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Pre-LHC

Previous results on precision electroweak measurements and
flavor physics consistent with the standard model and the GIM
mechanism to high accuracy.
Rare decays such as B → Xsγ which occur at loop level in the
standard model agree with theory to within the errors (sub 10%).
These were supposed to occur at rates at factors of 100 times the
standard model rate (until they did not) in models such as SUSY.
Flavor physics sector and CKM unitarity works well, including
second order weak processes such as K 0 − K

0
, B0 − B

0
and

B0
s − B

0
s mixing.

The only untested sector was the electroweak symmetry breaking
sector, though it had been tested indirectly through electroweak
fits.
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LHC Summary

Standard Model provides a good description of all observations so
far at the LHC at 7 and 8 TeV.
A particle has been seen with a mass Mh ∼ 125 GeV consistent
with the Higgs boson of the standard model
0+ quantum numbers favored
Production rate times branching ratios consistent with the
standard model, but with large error bars.
No evidence for any new particles, dimensions, etc. up to
energies of ∼ 1 TeV
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Assume that at the scale Mh ∼ 125 GeV, the standard model including
the scalar doublet H is a good description.

All new physics is then parameterized by higher dimensional gauge
invariant operators made of standard model fields.

At dimension 5, we have ∆L = 2 operators which give neutrino
masses. The scale Λ5 is very high and does not affect Higgs physics.

For Higgs decays, the dominant effect is from dimension six operators
due to new physics at some scale Λ, which is taken to be ∼ 1 TeV.

If Λ is much higher than this, then the effects of NP become too small
to see.
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Dimension Six Operators
Grzadkowski et al. JHEP 1010 (2010) 085

Buchmuller and Wyler, Nucl.Phys. B268 (1986) 621

X 3 ϕ6 and ϕ4D2 ψ2ϕ3

QG f ABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(̄lperϕ)

QG̃ f ABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ� (ϕ†ϕ)�(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄pur ϕ̃)

QW εIJK W Iν
µ W Jρ

ν W Kµ
ρ QϕD

(
ϕ†Dµϕ

)? (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJK W̃ Iν
µ W Jρ

ν W Kµ
ρ

X 2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνGAµν QeW (̄lpσµνer )τ IϕW I

µν Q(1)
ϕl (ϕ†i

↔
Dµ ϕ)(̄lpγµlr )

Q
ϕG̃ ϕ†ϕ G̃A

µνGAµν QeB (̄lpσµνer )ϕBµν Q(3)
ϕl (ϕ†i

↔
D I
µ ϕ)(̄lpτ Iγµlr )

QϕW ϕ†ϕW I
µνW Iµν QuG (q̄pσ

µνT Aur )ϕ̃GA
µν Qϕe (ϕ†i

↔
Dµ ϕ)(ēpγ

µer )

Q
ϕW̃ ϕ†ϕ W̃ I

µνW Iµν QuW (q̄pσ
µνur )τ Iϕ̃W I

µν Q(1)
ϕq (ϕ†i

↔
Dµ ϕ)(q̄pγ

µqr )

QϕB ϕ†ϕBµνBµν QuB (q̄pσ
µνur )ϕ̃Bµν Q(3)

ϕq (ϕ†i
↔
D I
µ ϕ)(q̄pτ

Iγµqr )

Q
ϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσ

µνT Adr )ϕGA
µν Qϕu (ϕ†i

↔
Dµ ϕ)(ūpγ

µur )

QϕWB ϕ†τ IϕW I
µνBµν QdW (q̄pσ

µνdr )τ IϕW I
µν Qϕd (ϕ†i

↔
Dµ ϕ)(d̄pγ

µdr )

Q
ϕW̃B ϕ†τ Iϕ W̃ I

µνBµν QdB (q̄pσ
µνdr )ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγ

µdr )
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(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (̄lpγµlr )(̄lsγµlt ) Qee (ēpγµer )(ēsγ
µet ) Qle (̄lpγµlr )(ēsγ

µet )

Q(1)
qq (q̄pγµqr )(q̄sγ

µqt ) Quu (ūpγµur )(ūsγ
µut ) Qlu (̄lpγµlr )(ūsγ

µut )

Q(3)
qq (q̄pγµτ

Iqr )(q̄sγ
µτ Iqt ) Qdd (d̄pγµdr )(d̄sγ

µdt ) Qld (̄lpγµlr )(d̄sγ
µdt )

Q(1)
lq (̄lpγµlr )(q̄sγ

µqt ) Qeu (ēpγµer )(ūsγ
µut ) Qqe (q̄pγµqr )(ēsγ

µet )

Q(3)
lq (̄lpγµτ I lr )(q̄sγ

µτ Iqt ) Qed (ēpγµer )(d̄sγ
µdt ) Q(1)

qu (q̄pγµqr )(ūsγ
µut )

Q(1)
ud (ūpγµur )(d̄sγ

µdt ) Q(8)
qu (q̄pγµT Aqr )(ūsγ

µT Aut )

Q(8)
ud (ūpγµT Aur )(d̄sγ

µT Adt ) Q(1)
qd (q̄pγµqr )(d̄sγ

µdt )

Q(8)
qd (q̄pγµT Aqr )(d̄sγ

µT Adt )

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (̄l jper )(d̄sqj
t ) Qduq εαβγεjk

[
(dαp )T Cuβr

] [
(qγj

s )T Clkt
]

Q(1)
quqd (q̄j

pur )εjk (q̄k
s dt ) Qqqu εαβγεjk

[
(qαj

p )T Cqβk
r

] [
(uγs )T Cet

]
Q(8)

quqd (q̄j
pT Aur )εjk (q̄k

s T Adt ) Q(1)
qqq εαβγεjkεmn

[
(qαj

p )T Cqβk
r

] [
(qγm

s )T Clnt
]

Q(1)
lequ (̄l jper )εjk (q̄k

s ut ) Q(3)
qqq εαβγ(τ Iε)jk (τ Iε)mn

[
(qαj

p )T Cqβk
r

] [
(qγm

s )T Clnt
]

Q(3)
lequ (̄l jpσµνer )εjk (q̄k

sσ
µνut ) Qduu εαβγ

[
(dαp )T Cuβr

] [
(uγs )T Cet

]

59 baryon number conserving operators, not including flavor indices.
Field redefinitions (equations of motion) used to eliminate operators.
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LEFT = LSM + L6 + . . .

L6 = −
∑

i

ci

Λ2 Oi

Lots of terms!
For gg → h and h→ γγ decay, which operators can contribute at tree
level?
Tree-level means tree-level in LEFT.

OG =
g2

3
2 Λ2 H†H GA

µ νGAµ ν , ÕG =
g2

3
2 Λ2 H†H GA

µ νG̃Aµ ν ,

OB =
g2

1
2 Λ2 H†H Bµ νBµ ν , ÕB =

g2
1

2 Λ2 H†H Bµ νB̃µ ν ,

OW =
g2

2
2 Λ2 H†H W a

µ νW aµ ν , ÕW =
g2

2
2 Λ2 H†H W a

µ νW̃ aµ ν ,

OWB =
g1 g2

2 Λ2 H† τa H W a
µ νBµ ν , ÕWB =

g1 g2

2 Λ2 H† τa H W a
µ νB̃µ ν .
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The Õ operators are CP and P odd.

Constraint on cWB from the S parameter.

cWB = − 1
8π

Λ2

v2 S.

The hgg amplitudes get contributions from cG and c̃G.

For hγγ,

cγγ = cW + cB − cWB, c̃γγ = c̃W + c̃B − c̃WB

For hγZ ,

cγZ = cW cot θW − cB tan θW − cWB cot 2θW ,

c̃γγ = c̃W cot θW − c̃B tan θW − c̃WB cot 2θW
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Γ(h→ γγ)

ΓSM(h→ γγ)
'
∣∣∣∣1− 4π2v2cγγ

Λ2Iγ

∣∣∣∣2 +

∣∣∣∣4π2v2c̃γγ
Λ2Iγ

∣∣∣∣2 ,
and Iγ ≈ −1.64.

The c̃ terms do not interfere with the standard model amplitude.

Similar expressions for gg → h and h→ γZ .
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Looked at the anomalous dimensions of the dimension six operators
listed. This is a submatrix of the full 59× 59 matrix.

The values of ci(Mh) determine the Higgs decay rates

Considered these operators in an earlier work, and an explicit model
that produced these operators.
AM, M.B. Wise, PLB636 (206) 107, PRD74 (2006) 035009
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Anomalous dimensions can be computed in the unbroken theory.

λ coupling and yt enter.

In a gauge theory, the operators

O+ =
∑ β(g)

2g
F A
µνF Aµν , O− = g2F A

µν F̃ Aµν ,

are not multiplicatively renormalized to all orders in perturbation theory.

At one-loop,

g2F A
µνF Aµν , g2F A

µν F̃ Aµν ,

are not renormalized.
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(a) (b)

(c) (d) (e) (f )

(g) (h) (i) (j)
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µ
d

dµ
cG = γG cG,

µ
d

dµ

 cB
cW
cWB

 = γWB

 cB
cW
cWB

 ,
where the anomalous dimensions are

γG =
1

16π2

[
−3

2
g2

1 −
9
2

g2
2 + 12λ+ 2Y

]
,

γWB =
1

16π2


1
2g2

1 −
9
2g2

2 + 12λ+ 2Y 0 3g2
2

0 −3
2g2

1 −
5
2g2

2 + 12λ+ 2Y g2
1

2g2
1 2g2

2 −1
2g2

1 + 9
2g2

2 + 4λ+ 2Y

 ,
and

Y = Tr
[
3Y †u Yu + 3Y †d Yd + Y †e Ye

]
≈ 3y2

t .
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µ
d

dµ
c̃G = γG c̃G,

µ
d

dµ

 c̃B
c̃W
c̃WB

 = γWB

 c̃B
c̃W
c̃WB

 .
and γ̃ = γ at one loop.

EJ, AM (UCSD) 04.06.2013 15 / 48



Largest contribution is the Yukawa coupling, and can be integrated
exactly.

µ
d

dµ
r(µ) =

3y2
t (µ)

8π2 r(µ) .

Only ratios of r(µ) enter, so the overall scale of r is irrelevant.
A plot of r(µ) normalized so that r(µ = 125 GeV) = 1

200 500 1000 2000 5000 1´10
4
Μ

1.02

1.04

1.06

1.08

1.10

1.12

1.14

r

The correction is about 8% to the amplitude for µ = 1 TeV.
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c(Mh) =
r(Mh)

r(Λ)

[
1− γWB(Y → 0) log

Λ

Mh

]
c(Λ).

This equation is accurate to about 3% for Λ less than 10 TeV.
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r(Λ)cγγ(Mh)

r(Mh)
=

[
1 +

3
32π2

(
g2

1 + 3g2
2 − 8λ

)
log

Λ

Mh

]
cγγ(Λ)

+
1

8π2

(
3g2

2 − 4λ
)

log
Λ

Mh
cWB(Λ),

r(Λ)cγZ (Mh)

r(Mh)
=

[
1 +

1
32π2

(
g2

1 + 7g2
2 − 24λ

)
log

Λ

Mh

]
cγZ (Λ)

+
1

8π2

(
g1g2 + 4g2

2 cot 2θW − 4λ cot 2θW

)
log

Λ

Mh
cWB(Λ)

−
1
¯
g2

1 − 2
¯
g2

2
16π2

(
cγγ(Λ) sin 2θW + cγZ (Λ) cos 2θW

)
log

Λ

Mh
.
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S-Parameter

S = −8π v2

Λ2 cWB(Mh) .

cWB(Mh) =
r(Mh)

r(Λ)
cWB(Λ)

[
1 +

g2
1 − 9 g2

2 − 8λ
32π2 log

Λ

Mh

]

− r(Mh)

r(Λ)

1
8π2

[
g2

2 cW (Λ) + g2
1 cB(Λ)

]
log

Λ

Mh
,

K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, PRD48 (1993) 2182

S. Alam, S. Dawson, and R. Szalapski, PRD57 (1998) 1577

S = −8π v2

Λ2

(
cWB(Λ)− 1

8π2

[
g2

2 cW (Λ) + g2
1 cB(Λ)

]
log

Λ

Mh

)
,

From finite parts of graphs in broken theory.
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µγγ = 1− 0.02 S log
Λ

Mh
+ 2.7

(
1 TeV

Λ

)2{
1 + 0.0035 log

Λ

Mh

}
cγγ(Λ)

' 1− 0.02 S log
Λ

Mh
+ 0.02

(
1 TeV

Λ

)2 (
16π2cγγ(Λ)

)

800 1000 1200 1400 1600 1800 2000

8cB, cW <

0.02

0.04

0.06

0.08

0.10

0.12

S
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ATLAS:

µγγ = 1.80± 0.30(stat) +0.21
−0.15(syst) +0.20

−0.14(theory),

for Mh = 126.6± 0.3(stat)± 0.7(syst) GeV
CMS:

µγγ = 1.56± 0.43 ,

for Mh = 125 GeV.
Naive combination of these results gives

µγγ ' 1.7± 0.3

If due to cγγ :

v2

Λ2 cγγ(Mh) ' −0.1, 0.01.

The second solution is preferred. The first solution is when cγγ
switches the sign of the standard model h→ γγ amplitude.
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Elias-Miro, Espinosa, Masso, Pomarol:

The specific choice of operator basis is crucial for the analysis,
and there is a special basis which makes the analysis very simple,
There is a powerful and general classification of EFT coefficients
based on a “tree” and “loop” classification, even when the
underlying theory is strongly interacting and non-perturbative.
[This tree-loop classification is not the usual EFT use of tree and
loop depending on which EFT diagrams are being computed.]
The principle of minimal coupling defines an unambiguous
classification scheme in which higher-dimensional operators
which violate minimal coupling are suppressed by loop factors of
g2/(16π2), where g is a coupling constant.

Minimal coupling is the replacement of an ordinary derivative ∂µ by the
covariant derivative Dµ = ∂µ + igAµ to construct a theory with gauge
interactions from a theory without gauge interactions.
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EFT: Standard Results
Have some scale Λ, write down all possible local, gauge and Lorentz
invariant operators: [can have topological terms]

LEFT = L≤4 +
L5

Λ
+
L6

Λ2 + . . .

Can have multiple scales. E.g. in the standard model, Λν for ∆L 6= 0
interactions, and ΛG for ∆B 6= 0 interactions.

For Higgs physics, some scale Λ ∼ 1 TeV.

EFT can be used to do calculations.
Expansion in some small parameter.
EFT does not have to be perturbative, e.g. HQET has an
expansion in αs(mQ) and in ΛQCD/mQ.
Tree and Loop refer to diagrams actually being computed in the
EFT.
Coefficients/Operators ci ,Oi in LEFT are not assigned a tree or
loop number.
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Remember that we are using the EFT because we do not know
the theory at Λ.
If we know the theory, then all the coefficients ci have a fixed value
Some information from symmetries: lepton number and baryon
number⇒ ci = 0 for /L and /B operators.
If the theory at Λ is strongly coupled, we may know the theory but
not how to compute ci in LEFT

If we know the theory, and it is weakly coupled, then we can
compute ci .
EFT is a model independent way of analyzing the data without
assuming prior knowledge of the theory at Λ.
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Wild Speculation
Not going to bother with speculations about the UV theory, without any
calculations to back them up.

e.g. could speculate that there is a UV theory that solves the hierarchy
problem, quantum gravity and gives a 126 GeV scalar with standard
model quantum numbers. Does this solve the problems of particle
physics?

or speculate that there is a UV theory that is a walking technicolor
model with a small S parameter and a light scalar at 126 GeV. There
might be, but it is up to the people making the claims to justify them,
not up to everyone else to exactly solve all possible QFTs and show
that it is impossible.

or speculate that strongly coupled theories produce a composite vector
boson with a mass much smaller than the Λχ scale of the theory, and
nothing else.
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What is Minimal Coupling?

Start with a theory with a global symmetry

Gauge the symmetry using

∂µ → Dµ = ∂µ + i e q Aµ ∂µ + i e g AA
µ T A

Usually called the minimal coupling prescription.

Non-minimally coupled terms:

ψ σµνgFµν ψ

Inverse procedure: gauge theory→ global theory well-defined by

A→ 0 g → 0
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Tree vs. Loop
Can we classify operators in the EFT Lagrangian in terms of the
number of loops (n-loop term, n = 0 being tree-level).

Let’s start with the case where the theory at Λ is strongly coupled. In
QCD

µ
dg
dµ

= −b0g3

16π2 ,

(
ΛQCD

µ

)b0

= e−8π2/[~ g2(µ)]

ΛQCD is non-analytic in ~ — neither tree nor loop nor anything.
Similarly for fπ,Λχ ∝ ΛQCD.

χPT is an expansion in ∂/Λχ. No way to classify terms as n-loop in
terms of the underlying theory.

True for any non-perturbative strongly coupled theory with a scale —
such as those used in composite Higgs models.
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In weakly coupled theories, you can look at diagrams in the full
theory that generate higher dimension operators.
Field redefinitions in the EFT can move coefficients around, and
change loop counting.
Classification depends on the underlying theory

Tree-level in the standard model:

L∆S=1 = −4GF√
2

VudV ∗us uγµPLd sγµPLu ,

This has current-current form which seems to play an important role in
people’s thinking.
A very similar current-current operator

sγµPLd sγµPLd .

Is generated at loop level depending because of the GIM mechanism.
GIM violation would produce this operator at tree level.
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Current-current operators are not really products of currents even
though they may look that way.

Composite operators are not products of their pieces.

[sγµPLu uγµPLd ] 6= [sγµPLu] [uγµPLd ]

because of renormalization.

In QCD, the ∆I = 1/2 rule: A1/2,3/2 in K → ππ decay.

QCD : A1/2 ≈ 20 A3/2 Product of Currents : A1/2 =
√

2 A3/2
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φ has q = 1, Φ has q = 0:

O1 = φ†φDµφ
†Dµφ, O2 = e2φ†φFµνFµν , O3 = e2Φ†ΦFµνFµν ,

Õ1 = φ†φ∂µφ
†∂µφ, Õ2 = 0, Õ3 = 0 .

So minimal coupling gives Õ1 → O1, but not for O2,O3.

Õ2 = −φ† [∂µ, ∂ν ] [∂µ, ∂ν ]φ = 0

Now,

[∂µ, ∂ν ]φ = 0 [Dµ,Dν ]φ = i e q Fµνφ

cannot do this for Φ since qΦ = 0 The charge in D is the charge of the
field on which D acts.
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Now what do you say?

minimal coupling:
c1 is “tree” and c2,3 are “loop” and suppressed by 1/(16π2) ?
next-to-minimal coupling:
c1,2 are “tree” and c3 is “loop” and suppressed by 1/(16π2) ?

minimal coupling: terms with Fµν are suppressed

next-to-minimal coupling: terms with Fµν and neutral fields are
suppressed.
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Non-Abelian Case

O4 = ϕ†GµνGµνϕ, O5 = ϕ†ϕ Tr GµνGµν ,

where Gµν ≡ Ga
µνT a.

Neither is generated by minimal coupling.

next-to-minimal coupling:

Õ4 = ([∂µ, ∂ν ]ϕ)† ([∂µ, ∂ν ]ϕ) .

can generate O4.

But DµX does not change the representation of X . Can’t generate the
invariant O5. So in a non-Abelian theory with colored particles, cannot
generate all the Gµν terms.
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Look at a general renormalizable gauge theory. Then the gauge
interactions of fermions and bosons is given by

ψ i /∂ ψ → ψ i /D ψ ∂µφ
†∂µφ→ Dµφ

†Dµφ

This is because there is only a very limited set of operators with
dimension ≤ 4.

Not true for the full Lagrangian.

L = −1
4

GA
µνGAµν +

g2θ

32π2 GA
µνG̃Aµν

GG̃ not “loop suppressed” since the effects of θ are order unity, i.e
coefficient of θ is the winding number which is an integer.
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Why is there no anomalous magnetic term in QED?

1
Λ
ψ σµν eFµν ψ

The reason is not minimal coupling, but renormalizability.
S. Weinberg, Brandeis Summer School Lectures (1970).

If we want the theory to be valid up to an arbitrarily high scale, Λ→∞,
and the term can be dropped.
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Quantum mechanical Hamiltonian for a non-relativistic particle,

H =
p2

2m
1,

where 1 is a unit matrix of dimension (2s + 1) for a particle of spin s.

The Hamiltonian for the interaction with the electromagnetic field is

Hem =
(p− qeA)2

2m
1 + eqA01

Alternate form for spin-1/2:

H =
(σ · p)2

2m
=

p2

2m
1.

identical to first version.

Hem =
(σ · π)2

2m
+ eqA01 =

(p− qeA)2

2m
1 + eqA01− eq

2m
σ · B,
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Ambiguity once again related to [∂µ, ∂ν ] = 0 but [Dµ,Dν ] 6= 0

H. Weyl, Phys. Rev. 77 (1950) 699

Look at an electron in gravity plus EM.

Can use the first or second order formalism, i.e. treat ea
µ and ωa

bµ as
independent, and vary them separately, or treat ω as a function of e,
and e is varied.

The two methods differ by a Fµν term.
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Correct Hamiltonian is neither, but has a = 1 + α/(2π) + . . . in front of
the magnetic moment term.

Maybe a is just a “loop” correction, and you have to use the second
form of H.

What about the proton? µ = 2.793 = 1 + 1.793. Either method has a
big magnetic moment term that is not loop suppressed.

The neutron is neutral and has µ = −1.91. For the neutron, D = ∂, so
the entire magnetic moment is a non-minimally coupled term.
Dashen, EJ, AM

µn

µp
= −2

3
+O

(
1

N2
c

)
,

Minimal coupling result would be 0.
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Hydrogen Atom

Atom in an electric field

H = −1
2
αEE2,

with αE = 9a3
0/2.

The H atom is neutral, but atomic transitions take place, and power
counting scale is Λ = 1/a0.

No loops in QM, so no “loop factors”

EFT: pNRQCD Brambilla, Pineda, Soto, Vairo
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Chiral Perturbation Theory

A. Pich, Chiral perturbation theory, Rept. Prog. Phys. 58 (1995) 563Ð610

L4 = L1 〈DµU†DµU〉2 + L2 〈DµU†DνU〉 〈DµU†DνU〉
+ L3 〈DµU†DµUDνU†DνU〉 + L4 〈DµU†DµU〉 〈U†χ+ χ†U〉

+ L5 〈DµU†DµU
(

U†χ+ χ†U
)
〉 + L6 〈U†χ+ χ†U〉2

+ L7 〈U†χ− χ†U〉2 + L8 〈χ†Uχ†U + U†χU†χ〉
− iL9 〈Fµν

R DµUDνU† + Fµν
L DµU†DνU〉 + L10 〈U†Fµν

R UFLµν〉
+ H1 〈FRµνFµν

R + FLµνFµν
L 〉 + H2 〈χ†χ〉 .

L10 bigger than most of the other coefficients
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∑
n

f 2Λ2
χ

Ln

Λn
χ

= f 2Λ2
χ

[
L2

Λ2
χ

+
L4

Λ4
χ

+ . . .

]
=

Λ4
χ

16π2

[
L2

Λ2
χ

+
L4

Λ4
χ

+ . . .

]

µ
dLi

dµ
=

γi

16π2 ,

where γi are pure numbers e.g. γ10 = −1/4.

No QCD tree vs loop classification
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PGBH Models
e.g. composite Higgs, Little Higgs, . . .

L2 =
f 2

2
(DµΣ)†(DµΣ) + . . .

LM = c Tr UQU†Q,

Generate π+ − π0 mass difference by using L10.
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PGBH Models

In PGBH Models, the Higgs is by construction a pseudo-Goldstone
Boson that get’s its mass from weakly gauging the flavor symmetries.

Might occur at order g4 in Little Higgs models.

L =
g2c6

Λ2 H†HFµνFµν .

Closing the gauge loop to generate the mass:

m2
H ∼

g2Λ2

16π2 c6 .
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OBB = g2
1 H†H Bµ νBµ ν ,

OWW = g2
2 H†H W a

µ νW aµ ν ,

OWB = g1 g2 H† τa H W a
µ νBµ ν ,

OBB and

PHW = −i g2 (DµH)† τa (DνH) W a
µ ν , PHB = −i g1 (DµH)† (DνH) Bµ ν ,

PW = − i g2

2
(H† τa

←→
D µH) (DνW a

µ ν), PB = − i g1

2
(H†
←→
D µH) (DνBµ ν),

for a total of five operators.

PB = PHB +
1
4
OBB +

1
4
OWB, PW = PHW +

1
4
OWW +

1
4
OWB.

EJ, AM (UCSD) 04.06.2013 43 / 48



Large N dynamics has an infinite tower of meson states with particles
of arbitarily high spin.

Ecker, Gasser, Pich, de Rafael, NPB321 (1989) 311.

Generates the chiral Lagrangian with all the higher dimension
operators.
Infinite number of meson states to get the log Q2 behavior
Arbitrarily high spin to get all QCD operators such as
ψγµ0Dµ1 . . .Dµnψ

A strongly interacting theory is not just a theory with an additional
light ρ meson
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You Cannot Assume Minimal Coupling

Can you assume the UV theory is such that the low energy theory is
minimally coupled?

Consider a much simpler example, with far greater freedom to
construct the theory: quantum mechanics.

Bound states with an arbitrary potential V (x). Can we find V (x) so that
the bound state dynamics is minimally coupled?

NO

1 =
∑

f

2m (Ef − Ei)

~2 |〈f |z|i〉|2

oscillator-strength sum rule: cannot make all transitions “loop”
suppressed.
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Very basic point:

You cannot assume minimal coupling

It is like assuming that you can arbitrarily adjust the dynamics of a
theory

In QCD, you cannot just adjust the interactions of the π0 without
changing anything else.

Otherwise, I can just assume that I have a strong coupling theory that
reduces to the standard model, and has no hierarchy problem.
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