) plane
(right). The blue contours correspond to the 1 and 20 best fit regions from the global
fit. The green and red contours correspond to the 1 and 20 regions if only branching
ratio data or only data on B — K*u™pu~ angular observables is taken into account.

Altmannshofer, Straub:1411.3161

A first hint of New Physics?
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SM operators:

07 = (50, Prb) F*"
e

Og = (57, PLb)(e7"¢)
O10 = (57, PLb) (&4 50)

Opposite chirality operators:

Ol = %(EJWPLI))FW

Oy = (57, Prb)((440)
Ol = (57uPrb) (€1 75)
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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:
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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:
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How will this result be affected if the SM is considered as an
effective field theory?

He =

Add unique dimension-5 operator (§ =5, v = —1):
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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:
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This adds g/M to te and hence:
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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 3.6 ¢ 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)c.@SU((2)L.®U(1)y
of the SM but nothing else (no 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: g
»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
instead 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 is the main idea of composite Higgs and 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



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.qQ.:
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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
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