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Chapter 1

Preface

The course assumes a background roughly equivalent to two QFT courses as well as a
Standard Model course.

I have added in exercises in the text and solutions can be found in the appendix.
These notes will likely be expanded until T lose interest in neutrinos. If you have any
corrections please let me know at ajd268@cornell.edul.


mailto:ajd268@cornell.edu

Chapter 2

The Big Picture

2.1 Interesting Physics at All Scales

How we typically learn physics from the bottom up of the pyramid:

String Theory

QFT [General Relativity}

[Quantum Mechanics} [Special Relativity}

[Classical Mech} [Classical EM} [Newtonian GravityJ

and then you keep synthesizing and putting them together. We’ll do the opposite in this
course. We will take QFT and we will get more and more specific. The reason to do that
is that as we move up in the pyramid it becomes harder to compute. As an example to
compute the energy spectrum of Hydrogen in QM is straight forward however this is a
very difficult task in QFT.

By focusing in on particular cases, you are able to compute ina simpler fashion. We
try to find the simplest framework that captures the essential physics, but in a a manner
that can be corrected in principle to arbitrary precision. In other words, what we want
to do is take QFT and expand it in a convenient regime.

2.2 Describing a Physical System

1. Determine the relevant degrees of freedom (this can be harder then it sounds).

>



6 CHAPTER 2. THE BIG PICTURE

2. Identify the symmetries. Sometimes you will have a theory without a symmetry to
begin with, however the expansion will haev such a symmetry.

3. Find the expansion parameters and get a 1st order description

For QFT this equates to,
1. Determine the fields
2. Find the interactions
3. What kind of power counting can you do

For regular SM you still do steps 1 and 2, however step 3 is kind of new. In an
Effective Field Theory (EFT), power counting is just as important as something like
gauge symmetry. The power counting to be consistent is actually necessary for an EFT
to be consistent.

The key principle is that to describe physics at some scale, m?, we don’t need to know
the detailed dynamics at scales, A2 > m?2. We don’t need to know the field content or
anything else about the dynamics.

An example of this is that we don’t need to know about bottom quarks to describe
Hydrogen.

p

The binding energy of Hydrogen is given by

~10-8

2
Ey = %meQQ {1 L0 (m2) } (2.1)

my,

You could think of the bottom quark coming in through perhaps:
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However, there is one subtly in that we have to decide what we mean by the coupling,
«. The bottom mass, my, does effect the coupling in (for example) MS by contributing
to its running. We have, a(My) = %7 and «(0) ~ 1/137. Thus more precisely if «
is a parameter of the SM which is fixed by doing perhaps Z boson physics, then a for
Hydorgen depends on the bottom quark. But we can take a different attitude - a low
energy approach. Simply extract «(0) from some low energy atomic experiments and if
this is the way we define a then the value can be used in other experiments and we don’t
need to know anything about my. In this case we don’t need to know anything about
the high energy theory unless we are doing experiments up there. Adding in new higher
order particles you could effect what you mean by your parameters.

We have,

1
Ll biasm) = L) + O () (22)
b

We missed many other details when we first discussed Hydrogen.

1. We were insenstive to quarks in proton. The reason we didn’t discuss is because
typical momentum transfer in hydrogen is |p| ~ mea This is much small then the
proton size which is about 200MeV.

2. We could further ignore the proton mass, meav < m, ~ 1GeV and the proton acts
like a static charge.

3. We also used the fact that m.a < m, and used a non-relativistic Lagrangian.

These conclusions hold despite of UV divergences. For example, prior to regulation
we an infinite bottom quark correction.
In general EFT’s are used in two distinct ways, “top-down” and “bottom-up”.

2.2.1 Top-down

“Top-down”: In this situation we know what the high energy theory is and it is well
understood but we find it useful to have a simpler theory to do some low energy physics.

[High energy: Theory 1}

A

[Low energy: Theory 2}

So what we can do is just start calculating things in theory 1 and “integrate out”
(remove) heavier particles and in doing that we can do what’s called matching onto a low
energy theory. We can use this ability to do calculations in the high energy theory to
find what the operators are of the low energy theory just by direct calculation and also
if there are new low energy constants that show up we can calculate the value of those
constants.
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Schematically we have,

Lhigh — Z El(;?u (2.3)

where the sum in n is an expanion in decreasing relevance. Ly;g, and L, need to agree
in the infrared (IR). The place where they differ is in the ultraviolet (UV). The desired
precision tells us when to stop (what n).

Some examples of top-down EFT’s are when we integrate out the heavy particles,
W, Z, top or using Heavy Quark Effective Field Theory (HQFT) for charm and bottom
quarks.

2.2.2 Bottom-up

The underlying theory is unknown or matching is too difficult to carry out (e.g. non-
perturbative). You may need to know something about the high energy theory such as
that it is Lorentz invariant, a gauge theory, etc. but not the full theory.

You construct,
> Lio (2.4)

by writing down the most general possible operators that you can think of consistent
with what ever degrees of freedom we have and the symmetries that we are imposing.

The couplings are unknowns however they can be fit to experiment so the effective
theory may still be powerful since you can make more predictions then the number of
parameters you can have (like for Hydrogen). The desired precision again tells us at what
order to stop expanding.

The classic example of this example is chiral perturbation theory where the low energy
theory is composed of 7, K. The SM itself is another example.

2.2.3

Comment: So far when discussing this sum over n we were really thinking about expan-
sions in powers, m?/A? < 1. However there are also logs and renormalization of Ll(:zz}
This allows us (t) sum seriese of log 2 for my < m.



Chapter 3
Standard Model as EFT

For an EFT we have,
S =£0 4 L0+ (3.1)

L£©) is the SM that we normally talk about. We now discuss the SM degrees of freedom.
The SM is a gauge theory:

w
—
SU(3)o x SU(2); x U(1)y (3.2)
TT

where A =1,...,8 and a = 1,2, 3. The boson masses are
My = 0, Mgiuons = 0, my = 80GeV, myz = 91GeV, mpy = 126GeV

The fermion masses have a broad spectrum:

Type Name Masses
Quarks Ur, UR 1.5 — 3.3MeV
dL,dR 3.5 — 6MeV
SL,SR 100 4 30MeV
CL,CR 1.27 £ 0.01GeV
bL,bR 4.20 £ 0.12GeV
tL,tR 171.2 + 1GeV
Leptons €r,€eRr 0.511MeV
WL, R 1056MeV
TL, TR 1777TMeV
Ve, ?
Uy, ?
Vs, ?
Sterile neutrinos?

9
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where for neutrinos we only know that Am2 ~ 8 x 10~°eV? from colliders and Am?, =~
2 x 107%eV? from atmospheric neutrinos.

From a “top-down” effective field theory point of view you can integrate out the
heaviest particles step by step. This is not the sense in which we are thinking about
it now. We're looking at it from a “bottom-up” approach and trying to figure what is
beyond the scale of the top quark. The lowest order Lagrangian is:

£(0) = Egauge + Lfermion + EHiggs + £VR (33)
where
1 1% 1 a puv 1 a wv
‘Cgauge - _ZB B/u/ - ZWuna - ZGNVGA (34)
Efermion = Z @ELZlD?ﬂL + Z &szwR (35)
L R

where 1D, =0, + g1 B,Y + goWiT* + gA;jTA.
The next step is the power counting which is related to what we left out. We define
_ Msu
A
where Mgy ~ my, my, mz, myg... and A ~ Mayr, Msusy, Mpianer, the mass scale of high

energy. The new physics can be described by higher dimension operators (dim > 4) built
from SM fields.

€

(3.6)

3.1 What does “Renormalizable” mean?

A theory is renormalizable if at any order in perturbation theory the UV divergences
from loop integrals can be absorbed can be into a finite number of parameters.

The effective field theory definition of renormalizabile is more general. For a theory
to be renormalizable, the divergences must be absorbalbe into a finite number of param-
eters order by order in its expansion parameter. This allows for an infinite number of
parameters but only a finite number at some fixed order of e.

If £ is renormalizable in the traditional sense. This means that you don’t see the
highest energy scales in your lowest order Lagrangian; we do not know directly A from
just looking at £©.

3.2 Marginal,Irrelevant, and Relevant Operators

We consider the case where mass dimension determines the power counting (PC). Suppose
we have the of ¢* theory as an effective theory:

A

S[¢) = / d (%ama% — P = e - T > (3.7)
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We can look at the dimensions of the various objects:

d—2
6l = ——
[d'z] =d
[m?] =2
N =4-d
[7] =6 —2d

Suppose we want to study a correlation function, (¢(x1)...¢(x,)) at long distance
(small momenta). To enforce this condition we write, z# = sz’* and demand s — oo and
2’ to be fixed]

We define
¢'(z') = s'9722¢(x) (3.8)
in order to normalize the kinetic term:
1 1 Aoy T o
s/ [¢/] — /ddx/ |:§a/u¢/8;t¢/ o §m232¢'2 _ a84 d¢/4 _ a86 2d¢/6 + .. (3'9)
We now have,
(d(s2))...0(szy,)) = 8"~ D2 (¢ (2)...¢ () (3.10)

Lets now take d = 4 and consider the case where s gets large. In this case the m? term
becomes more and more important. It is called relevant. The 7 term is less important. It
is called irrelevant. The A term is equally important and is called marginal. We can see
that this is directly related to the dimension of the operator (as the higher the dimension
of the operator, the greater the number of ¢’s in it). In summary:

e Relevant: dim < d ([m?] > 0)
e Marginal: dim =d ([A] =0)
e Irrelevant: dim > d ([7] < 0)

Lets take s to be finite but large. The dimension of parameters (or operators) tells
us the importance of the various terms. Use mass scale of parameters. If we associate a
new scale of new physics, A, then we have,

(m*) ~(A*) , A~ (A% , 7~ (A)? (3.11)

We can do a power counting in this A. At large distances, s — 0o means small momemnta
p < A.

Note: relevant operators can upset PC since they are set by the kinetic term. To get
rid of this issue take m = 0 or fine tune it to be small, m2s? ~ p?.

We can now start thinking about divergences. We can have two four-point interac-
tions:

! This is fundamentally a bit flawed since we are scaling time differently then space and its not exactly
clear what s is doing. We will elaborate on this point later.
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— k
, %
~x 2 —m2)((h 1 p)? —mid)

kE+p
The superficial degree of divergence is A%, So if d = 4 then we have a logarithmic

divergence (which corresponds to a % in dim-reg). This renormalizes the A¢? operator
and you add the counterterm:

P

We now continue and think about other diagram. Lets consider the 7 renormalization:

— k
dek
~ AT/ (2 —m)((k + p)? — )

k+p

The diagram has the same divergence as before but now the diagram its renormalizing is
one with 6 points on the outside:

0T

We could also include two 7 diagrams:

— k
N TQ/ d?k
(k2 —m?)((k +p)? —m?)

k+p

This again has the same divergence but renormalizes a new interaction that we haven’t
included yet:

~ @B
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In order to renormalize the diagram we need to include a ¢® operator. Since ¢® is not
included in S [¢] (without the dots) the theory is non-renormalizable in the traditional
sense.

But if 7 ~ 43 is small then p?7? < 1 then the theory can be renormalized order by

order in % We need to add ¢® at order ~ ﬁ
To include all corrections up to ~ % or s% we need to include all operators with

dimensions up to the level, [O] < d+ r. Here we see how power counting is connected to
dimensions.

Note that we made an assumption we said that z# = sx’, i.e., we scaled each com-
ponent in the same way. You don’t need to do this, but works well for the SM. For the
Standard Model, £ then we know as part of the way of constructing it we write down
all the operators with [O] < 4 and it is renormalizable in the traditional sense.

The first order SM correction is £ and we can write it of the form,

LW = gos (3.12)
A
where Os is a dimension 5 operator and the dimension of C' = 0 which we take to be
approximately 1. We made A explicit and we are allowed to do this due to our earlier
arguements using s. Since nothing in £ really tells us about A, we're free to take it as
big as we want, A > my, my.

3.3 Corrections to £

We have,
L=L014 04 24 (3.13)
~N— N~ =~~~
~AO ~A—1 ~A—2

for p? ~ m? we have p* ~ m? which we assume is much smaller then A?. We now try to
construct £ and £®.

We assume there won'’t be any Lorentz or gauge symmetry breaking terms. i.e., each
LD is SU(3) x SU(2) x U(1) invariant and Lorentz invariant.

We then construct £ from the same degrees of freedom of £(© and assume Higgs
VEV remains the same as the value in £ (for E > v we see the full gauge symmetry).
Thus we assume that there no new particles produced at p, only at A.

Gauge theory is very restricted for dimension 5 and there is only one operator(here
we ignore flavor indices but in reality there should be a sum over all flavors):

C TClrT]
£ = ~eils Hlep Lk H (3.14)

where L, = (L%) iy and

H:(’Z;) LL=<Z§) (3.15)
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This operator is interesting from a phenomelogical point of view since if we replace

H — ( 2 ) we get a Majorana mass term for the left-handed neutrinos:

1
§ml,1/zygeab (3.16)

Since we know that m, < 0.5eV we have an important constraint on the scale of new
physics
A > 6 x 10"GeV (3.17)

(for C5 ~ 1). This term violates lepton number. Similarly, you can also write down
dimension 6 operators that violate varyon number. If you impose conservation of lepton
number and baryon number there are 80 dimension-6 operators:

80 C
Lo =% A—;(’)l@ (3.18)
i=1

80 seems like a large number but for any observable only a manageable number con-
tribute to the process. For any new theory at A a particular pattern of C;’s are expected.
We list a few of these operators to get a feel for them:

O = fapcGM GG, (3.19)
OLq = (EL’Y“UGLL)(QL%%QL) (3.20)
Ow = [_/La“”U“eRHW;fV ( )
OB:ELUuyeRHBHV ( )

where 1, = ( ZL ) Ow and Opg contribute to the muon anomalous magnetic moment.
L

We have,

huti dm,v
(9= 2= (M ETRNI) + 0T 29
If you take into account how well we have measured g — 2 we have,
A =2 100TeV (3.24)

For the remaining 76 see Buchuller and Wyler (1985). They weren’t the first to get
the operators however they were the first to get 80 operators. Their analysis used the
tree level equations of motion derived from £ to reduce the number of operators. For
example the equation of motion:

ity = gvHLY, (3.25)

(the analogue of pu(p) = mu(p) for a Dirac spinor). This is obviously fine at lowest order
since external lines are put on-shell in Feynman rules. For example an operator that’s
not listed in the 80 is

(H'H)(eriDer) (3.26)

corresponds to the Feynman rule:
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/\ = ﬂpu = muu

which connects this operator to the corresponding left handed operator. This makes sence
if the particles are on-shell however what about loops or propagators?

3.4 Representation Independent Theorem

Let ¢ = xF(x) where F(0) = 1 and ¢ and x are scalars. Then calculations of ob-
servables done with ¢, £(¢) will give the same results as those with L(¢) =

quantizede
E(XF(X))quantizedx'
For example consider
1 1
L= 5(0u9)" = 5m*¢* = A" + 016" + 1g>¢°0¢ (3.27)

with 7 < 1. The statement that we want to explore is that we can use the equations of
motion (EOM),

0*p = —m>p — 4\P® (3.28)

to drop the last term. This is equivalent to making the field redefinition ¢ — ¢ + ngﬁ)ﬂ
We have,

S0 = 5(040) — 020" + OGP) (3.29)
M = M2+ g’ + O() (3.30)
Aot = A" + 4ng2 A’ + O(n?) (3.31)

where have integrated by parts to get Eq. [3.29, Inserting these into the Lagrangian we
have,

1 1
L= 5(3@)2 - §m2¢2 — No* +ngi6® + O(n?) (3.32)

where the primed parameters are functions of the unprimed ones. Notice that we have
successfully eliminated one of the terms in the Lagrangian and all the other terms have
the same form.

Genearlized Theorem: Field redefinitions that preserve symmetries and have same 1
particle states before and after the field redefinition allow classical equations of motion
to simplify a local Lgpr without changing observables.

Initially this may seem a bit weird as we are defining one field to be a product of fields. However,
since both objects transform the same way this doesn’t violate Lorentz symmetry.
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We prove this in general below. For the details see (C.Arzt, hep-ph/9304230) or (H.
Georgi, “On-shell Effective Field Theory”).

Lerr = Z "L (3.33)

n=0

Consider removing the operator 71 [¢] D?¢ in L), where ¢ is complex scalar and T is
any local functional that meets the symmetries of the problem. The generating function
is given by

what we want
Z[Jy] = / [[Dé:exp {z / 'z lﬁ@ +9(£V - TD%) +nTD2¢} +) Tkt + O(nQ)}
i k
(3.34)

where Green’s functions are obtained by functional derivatives with respect to the Ji’s.
We now make a change of variables in the path integral. When we make a change of
variable in the Lagrangian we also need to change the integration measure and possibly
the source term.

We let,
¢ =" + 0T (3.35)
then
EOM for ¢f
_ [0 | d | 0 TsL® 5L (1) 2
Z—/HD@LM/T] exp{z/d x{ﬁ +nT 7 _auéa;ﬂﬁ +n (LY — TD?¢)
+nTD*¢p + Z T + JginT + 0(772)} } (3.36)
k

where we have integrated by parts in L. The claim is that without changing the S matrix
we can remove the Jacobian and source term factors so only need change of variable in
0L to do what we want.

5L needs ¢'" + nT to transform as ¢! does (to respect symmetries).

LY = (D'¢)N (Do)t — m*¢Te + ... (3.37)
= (D¢ (D,¢) — m*¢T¢/ + nT [-D*¢/ — m*¢/] + (...)' (3.38)

where we have integrated the covariant derivative term by part{’} The —nTD?¢’ term
conveniently cancels the desired term in the action. Now you may be worried about all

3As long as you are dealing with a gauge invariant quantity you can integrate by parts for example
for the invariant, ®f®:

(D, ®)'® + ¢1(D,®) = 0,T® — ig(®TT*®) A% + 79,0 + igALPIT*® = 0, (0T )
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the other terms that get induced. However, the point of the effective theory is that you
already wrote down all the possible terms allowed by the symmetries. So you can just
shift your old terms. The terms in (...)" are already operators present in (...) so we can
just shift couplings.

We now move onto the Jacobian and do something similar to the Fadeev-Poppov
procedure. Recall that

det(9"D,,) = / DEDcexp [z / d*zé[-0"D,)] c} (3.39)

where ¢ and ¢ are the ghost fields. Here we write % =1+ 775(;_1;1 as

5T
5ot ¢

— Lghost = €cc+nc (3.40)
term in the Lagrangian. It turns out that these ghosts will have a mass ~ %7 = A. The

ghosts then decouple from the theory just like other particles at this mass scale that we
left out.
To see how this works lets pick a particular example:

T = —5°¢' + Aol (¢'0) (3.41)
With this we have,
- Eghost = E(l - 7782 + 277)\¢T¢)c (342)

Here our kinetic term has the wrong dimensions. This is a consquence of not being careful
enough when applying the Faddeev-Poppov results. We need to rescale ¢ — ¢/,/7:

— Lghost — ¢(A* — 0% +2)\p'¢)c (3.43)

We now see that we have mass term that is proportional to A?2. The ghost masses
arose from the ¢c term in the Lagrangian. This was a consequence of having a linear
trasnformation,

¢! = ¢+ 0T [g] (3.44)

As when quantizing a gauge theory, ghosts always appear in loops. Due to their heavy
mass they can be integrated out just like other heavy particles.

We now go back to the source shift. The source, j, is used to take derivatives and
get correlation functions. Consider,

G = (0| Té(x1)...0(xp)... |0) (3.45)

(we write only real ¢ here for notational simplicity).
When we make a field redefinition we have,

G™ = (0| T(d(x1) + nTe,)...(6(x) + 1Ts,).... |0) (3.46)
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where we have transformed each field ¢(x;) by nT,.

The extra terms will certainly modify the Green’s function. However, to see whether
they have any impact on the physics we should consider observables, not just Green’s
functions. Recall that the LSZ formula says

/ A2, P (O] T (r).ban).. 0)

P2 —/PErm; VZi
A RN (H r ) (mpa-.| S |pjpjer.-.) (3.47)

2 —m? + ie)
The claim is that the change to the source will drop out for (S). Suppose that

¢— ¢+np=(1+n) (3.48)

then
TO*p = npd*¢ (3.49)

The matrix element for four fields for example,
(1+0)* O] Td(a1)-..d(24) 0) (3.50)

However, when we calculate the v/Z factor we get an extra 1+ n for each field because
of the scaling in [3.48, which cancels out the (1 + n)*, leaving the S matrix unchanged.
Lets now consider a less trivial example:

T

/ 13
¢=9¢ +ngeo (3.51)
We get several extra terms in the S matrix we write down one of them:

ng2 (O] T (1) (@) d(3)¢° (x4) 0) + .. (3.52)

This won't effect the leading term since having a ¢* means you don’t have a 1 particle
state. In Feynman diagram language (in position space):

3 2

1 4

the ¢3(z4) is less singular, has no single particle pole, and hence gives no contribution to

(5).
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As a final example consider

Same as first example

—~N =
¢=¢' + 3¢ = ¢ + (9 +m?)¢ —nm*¢ (3.53)
—_———
no pole

We have shown the three different ways you can shift the field and none of them gave a
Jacobian. This can be shown more generally. Therefore, we conclude that as long as you
have the linear term in your field redefinition you don’t need to worry about changes to
the Jacobian or the source term.
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Loops, Renormalization, and
Matching

Lets take a theory with a heavy scalar ¢ of mass M and light fermion of mass m. The
UV theory is

Lov = 0d) = m)b + 3 [(0,0) — M) + o (1.1

and we are in a situation where m? < M?2. To descirbe v’s at low energies, p? < M? we
can remove (“integrate out”), ¢. The low energy effective theory is going to look like,

- a —
L =@ —m) + W(W)Q + ... (4.2)
In the UV theory at tree level we have,
g
—> >
3 (9 it (o
¢ RS VR VERR OV
%—l—k
g

By comparing with the effective theory tree level result we can fix the coefficient of a,

which sets a = ¢2.

This gets a bit more involved when discussing loops. Loop integrals often diverge and
you have to regulate. We need to cutoff (UV) divergences to obtain finite results and
introduce cutoff parameters. Some examples include,

Dhuctidean < N2, d = 4 — 2¢ lattice spacing, ... (4.3)

20
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Renormalization: pick a scheme that gives definite meaning to the parameters to
each coefficient /operator in the EFT. This may also introduce parameters. Such param-
eters include, p in MS, p?> = —p% for off-shell momentum subtraction, A for Wilsonian
renormalization (i.e. renormalization with a cutoff).

For Wilsonian renormalization the bare, renormalized, and counterterm coefficients
are related by,

abare(AUV) = am”(A) + 5(1,(AU‘/, A) (44)

in dim-reg:
a’™e(€) = a"" () + Sale, p) (4.5)
One of the things that makes this tricky is when you start thinking about your power

counting.
Consider the four-fermion operator we considered above but with contracting two

lines,

0
=

i_a/ d'k (F +m) am [ d'%kg 1
M2 ) 2n)* K2—m2 M ) (2n)%kL +m?

This corrects the 1) mass, m by

Am ~ (4.6)
where we did a Wick rotation to get a Euclidean integral. If the integral is dominated by
kg ~ m. Then this integral scales like ~ m? which gives,

mS

Am ~a—s (4.7)

M2

which is what we would like since we can do power counting in ;.
We need to be more careful and introduce a regulator. We do this in two ways. One
way is to introduce a cutoff, Ayy ~ M. This gives,

d*k 1 2 Aov dk k3
. / B _ / _dkpky_ (4.8)
0

M) Gt me D (dn)? 2+ m?
m A?
m  [A},  m? m? m*
= — + —1 — 4.10
“an)? { Y ER R VI VET C A (4.10)

Thus our earlier discussion was incomplete. We have a ~ m?3/M? term but we also have
. . 2 . .

an order 1 correction, A%, /M? We cannot expand in 17z o power counting fails. We

can get around this if we absorb a piece of the integral:

2m)* kL +m?  (47m)?

A 4 2 2 2
wWodtkg 1 1 9 5 m 9 9, N 4+m
/A = {(A +mlogm+...)+(AUV—A+mlogTw

(4.11)

)}
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into 0m(Ayy,A). This improves things, leaving ]\/\4—22 and log T—; (instead of Ayy terms).
[Q 1: How exactly does this work?]
Lets now repeat this procedure with a new regulator using the M .S scheme:

aﬂ/ dkp 1 B aﬂ2(,u267’5/47r)6 /°° dkpkd! (412)
M2 ) 2m)dkZ +m2 M2 (47)i0(d/2) Jo k% + m? '
m [m? [ 1 m?
= a(47r)2 [W <_E —Hogﬁ —14v- log47r) + (’)(e)}
(4.13)

From this result we are getting something that is the size we expected for k* ~ m from
our power counting arguement. The M.S counterterm is

m

2 1
—>(X)>— :a(47r)—2]\42 (—+1—7+10g47r...)

€

The two regulators give us similar results but not identical results. Using dim-reg we still
preserve the power counting in the sense that we still have a A"}—z factor in front. There is
no annoying quadratic divergence. What we say is that in dim-reg the regularization does
not “break” the power counting, we can power count regularized graphs. When using a
cutoff we can say power counting only applies to renormalized couplings and operators
order by order. You are adding counterterms to restore the power counting that you
want.

In principal any regulator is fine, but we make computations easier if our regulator
preserves symmetries (gauge invariance, Lorentz, chiral, ... ) and power counting by not
yielding a mixing of terms of different order in the expansion. For dimensional power
counting this corresponds to using a “mass independent” regulator (like dim—reg)ﬂ. In
general operators will always mix with other operators of the same dimension and same
quantum numbers (i.e., 0" = Z;;0r").

4.0.1 Dimensional Regularization

Axioms (we define d% = (g(iT’;l):

e Linearity: / dk [af (k) + bg(p)] = a / a‘kf(k)+b / dkg(k)
o Translation:d’k f(k + p) = /ddkf(k)

e Lorentz Invariance

e Scaling: / dkf(sk) = s / a‘kf(k)

"While it does introduce a mass scale, y, its put in softly
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These conditions give a unique regulator up to normalization, dim-reg (see Colling’s pg
65 for a proof).
Useful formula:

dp = dpp®'dQy = dpp®! d(cos 0)(sin 0)3dQy_, (4.14)
——
UV div occurs in 1D integration
We use d =4 — 2e.
e ¢ > ( tames UV
e ¢ <0 tames IR
Facts:

1. [dp(p*)* =0 (Collins, pg 71). While this is true for any « its simple to prove in
the case of k > 0,k € Z:

/ddp(p +q)* Z/d‘dp P+ ()" 2+ ()™ e+ (4.15)

but we could have also shifted the original relation so we have,

[t = [ a4 (o2 (o] (4a0)

Thus all the terms except the first term must be zero. But this is true for any ¢
and any k. Thus [ d%p(p*)* =0 for a = k.

This can sometimes be dangerous. Consider for example the diagram:

with zero momentum and zero mass. This is given by

IR regulator

¢ —i
/% ~ T6-2 (4m)L(e) (4.17)

This integral is zero as mentioned above.
If we set d = 4 — 2¢ then we regulate the UV divergence:

di-2¢p i (1
= = — v+ log dr — log i 4.1
/ o = (6 v+ log4m ogu) (4.18)

1
= = = —v + log4nr — log 41 (4.19)
€
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However, we also have an IR divergence which could regulate by working in d + 2¢

dimensions:
d4+2ep Z 1
[t = i (e ot o) 420
1
=— (—fy + log 47 — log ,u2) (4.21)
€ < ~

N~
1

€IR

We get the same value for € in the UV and IR. Thus we can write the integral as,

d .
11
/ dp_ i (1 1 (4.22)
pt 1672 \ ey  €r
=0 (4.23)

However, even though the UV divergence cancels the IR diveregence you still need
to add a counterterm, since counterterms need to cancel UV divergences.

- 1

= 1672 €UV

. Dim-reg is well defined even with both UV and IR divergences. You can use analytic

continuation. Suppose you have some integral,

/ddpf(Pz) = m /000 p* f(p*)dp (4.24)

which is well defined for 0 < d < d,qz-

The problem with negative d is that you get some infrared divergences. To obtain
range —2 < d < dq, you can do the following:

00 c Cd
/dde(P2) = m {/ dpp™™' [ (p*) +/0 dpp™™ [f(0*) = £(0)] + f«;)
(4.25)

Then regulate the IR and UV peices with different values of d. So for —2 < d < 0
take ¢ — oco. gives

[ 016" g |t 0 = 10)] (4.26)

[Q 2: What is going on here...7]
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In MS scheme you introduce p to keep dimensionless couplings dimensionless under
renormalization. If you have an interaction term, gy then the bare coupling has

dimensions,

[gbare]:1+3_d:6

To “remove” the dimensions we set:

€

Gbare = Zglj“ g(ﬂ“)
~~

dim. less

For the term

i (00)

we have,
[abm‘e] =4-d

and so,
Apare = a,u26a<,u)

The M S is simply a rescaling:
2 4
Hirs = Harge
MS is a useful scheme because
e it preserves symmetries
e it’s easy to calculate in

e [t often gives “manifest PC”

However it also has its downsides:

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

e Phyiscal picture is less clear, for example you can lose positive definiteness for can

loose for renormalized quantities.

e You can introduce “renormalons”, i.e., poor convergence at large orders in pertur-

bation theory (we’ll talk more about this later)

e )M S does not satisfy the “decoupling theorem” that says the following: If the re-
maining low energy theory is renormalizable and we use a physical renormalization
scheme, then all the effects of the heavy particles due to heavy particles appear as

changes to couplings or are suppressed as 1/M.

MS' is not physical. It is mass independent which is something that we like however
its also whats causing this problem. It does not see mass thresholds. You must instead
implement this decoupling “by hand” by removing particles of mass M for p < M.
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As an example of how this works we go over it in the context of QCD. In QCD we
have the [ function:

d g 2
= p—g(p) = — 11— = O(g°) <0 4.33
B(g) udug(u) 62 ( 3nf) +0(g°) (4.33)
b
0
Solving this equation for ag(p) = % gives,
O‘s(MO)
as(p) = (4.34)
1+ a(po) 22 log £
which gives,
as ()
A
as(MO)
> 11

You can also associate to this solution an intrinsic mass scale (dimensional transfor-
mation):

S —2m
AMS S = jex [ } 4.35
QCD HeXp bOOCs(,U) ( )
This scale is independent of whether its evaluated at p or g since,

— o (4.36)

—= ex _—— .

QCcD\Ho Mo €Xp Docr, (Ho)
27 bo L 1 ) ]
=ppexp |—— | ——log — + 4.37
Ko €Xp |: b[) ( o g Lo CYg(,U) ( )
2w

= pexp | ——— 4.38
D |i bOOCS (:u):| ( )
= Agen(p) (4.39)

You can then use this scale to write,

2T

- b log £

Agep

as(p) (4.40)

Agep is the scale is where oy ~ 1 and QCD becomes non-perturbative. This scale is
dependent on
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i) order of the loop expansion 5(g).
ii) number of light fermions, n;y

iii) renormalization scheme (when you go beyond 2 loops)

The issue with this is that apriori top and up quarks which have very different masses
contribute to by and it seems like they do so for any p. The decoupling theorem gaurentees
that the top quark would not appear in the running for low momenta in a physical scheme.

The solution to this is to implement the decoupling by hand by integrating out the
heavy fermion at i ~ m. This is an example of matching. We define different by depending
on the scale that we are at.

11—%-6 for > m,

by = 11—%-5 for my < pu < my (4.41)

4.0.2 Matching Conditions

To do this we use what are called matching conditions. At a scale u = p,, ~ m we
demand that S matrix elements with light external particles agree between the high
energy (theory 1) and low energy (theory 2) theories.

If we do this for QCD and we do it at lowest order then the picture is,

Lowest Order Condition

6
run | %

where we have denoted the coupling with n; flavors as aﬁ"f ). This has some interesting

implications. For example the value of Agcp changes with scale. Using
127

s = (4.42)
(33 —2N,) log %/ Mg
and setting ol equal to o9 at = my gives,
2/23
my 6) _ A()
<A(6) ) Apep = Aoep (4.43)
QCD

So the scale of non-perturbativity changes with the scale. This effect is shown below:
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2000

IAQCD(6)
SQ 1500¢ IAQCD(S)
S 1000, | = Agep®

< = AQCD
500¢ Aqep'
IAQCD(Z)
ob . . .. \ \ d A ®

100 150 200 250 300 @ QP

AQCD(G)

We see that when working at low energies that non-perturbative scale is as large as a
couple GeV, while at high energies, it is as low as 100 MeV.
For example for crossing between u;, we have,

a® (1) = a® (1)  (at leading order) (4.44)

where py, ~ my. [Q 3: How would this look like in a physical scheme?]
The coupling is actually not continuous in M .S at higher orders in the coupling. An
explicit calculation gives,

NV 2 G\* /11 11 1
ol = af® |14 % (—-low_g%(as) (B ot L) 1
T m T

72 24 my 36 my
(4.45)

which is discontinuous at all scales, p;,. This comes from calculating the running at 4
flavors and 5 flavors and then setting them equal at the renormalization scale. There are
no large logs as long as we match for p = pp ~ my.

The general procedure for massive particles (any operators/couplings),

my > Mo > Mg > ... > My,
Ly —> Ly =Ly —...— L,

(1) Match £; at g ~ mq onto L.

(2) Compute the S-functions and anomalous dimensions in £o and evolve/run the cou-
plings down

(3) Match Ly at g ~ mgy onto L3

(5) Say we're interested in dynamics at scale u ~ m,, then we compute final matrix
elements in £,,.
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4.0.3 Massive SM Particles

Suppose we work in the SM but we integrate out the top, Higgs, W, Z. Other possibilities
are my > My, M. However, integrating out just the top is problematic for two reasons.
One issue is it breaks SU(2) x U(1) gauge invariance since we remove ¢ from the doublet,
t . . .
( bL ) The bigger issue is that
L
mz

—_— Y

1
Z 4.46
™y 2 ( )

and this is a large expansion parameter.

By removing t, H, W, Z simultaneously we “miss” the running, m; — my . In other

words we treat
2

m
as (my ) log —- (4.47)
mZJ

[\

counted as O(1)

perturbatively.
As an example consider b — cud. In the SM,

9

V2

Loy = W;’&L’VMVCKMCZL (448)

We first do treelevel matching,

d
U ) 2
192 . * v1.2 kH kY 1 —c b —d u
W ==\ (—=)V., H s — P, WP,
(\/5)(7’) bud<g m%/[/ kz_mlz/v[u%l Lu}[u'y L’U}
b c
The momenta transfer is
= py —pll =+ (4.49)

with the momenta of order the masses which we take ~ my. Furthermore,
P, us = mpus, etc. (4.50)

and the leading term in the propagator is

Z'g;u/ m2
o) s

myy My

The Feynman rule in the effective theory is,
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d
4iGp
u= ———=—Vu V., [uy, Prup) [agy" Prot
7 Ve o [y Prug] [tay" Pro”]
b c

so we have,

V243
~ 8mi,
In the EFT after removing ¢, W, Z, H, the Hamiltonian is called the “Electroweak Hamil-
tonian”. At tree level we have,

Gr

(4.52)

AG . -
Hy = —Ly = ijcb (e, PLb] [dy" Pru] (4.53)

4.0.4 Most General Basis of Operators

e Instead of going through the calculation lets think what kind of terms could show
up in the effective theory. At = my, we can treat b, ¢, d, u as if they are massless
to get coefficients, “C”. Then their propagators will be proportional to a gamma
matrix. Furthermore, recall that QCD does not change chirality. This means that
we can’t have an even number of gamma matrices in the bilinears since,

U Pryu v Prips =0 (4.54)

and similary for any number of bilinears.

Lastly, any higher order odd number of gamma matrix can be reduced to one gamma
matrix. Thus we only have terms of the form,

&y, PLb (4.55)

e Spin Fierz identities,

(V17 Pribe) (0sy" Pribs) = (=1) (Y17, Priba) (sy" Poys) (4.56)

where the two minus signs arise from the Fierz identity and from anticommuting
two fields. Using this relation we can always write the high order operators as,

(eI'b) (dTu) (4.57)

e Color Fierz can be used to simplify the results as well as the completeness relation,

1 1
N ). (4.5%)
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When we take this into account we end up with two possible operators,

Hy = ‘*%vcbv;d [CL(1)O1 (1) + Ca(1) o) (4.59)
where
01 = (EQ’Y#PLba) (CZ@’}/'U’PLUﬂ) (460)
O, = (éﬁfyuPLbo‘) (Jafy“PLuﬁ) (4.61)
=i (4, asm)) (4.62)

and the a and S are color indices.
Matching at pu = my, gives,

Ci(L,as(my)) =14+ O (as(mw)) (4.63)
Cy(1, as(mw)) =0+ O (as(mw)) (4.64)

where Cy = 0 at tree level since the W boson doesn’t carry color.
You may wonder how this would work for mesons as we only did the matching for
quarks. However, we state without proof that the matching is independent of choice of

states and IR regulator as long as same choice is made in both theories in 1 and 2. Result
is valid for B, D, 7 states even though we use quark states for matching.

4.0.5 Renormalize EFT to 1-loop in MS

Loop calculations are straightforward in four-fermion theories with two related subtleties.
Recall that when performing a loop calculating we usually trace over the spinor indices
and get a negative sign. Neither of these things hold in four-fermion theory. To see
why recall why they are necessary in Yukawa theory for example. In that case we have
diagrams like this,

77777 Q - = (—ig)2 / d4w d4Z <0| Qbac&wqﬁwﬁbw'&zl/}ngquy |0>

But the fermion contraction is

—
VYpthy = Sp(x — )’ (4.65)

where Sgﬂ is the position space fermion propagator. Notice that the order of the fermions
is Yp. To fix this we take the trace and move the fermions over,

(—ig)? / d'w d*z (0] ¢ Tt [Yuth: 1000 ] Guwd:dy [0) (—1) (4.66)

where we get a negative sign due to the anticommuting nature of fermions.
With this in mind we now consider the four-fermion interaction:
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IO _ e / A4z (O] uths bbby |0)

M2

This is already in the form that can be simplified as a product of propagators. Thus we
don’t need to take the trace and we also avoid the negative sign.

With this in mind we can move on to renormalization. The renormalized field is
proportional to the bare field,

=7,y (4.67)

In appendix we show that the wavefunction renormalization is given by,

OéSCF 4
Zy=1-— Cr=- 4.68
v Are © P T3 (4.68)
We will use Feynman gauge and let,
(udc|Oh]b) = s (4.69)
<ﬂd0|02|b> = S9 (470)

The QCD 1 loop corrections to the couplings are,

PP S S S

We regulate the IR with off-shell momenta, p (masses to zero). We have (the ) denotes
bare.), [Q 4: Show this!]

cancell(igi by Zy, CT fgr 0,
2\ 3 a, (1 2
(0) _ S s /,L
<Ol> = |:1+20F_ (—+ Og?)]Sl—FEZ (—+ g—2) S1
as (1 2
~ —~ 7 const terms
CT for O,
<Og>(0) = same with s; <> s9 (4.72)

We say that O; has mixed into O,.
There are two different methods we could use to carry out the renormalization. The
first method is called composite operator renormalization.

0" = 7044 ”) (4.73)
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You can think of anomalous dimensions as running the coefficient. These are not related
to wavefunction renormalization, they are just the operators renormalization. When you
take the matrix element you need the wavefunction renormalization as well,

(009 = 2,27, (0;) (4.74)

Isolating for the renormalized operators,
(05) = Z3(Z71);: (0)© (4.75)
The second method is renormalize coefficients instead. This is closer to the way we

are used to doing calculations in renormalization. We write the Hamiltonian first in terms
of bare coefficients and then switch to renormalized coefficients.

H=CP0,u") (4.76)

= (25,C5) Z;0; (4.77)

= C0; + (23255 — 67)C;0; (4.78)
~ P

= oL (4.79)

Here C;0; still divergences but its divergences are cancelled off the by counterterms as
usual.
These two ways of thinking about things are equivalent and we can prove it. Consider
the Hamiltonian,
23750 (0)Y = 0;(0)) = €2 23 (0,)© (4.80)
which implies that
Zi =75 (4.81)
and hence we have proven the equivalence. In our example,

B a,1 ( 3/N. =3
Zij =Lij = = ( ~3 3N, ) (4.82)

4.0.6 Anomalous Dimensions for Operators

We can now construct the anomalous dimension of the operators. Consider, We must
have,

d o) d d
0=pu—00 = (u—2Zy ) O + Zi; | p0; 4.83
Nd/ll <'ud,u J) i+ J(Mdu J) ( )
where we have used the notations from method 1. Rearranging gives,

d
M@Oj = =70 (4.84)
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where g
Yji = Zjk (M@Zki> (4.85)

The anomalous dimension is determined by the Z factors. To find the anomalous dimen-
sion you need,

Drop
b () = —2ea, + By (4.86)
—ag(p) = —2eay B )
g (1) = Z2e0y

Matters at 1 loop
The anomalous dimension doesn’t depend on € and is given by,

_ 3/N. -3
Diagonalizing this operator gives two new operators,
0L =0,£0, (4.88)

which coefficients C'.. Now no mixing between the + and — basis and we have a simple
differential equation from the anomalous dimension,

d
—0O04 =70 4.89
udu + = 7+U+ ( )
and
as (3
— s 2 4.
=5 (-3 (190
o [ 3
_=— | = 4.91
=g (3 +3) (1.91)
The Hamiltonian is then,
Hy = Ci0,+ C0, =C,O0,. +C_0O_ (4.92)
which leads to,
1
Ct =3 (C1 £ Cy) (4.93)
Tree level matching gives,
1
In summary we have,
4GF ) (0)
Hy — (92, CcO0,0) (4.95)
v () 5
4G
= Va Ci(n)O; 4.96
(*Fvav) ¥ amod (1.96)

i=1,2

(4GF Tate > Zo (4.97)
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Notice that Hy is independent of the renormalization scale. We can use this observation
to calculate the anomalous dimension of the coefficient. You can think of anomalous
dimensions as either running the operators or running the coefficients. We have (in a
general basis),

d d
0= N@HW = (M@@) Oi — C; (v:i0i) (4.98)

where we have used the definition of the anomalous dimensions, ,uﬁ(’)i = 7v;;0;. The
equation should hold for all operators. Thus we must have,

d
N@Ci = Cjji = (’YT)U Cj (4.99)

We can solve this equation by moving to the £ basis. This gives,

u% log C. (1) = 75 (s()) (4.100)

where we write the a, dependence of v to emphasize that it is a coupled equation and we
can’t just simply integrate over y. Performing a change of variables on the §(g) function
we can write,

d by

o) = 50’ (4.101)

We can then solve the differential equation above by a change of variable:

R du 27 dag
b= g — = ——
1

— 4.102
- (4.102)

Substitutin back into the first equation and integrating from uy to u gives(note that
w < p so we are “integrating backwords”),

Cx(p) ) 2 Y
log| —~ ) =—— [ das— 4.103
® (Ci(ﬂw) by J a2 (4.103)
Doing the integral gives,
C(p) ) 1 (3 ( as (1) )
log| =——= | =—7—(—=F3]|lo 4.104
® (Ci(uw) bo \N T ® o) (4104
as (1) )
=aylo 4.105
e (O‘S(NW) ( )

Taking N. = 3 we have, where

2
ay = {bo , (4.106)
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Here the boundary condition is C (), where puy ~ myy. Typically, uw = mw, 2my, my, /2.
You should think of C(uw ) as a fixed order series in ag (). Isolating for the coefficient
we have,

Cali) = Calu e 585 — ) (220} (4107

For b — cud to avoid large logs you want to take the renormalization scale around the b
quark mass, u ~ my, < my. Result for Cy(p) sums the leading logarithms (LL),

1 .
~ = + as(pw) log Iw (a?log? m—W) + (a?log® m—W) + ... (4.108)
2 my my mp
Counting here is
as (i) log =X ~ 1 (4.100)

my

The physical picture is,

Since we diagonalized our anomalous dimension matrix we got decoupled C;’s. More
generally we have, General form,

C* () = O (uw) U7 (o, 1) (4.110)
———
evolution
This gives,
AGp
Hy = (T;Vudvcb> Z?j(UW>Uji(MWa 1) Oi(p) (4.111)
b Ci‘(:%)

Cj(pw) is a fixed order calculation, Uj; is the anomalous dimension and O;() are the
matrix elements at pu, ~ my.
When we go to higher orders we compute,

Ci(p) ~ Z s log]" + oy Z [ log]* + a? Z s log]" +.. (4.112)
k k k
LL NLL NNLL

through the RG equation. This called RG improved perturbation theory.

Notice that we needed to go to one loop to get the running of Cy from the tree-level
result. If we go one order higher then we need to use the 1 loop result to do matching
and the two-loop to find the anomalous dimensions. This trend continues,
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Matching (pw) | Running v

LL tree-level 1-loop
NLL 1-loop 2-loop

NNLL 2-loop 3-loop

Recall that Oy has Cy = 0 at tree-level, but it is non-zero at leading order if we shift

scales. To see this we calculate C'y(m;) using Eq. and use them to compute C' 5.
This gives,

C;
. f, e
05 | Ci(p)
m Ca(p)
r—ﬂ’ e e
-0.5H
At LL we have,

We can now consider a physical application of b — cud through
B — Dr (4.114)
Without renormalization group improvement we have,
(Dmt|Hw|B) = Ciy(mw) (D7|O;(mw)|B) (4.115)

The matrix is element is highly non-perturbative since the operator is a weak scale oper-
ator evaluated at the b mass, which leads to large logs, log %—V: So what we do is instead
is we work in the RG improved version,

(Dm|Hw|B) = Ci(mp) (D7|O;(my)| B) (4.116)
——
LL summed here

where the matrix element no longer has large logs and can be calculated on a lattice for
example.

Physically, C;(my) are the right couplings to use. We now do a comparison of the
results in the full theory with the effective theory. We already renormalized the EFT in
MS (“theory 27). First consider the full theory (“theory 17). The calculation involves
conserved currents so UV divergences in vertex and wavefunction cancel. The result for
the full theory will be independent of UV divergences unlike the effective theory. The
full theory diagrams are,
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&

This is a much harder calculation. It yields,

2 2
. 1—loop __ Qs H 3 Qs My,
ZM P — |:1+20FE 10g—2:| S1+Ealog_—p231+... (4117)

where p? is the IR regulator and the ellipses represent s, terms as well as non-logarithmic
terms.
We now compare this result to what we got in the EF'T,

1—loo: Qg [L2 [L2
<(’)1 7’> = [14+2Cr—1log—=|s1+——1log—=s1 + ... (4.118)
4 —p? T —p

(the only difference in s is that instead of my in the second logarithm we get a )
Comments:

(1) In EFT computation is much easier and only involves triangle loops. The reason
computations are easier is because you are dealing with one scale at a time which
makes computations easier and 1/e term is all that’s required to compute anomalous
dimensions and its even easier.

(2) In EFT my — 0o so myy doesn’t exist in the theory and must be replaced by u’s.

(3) log(—p?) terms match. In other words the infrared structure of the two theories
agrees. This is an important check that our EFT has the right degrees of freedom.
This is trivial in this example, but in more complicated examples its not always easy
to identify the correct degrees of freedom.

(4) Differences of O(«;) of renormalized calculations gives one-loop matching.
0= iM™P — [0 (O)) 4 Cy (Os)] (4.119)
= 51— (1)s1 +iM"lor — W — (1) (0,)0@) 4 (4.120)
which allows you to calculate Cf.
For s; x log terms,

iMOLss) 0y ) = oV, (4.121)

3 a,Cp . m} 3 aCf 2 )
ﬁc . log —p2 Nc e 10g_—p2:C'1 (4122)
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which implies that,

2
oW = —% O‘ZS:F log m”—%v (4.123)
So what the matching is doing is
full theory = large momenta x small momenta (4.124)
or schematically,
log T—%[; = log 77;_2?/ + log _M—22 (4.125)

In other words p? separates large m#, from small —p?, or in product form,
m2 m2 2
(1 + a, log —V‘;> = (1 + a, log —ZV) (1 + a, log —2) (4.126)
D 2 P

(5) Order by order in «; the log u’s in C'(u)O(p) cancel and the result is p-independent
at each order in «,.

(6) Note that at the level of log’s the full theory has less information. To compute 2-loop,
2
a?log® T—;Z, in the full theory you would need to calculate diagrams such as,

In EFT we just needed the 1-loop anomalous dimension of the operators. The shows
the power of taking a parameter, my,, and turning it into a scale since then you can
use the whole power the renormalization group. [ 5: How do we have the o2 terms?|

(7) The one-loop anomalous dimension, +;; are scheme indepedendent for all mass-
independent schemes.

4.0.7 Loss and Constants

We will now study the full 1-loop matching at NLL. The coefficients, matrix elements,
anomalous dimensions at NLO are all scheme dependent but when we put it all together
we get a scheme independent result. In other words,

C(p) (O(w)) (4.127)
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is a physical observable and independent of scheme (much like its independence of ).
For simplicity we ignore mixing and write,

MEFT = C(p) (O(n)) (4.128)
(0) 2
full _ as(p) 7 myy (1)
M 1+ = [ 5 log ) + M ] (4.129)
(0) 2
EFT _ Qs (7 N
M =C, [1 + o ( 5 ) log — +B(1)] (4.130)

where A and B are just natural numbers which are scheme dependent. We have,

(0)
aS
Cluw) =1+ i’;m [72 log ZVQV + A® _ ) (4.131)
L 1 get correct constant
— 14 %TZW) [AD — B0 (4.132)

We outline the NLL computation,

d

M@C(ﬂ) =7 [as] Cp) (4.133)
d o Q) 2
— — — 08 (==

'ud,u log C(p) = v]as] =7 e (47r> + ... (4.134)

where here we need v, the two-loop coefficient. We can solve this differential equation
as we did before,
dp  dag

— = 4.135
po B (4.135)
where
Blos) = Bo+ P+ ... (4.136)
Using renormalization group evolution we can write the all order solution as,
C as(p) .
log () = / dasPY(a ) (4.137)
C(MW) as(pw) B(@s)

where we keep the second order term in v () (we write C+ = £ +a,(...)). We can write,

C(p) = Cluw)U(pw, 1) (4.138)
where
Ulpw, ) = exp/das% (4.139)
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We then take py = my and get,

UNLL (1) = [1 n O‘S(Z)T' ‘]} (O‘;%V)V))W(O)/%O [1 . W‘]} (4.140)

where [Q 6: These equations may have a different convention for Sy, S, ....]

© )
el G (4.141)

268 26

We can combine this equation with our equation for C'(u) =1+ % [A(l) — B(I)},

Cp) = {1 + O‘j:) J} (O‘;ET(’LV;)Y(O)/% {1 + % (AD —BM —J)|  (4.142)

which has NLO matching and NLL running.

The claim is that B, v J O, (O) are all scheme dependent but 3y, 31, 7, AM, B+
J,C (O) are scheme inpedendent. We do not prove this here.

We can make the following conclusions

(1) AW — BM — J is scheme independent. A cancellation occurs between v and
BW(matching and anomalous dimension’s cheme dependencies cancel)

) ’7(0)/250 . .
) is scheme independent

(2) LL result, (O‘(%

(3) Scheme dependence of (1 + aj'l—(ﬂ“)T) in C(u) is cancelled by scheme dependence of
(O(u)) at lower end of RG integration.

The lesson is if you take numbers at NLL from the literature you need to make sure you
are working in the same scheme as in the literature or you will get wrong results.
Remarks (subtleties) in full NLL analysis:

(1) vs = iv°y'9?+3 is inherently four dimensional and must be treated carefully in

dim.reg.

(2) Evanescent Operators: {1, 75, v, .75 0} is Dot a complete basis in d dimensions.
Additional operatore are called evanescent operators which involve Dirac structures
that vanish as ¢ — 0.

4.0.8 Phenomenology from Hy

Consider b — s7y. This is a flavor changing neutral current process and so can’t occur at
tree level. In the SM we have,



42 CHAPTER 4. LOOPS, RENORMALIZATION, AND MATCHING

v

If we integrate out the W and the top then we get a local operator. We can now enumerate
all the possible operators,

€
Qry = gzme30™ (1 +75)0F (4.143)
Qsc = #mbﬁ“a’“’ (1475)0Gy, (4.144)
Q1 = [57"(1 — y5)u] [uyu(1 — 75)d] (4.145)
Q2 ..., Quo (4.146)

where @9, .., Q19 are more four-quark operators. In the SM we just have ()7, and the
rest can be used to constrain new physics. To leading order we have,

+§;
b Q7,'y 5

The coefficient at lowest order is found by the loop diagram above,

my

CLo = oLo (@> ~ —0.195 (4.147)

The next thing you can think of doing is,

Q1

This diagram is actually 0 in a good scheme for 5. The diagram,

Q1
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Doing the calculation gives the LL solution,

8
8 .
Cry(p) = n'*PCLO + 3 (' = n'9P28) CEQ + > " hm™Cl© (4.148)
=1
where
_ Qs(mw) (4.149)
ovg(f)

and the right scale to use is y &~ my,. If we plug in numbers for the various terms we have
Cr (1) = —0.300 (4.150)

which is a pretty large change to C7, (50% larger then the non-evolved result). So you
need to make sure you properly understand the SM result when looking for new physics.
If you didn’t take this into account you would think that there is new physics here.

4.A QCD Wavefunction Renormalization

In this section we calculate the wavefunction renormalization of the quark fields below
the weak scale. Here we ignore the effects of QED which is valid as long as we work in
a regime that a, > «. Furthermore, when calculating wavefunction renormalization we
can ignore the weak interaction since the lowest order diagram,

RO

is independent of the incoming momenta. The Lagrangian in terms of renormalized
variables is given by,

_ 1 _
L= Ly — mibyp — ZG;;VGW + (Zy — D) + ... (4.151)

The only diagram that contributes to the quark self-energy at lowest order in «y is,

&M,

(note that ghosts only couple to gluons so they don’t conribute at this order). This
diagram is given by,

M= /W%W —[:;:1 s p1)2 —- (=g () (=T (), (4.152)

Simplifying gives,

1 1
2g2/ dapx l167r2 <E + logdm — v — log A)] Croij (4.153)
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where A = —p?z(1 — z) + m?*(1 — z) and Cr = 4/3. The counterterm is given by

i(Zy — 1)psy; (4.154)
Thus,
Mtz —1)) = 29 /d L log 4 ogA ) 4 e P LT g
dp v 162 T le T BTy T8 p A 1/}
- (4.155)
So in M .S we have,
Zy=1— 1622 /dm (E + log 47 — 7) (4.156)
2 1
=1- asCr (— + log 4w — 'y) (4.157)
€

In the notes for simplicity the professor just drops irrelevant + and log 47 terms.

4.B Operator Renormalization of Gauge Interaction

Peskin and Schroeder mention a few times that the anomalous dimension of a gauge
interaction operator is zero. The justification for this is that the charge operator shouldn’t
get modified under anomalous dimensions. Explicitly if you have a conserved current then
you also have an algebra,

[Q%, Q"] =if™Q. (4.158)
This equation can only hold if the charges are dimensionless. But the charges are given
by,

Q" = / 0 (4.159)

and so if the current operator gets an anomalous dimension, ) becomes dimensionful,
spoiling the algebra.
This can also be shown explicitly. Lets consider for simplicity the QED Lagrangian.
The two point Green’s function with the current is,

GV = (0| Tepy (p1)1ha (p2) " (K) |0) (4.160)

which diagramatically takes the form,

+ + +
7" > > (X)>—

e e >
+ +
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The wavefunction renormalization terms are accounted for by introducing a wavefunction
renormalization for the fermion. The final five diagrams can be summarized by a current

counterterm: P
. P
—1 4.161
(1) (4161)

J

We use as our renormalization condition:

J

We need to calculate the diagram,

We work in M S with massless fermions and only keep the divergent pieces. The part
without the external lines is

iG = /d‘*é%ﬁ”“(i)?(—i)(—ie)? (4.162)
2i¢?
= —% (4.163)

Due to our renormalization condition this must be cancelled by the CT.
The wavefunction renormalization is

62

Ly =1-—2 4.164
v 1672e ( )
So we have,
Zi—z, (1425 24 (4.165)
IT 1672 ) '

as desired.



Chapter 5

Chiral Lagrangians

This example has the following properties

e It is an example of a bottom-up EFT

e [t has a non-linear symmetry representation and their connection to field redefini-
tion

e In this example power counting instead done by loops but instead by powers of
momenta - This gives a non-trivial power counting.

e [t obeys what’s known as a power-counting theorem which tells you which diagrams
you need to calculate

Consider the QCD Lagrangian for massless quarks,

Locp = Yilpy = rildr, + Yrilpyr (5.1)

which has the symmetry,
Y — Lyg (5.2)
Yr — RYg (5.3)

where L and R are independent transformations. We have a group G(L, R) which will be
broken spontaneously by the Higgs. We can either take the light quarks to be up, down,
and strange or omit the strange:

G=(L,R) > H ) Goldstones Expansion
u
SU(3)LXSU(3)R—>SU(3)V d Wi,WO,Ki,KO,KO,n %N%
8 gen 8 gen 8 gen $
u .,
SU(2)1 x SU(2)r — SU(2)y ( y ) 2t 0 VR
3 gen 8 gen 8 gen

46
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You get a much better expansion parameter if you work with SU(2) but then you get
less information.

Matching at “Agcp” is non-perturbative so instead you construct Agpp for Goldstones
based just on symmetry breaking pattern. You will again get C;O;(m, K,n), but in this
case we can calculate the matrix elements since they are perturbative, but the C;’s are
non-perturbative and need to be derived from lattice QCD or experiment.

Note: Any other theroy with same symmetry breaking will give the same chiral La-
grangian, £, , just different C;’s. This is just one example of chiral Lagrangian’s and we
will use it as an example to illustrate our bullets above.

Consider for example the linear o-model. We define 7 as a matrix:

T=04+IiT T (5.4)

where T are the Pauli matrices. The full theory igT]

2
Lo = 1T ('0¥m) + L0y (') — 5 (T (')’

+ Yridvr, + VRidr — g (Vrmr + Yrmir) (5.5)
The theory has an SU(2), x SU(2)r symmetry:
vp— Ly, Yp— RYp , m— LrR (5.6)

The 7 transformation is a linear infinestimal transformation rule for 7, o.

We have,

R = 6iC!R~T
The scalar potential is,
2
A
V=-E (o) + 5 (o + %) (5.9)
A 2\?
=3 <02 +mw? — %) + const (5.10)

Tt may not be obvious that such a Lagrangian represents a SU(2)r, x SU(2)r symmetry. To see this
we need to define 7 as part of a bigger (Hermitian) matrix,

=4 7)
=5 )

and we have under a SU(2), x SU(2)g transformation,

which leads to the transformation matrix:

I — unut
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Finding the minima, its easy to see that if u? > 0 we have a minima at p?/\.

We give 0 a VEV:

2

<0|o|o>a}:“7 L (=0 , G=0—u (5.11)

The new Lagrangian is,

L= % (0,606 — 21°67] + % (07 - 0'7) + Mg (67 + 7°) — 2 (52 + =2]°

+ i + YridYr — gv (VL + VrR)
—g (QZL(ET — T )Y+ Yp(6 —iT w)wR) (5.12)
We have a remanent SU(2) vector symmetry:
g6 , w™—=VrVT (5.13)
The 6 has a mass but the pions are massless:
mi=2u>=2 o> , my=gv , Mmr=0 (5.14)

We now try a few field redefinitions which we use as an organizational tool. We can
make the square root redefinition:

S=+v(@+v)?+nm2—-v=0+.. (5.15)
v

¢ = =T+ ... (5~16)

or equivalently,

o=(S+v) 1—‘:;22 (5.17)
= (5+v) % (5.18)
We have,
1 1 S\ 2 0. )2
£= 31y - s+ (E2) o0+ L 00T

v+ Siﬁ (0 — o)V i ] ¥ (5.19)

— \vS? — i54 +idp — g
4 v
In this expression we have omitted most of the non-renormalizable terms.
There is an alternative representation that’s commonly found in the literature where
we take (we write a prime on the 7 field since it is slightly different then the ways we
defined it above),

(%

T=oc+it-w=@wW+ 52 ZZeXp(“—'ﬂ) (5.20)
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which gives,

L= (0" 2°87] + (”%S)Qﬁ (0,505) — o — 75"
+ i — g(v + 5) (VLE¢R + VrYYL) (5.21)

The final representation will be different and is known as the non-linear chiral La-
grangian. To get there we just drop S, (the massive fields). In other words, we are
integrating out the heavier degrees of freedom. This gives,

2
L= 7T [9,50"2] (5.22)

The first three actions we wrote down were identical but this final one is only equivalent
for low energy phenomenology to L, .
For example consider Goldstone boson scattering:

rtrd — rtrf (5.23)

where ¢ = p/, — py = po — py. We can have,

The amplitude in the different representation isEL

Linear = — 2\ + (—22’)\1))2;' = (—2i)) (1 + Lﬁ) =iq*/v* +
2 —m? 2 — 202
(5.24)
Square Root = ig*/v* + O(q") (5.25)
Exponential = i¢*/v* + O(q") (5.26)
Non-linear = ig*/v? + 0 (5.27)

Thus as expected to leading order all the amplitudes are the same (they are the same to all
orders in the first three representations). However, the change is in the way we think about
each diagram. The linear representation doesn’t contain any derivative interactions.
That’s why a propagator was needed to get all diagrams of over ¢?/v?. From this point of
view the linear representation is the least convenient. It hides what we think of as being
leading order. Every other representation can work well.

2To calculate the amplitudes you needs to be careful with symmetry factors and use m = 2u? = 2\v?
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The non-linear Lagrangian is the most convenient since it only has a low energy, >
field with derivative couplings. for SU(2); x SU(2)g we have,

S—S , L= LYR (5.28)

with

5 = exp (” ' ’T) (5.29)

(Y

and 7r transforms non-linearly. In an infinestimal transformation we have,

¥ — Y =LYR! (5.30)
/
L = (1 —irtag,) (1+3770) (1+i"ana) + O(n%) (5.31)
ia;_iaﬂ'a_iTa(a — )+O( 2) (532)
T y =1T U 9 L,a R,a ™ :
= 77; =Tq — % (aL,a - aR,a) + 0(71-2) (533)

Thus to lowest order the transformed 7 field is shifted. This tells you that the theory
must be derivatively coupled. The 7% and higher terms mix between the different pions.
To get to our final convenient Lagrangian we went through the linear sigma model.
This was an unecessary detour and we would like to write down £, from the start. To
do that we go back to study the symmetry breaking pattern.
Consider a system invariant under a group G with elements g. The vacuum state (|0))
is not invariant under GG but only under a subgroup of GG, H, with elements, h. Explicitly:

U(g)0) # 10) (5.34)
U(h)10) = 10) (5.35)

The number of massive bosons are equal to the dimension of H, while the number of
Goldstone bosons are equal to the dimension of the coset, G/H (which is also equal to
the number of broken generators). We say the the Goldstone bosons live in the coset
space, G/H.

The symmetry breaking pattern is G — H coset is parametrized by X. We have a
generator,

g€ (L,R) = he (V,V) (5.36)

We have,
9= (91, 9r) = E(x)h (5.37)

where =(z) is some field to parameterize fluctuations where we pull out the subgroup, h.
The notation is such that,

(91, 92) (93, 94) = (9193, 9294) (5.38)
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We can use this to find a convenient choice of =:

E(z) €eH
(9z,9r) (9v,9v) = (9L9v, grgv) = (ngLgRgv,gRgv> (5.39)
= ( 919k 1) (9r9v, grOV) (5.40)
N N’
E:ng}; E(V,V)

Y= ngL parametrizes the coset and transforms as,
Y — LYR' (5.41)

In terms of broken generators, X, then a very general definition of what = is given
by,
=(z) = exp (ZXW—@)) (5.42)
v

This is found using what’s known as the CCWZ perscription.
You can pick different choices for the broken generators, X*. If we take

X'=1] (5.43)
then we get what we got above:
- _ (T /v 0
E(z) = (e . : el ) (5.44)

and we can also derive, ¥ — LYRT.
Another possible choice is given by,

X*=1f—1T4 (5.45)

which gives a different Z(x) and is usually denoted by £ ([Q 7: If I understand correctly,
&(x) = TR/ where the plus sign came from compex conjugationg in gy, 9;2])

We avoid further discussion, but the key point is that there is a way of thinking about
chiral Lagrangian’s even from starting from the low energy point of view.

For QCD, common convension is, v = f/v/2. We have]

S = exp (#) . M= ”;T; - ( ”07{\/5 _7:;;\/5 ) (5.46)

which gives,

L, = ngr (8,570"%) (5.47)
_f? 2i 1 ; 2, 1

(5.48)

= STY (@, M0"M) + #Tr (M, 9, MP?) + .. (5.49)

3In order to derive the form of M we need to put the Pauli matrices in the adjoint representation
These are the states that are charge eigenstates and hence the interaction basis of EM.
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where we have used that the trace of 3 M’s is zero since Tr [1;7;7;] = 0.

In the SM the symmetry is also broken explicitly (technically its broken spontaneously
through the Higgs but this breaking happens at a much higher scale and so its effectively
a explicit breaking at this low scale). To add this effect we do what’s known as a spurion
analysis.

A spurion analysis lets you find the correct low energy physics terms to put in your
Lagrangian. They are unique in the sense that any UV physics will integrate out to this
form. The idea is to find the term that you know breaks your symmetry. Then let the
coupling of that term transform as if it were a field (which we call a “spurion”) such
that the term is now invariant under that symmetry. Now write down all terms that are
invariant assuming this new transformation rule. Once this is done you can return the
spurion to its constant value.

Consider the QCD Lagrangian,

Locp =9 (i) —m) (5.50)

The mass term breaks the chiral symmetry as it is given by,

_ - my, O
Lo = —Dumgbn — brmgby My = ( vy ) (5.51)
The Lagrangian is invariant under the chiral symmetry,
L 0
¢—>(O R)w (5.52)
if m, were to transform as,
my S Lmg R (5.53)

We now find all terms invariant under this transformation law. In this case we get one
extra term, L7 = yo'Tr (mZZ + mqZT), with vy being some constant with dimensions
of (mass)®. Now we can return to treating m, as a constant. To find the masses of the
pion we expand >:

2iM  4M?
which gives,
Ly =veTr [m St + h.c] (5.55)
- _4%% [, M?] (5.56)
o m, 0 70 /v/2 mt 7r0/\/§ 7wt
(5 ) ) 5] o
St (3 o

-~

2
mx
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Note that ¥ is a real scalar so the pions are all degenerate.
We can now couple currents to our fields as well. We can have a left handed fermion
current (could be coupled to the W+ for example),

JE = Py (5.59)

To find out how to add such a term to the Lagrangian we can think of getting the current
through,

T = é@) (5.60)
for some ¢* which will be our spurion,
o= bt (5.61)
(this is closely related to the W, boson).
We take it to transform like a left handed gauge field 1,
" — L(z)0" LY (z) + (0,L(z)) L' (x) (5.62)
This gives you an invariant in the original theory through the covariant derivative,
DFy = 0'"E +ilh's (5.63)
The spurion is letting us track the symmetry breaking.
5.1 Feynman Rules, Power Counting, and Loops
The Lagrangian is,
£O = %QTr (0"19,8) + voTr (mf L + m, X (5.64)

Note that f and vy are not small so there is no small coupling constant to expand around
as done in typical perturbation theory. Instead we will do our power counting in powers
of momenta or pion mass. We have,
VoMmy
£2
4To see why this is the correct transformation law consider the gauge covariant derivative of the weak
interaction, D, = 0yt —igWit,1. Under a gauge transformation we have,

inglJ = 8#'(/) - D;ﬂb
— 8u (L(x)w) - L(x)D/ﬂf)
= (8 L)LT + LW, LT) ¢/

(5.65)

82Np2wm72rf\/

which implies that a gauge field transforms as

igW,, — (0, L)L' + LW, L}
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We expand

2 2
b My

27 A2

A2T A%

where A, is some cutoff scale. This is both a derivative and m, expansion.

If we look at the original Lagrangian we have, [() 8: Calculate these Feynman rules]

<1 (5.66)

from the lowest order expansion of the Lagrangian,

C- 6iszr (IM, 9, M] (M, 9" M]) + o1y

7 (mgM?) (5.67)
5.1.1 Loops and A,
4 ‘ / /
VT [l 01 ! (=)
PRSI @ =m)(l=py—p)2—mzl  f?

Here we use dim-reg since dim-reg preserves chiral symmetry. The finite part of the loop
is roughly given by,

' pm2md) (% md)
(42 I

——
tree level 4-pt

2 2
p° or m;

) (5.68)

Loops are suppressed by K—z where A, = 4nf ~ GeV. In practice we know that the p
X

meson appears at about ~ 770MeV, so our cutoff is roughly of the correct order.
We now introduce use a convenient rescaling:

f2
gX = mq'UO

(5.69)
now the chiral Lagrangian at tree level is given by,

2 2
s %Tr (9,270"%) + %Tr (XS + x=) (5.70)
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We want to use dim-reg and so we need to look at dimensions of objects:

[M]=1-—¢ (5.71)
[fl=1—¢ (5.72)
Therefordﬂ,
fbare — Iu—sf (573)
,Ugare — /11726'00 5 74)
There are no p’s in physical quantities such as in, m,, my, .... Thus we must have,
bare
—_—=— 5.75
T T o7

Notice that there is an important difference between a chiral pertrubation theory and
a gauge theory. In a gauge theory the couplings get a renormalization factors, Z;. But
in chiral pertrubation theory the loops don’t renormalize the leading order Lagrangian,
they renormalize something else. The two point functions never get renormalized since
loops are suppressed by either p? or m2.
When you do the loop calculation you do get a UV divergence,
@1 I

1
loop value ~ — +log —, - +log — (5.76)
€ p? e m2

Generically both the momentum and pion mass will show up. The loops enter at

O(p*) ~ O(p*m3) ~ O(my) (5.77)
To cancel the 1/e we need a counterterm, but not in the leading order Lagrangian but
instead at the loop Lagrangian. At this order we also have new operators that are the
same order in our power counting.

For SU(2):[Q 9: Write down all possible terms explicitly.]

£ =L (Tr (9,20"SM)? + LyTr (9,20,51) Tr (9505 + .. (5.78)
where the ellipses stand for terms involving one m, (or equivalently one x) and two
J’s or 2 m,’s. Its 6L; counterterms that cancel the 1/e UV divergences. The theory is

renormalizable order by order.
One can show that the equation of motion is [Q 10: Calculate]

1
(O*2)2F — B(9?21) — x BT 4+ 2xT + ;T (x=t—=x) =0 (5.79)

5The 2¢ instead of € can be seen from eq. and the fact that m, and x are physical quantities.
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This can be used to get rid of the 9> contributions. Furthermore, we also have some
SU(2) identities, [Q 11: prove]

Tr (029,510,505 = % [Tr (8,20"51)]” (5.80)
Tr (0#20"%10,50,57) = ... (5.81)

At O(p*) we include both loops ~ p*log Z—i and we include terms like ~ p*L; o(p1) terms
from

The p dependence cancels between the two contributions. One can think of p as a cutoff
between the low energy physics in loops and the high energy coefficient, L;(x). The
difference between this and integrating out the massive particle is not the physics about
where things go because the low energy physics always goes in the matrix elements and
the high energy physics is in the couplings. The difference is that we can calculate the
matrix elements explicitly because our theory is in terms of the right degrees of freedoms
and the coefficients are unknowns. This is the difference between the bottom up (which
we work in here) and top down approach which we take here.

We expect,
Li(p) 1 M
= log — + b; .82
) — g [wlos 4+ (582
and

This is “Naive Dimensional Analysis”. Changing p moves pieces back and forth from low
energy to high energy. The sum is p independent but each indiviaul part is not, thus we
expect them to be the same order of magnitude, hence a; ~ b; ~ 1.

Typically we pick © ~ m,, m,, or something in between p ~ 1GeV. The idea is to
put the large logs in the matrix elements not in the coefficients. Here there is not an
infinite series of large logarithms that you need to resum which is related to the fact that
the kinetic term never gets renormalized. We simply have one log in the renormalization
group. We calculate matrix elements and then fit the coefficients L; to data.

Now lets consider what would happen if we used a hard cutoff, A. The advantage
is that we would be able to explicitly see the difference between low and high energy
physics. The (large) price to pay is,

\\\// N A4 A2p2 p4A

, ~ " TA2 A4
1/ \\_1/ \'A AX2 AX AX
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At/ Ai breaks chiral symmetry since it has no counter term. AZp?/ Ai breaks power
counting. This can be absorbed into your leading order counting. The p*log A/ A;‘( can
also be absorbed in L;p* as in dim-reg. We won’t use a cutoff since we don’t want to
think of terms that break power-counting or chiral symmetry.

5.1.2 Infrared Divergences

2

s

O* couplings make IR nicer and we since usually have good p?,m2 — 0 limit of your

results.

5.1.3 Phenomenology

As a phenomenological example consider 7w — 77 scattering. Below inelastic thresholds
(no mm — 4m), the scattering is particularly simple. The S matrix is [ 12: How did we
get this?]

Sy = e¥our (5.84)

)

where [ is the isospin and ¢ is the angular momentum. So in other words the S matrix
is just a phase as in simple quantum mechanical scattering.
One can then use an effective range expansion,
0,1
To

1
p* ooty = —— + 2 p 4 ... (5.85)
Qy 1 2

This is a general result from QM. If you do an explicit calculation using chiral perturbation
theory then you can find the a,; coefficients.

5.1.4 General Power Counting

Lets consider an arbitrary diagram in this theory with N, vertices, N; internal lines, Ng
external lines, and Ny number of loops. We don’t want to restrict ourselves to leading
order vertices so we write,

N, =) N, (5.86)

where N, is the number of vertices that go as p", mJ.
We assume we use dim-reg so we can just count mass dimension. We count the A,
factors for matrix elements, M, of Ng external pions.

(Ay) = Nottmm) (5.87)

For lowest order, n = 2 — f2. For ny — L; which were dimensionless. There are alos f’s
that come with the pions,
(Ay) e (5.88)
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The Euler identity tells us that

Nr=N,+N,—-1 (5.89)
which we can use to eliminate Nj.
1
~ (mass)* " (5.91)

where E is m, or p and D is some parameter which initially we know nothing about. We
have different objects giving mass dimensions, f’s and E’s. But because we know the
mass dimension of the final answer we get,

D=2+ N,(n—2)+2N, (5.92)

which implies that D > 2 and when we add vertices or loops we get more E’s.
People often refer to this process as p-counting. We just need to count loops and
higher order vertices. For example, £:

,
N\ 7
N
4 4
e
N
N

+ -7 A
5.1.5 SU(3)
In SU(3) we have,
m, 0O 0
my = 0 mg O (5.93)
0 0 ms,
we have,
caye [ (@ +0)/V2 * K*
M = = T —(m"=n)/V2 K° (5.94)

\/i K~ K° — \/57]
where we have written out the mesons in the charged basis. There is a freedom in what
basis to pick and in different situations different bases are more convenient. If we expand,

Tr (Sm) + myXT) (5.95)
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then you get masses for the mesons. Since the group is larger the theory is more predictive
and you also get,
4v
Mo = Mo = — (Mg +my) (5.96)

72
and there is a mixing between 7 and 7° since they have the same quantum numbers:

m (mu —ma)/V/3 )

2 4v u
m=p ( (11— ma)/V3 (4me + 1y + )3 (5.97)

where the mixing is isospin violating since it takes the form, m, — my. Often when you
do calulations keeping m,,, mg4, ms as all separate parameters is a little much. We often
ignore isospin violation and take

1 .
Myg =M = 3 (Mmy +mg), ms>m (5.98)
For higher orders we have,
f2
£O = ST [DBIDIS 4 XI5+ 2] (5.99)
where
DY =0,Y+i,% (5.100)
For power counting purposes:
Y~1, D,S~p, L,~p, E~my~p (5.101)

and we can then enumerate our higher order terms ag’]

LY = L, [Tr (D, =D*sN]* 4 LyTr (D,TD'SF) Tr (D*T D)
+ LyTr [D,ED*Y'D,2D"Y] + L, Tr (D, ED"*SY) Tr (xSF + y )
+ LsTr (D, DS (xSt + 5x1) + Lo [Tr (x=F + 5y
+ Lz [Tr ('S = )] + LsTr (xS + x5y )
+ LyTr [L,, D"SD"ST] (5.102)
where
Ly = [Dy, Dy = 0,6, — 0L, +i[l,, 0] (5.103)

We have 9 operators when we couple ¢ and y. In the above we have used both the
equations of motion and SU(3) relations.

6In the following we also impose parity as we know its a good symmetry in QCD.
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We can make a correspondence between SU(2) and SU(3). In the SU(2) theory the
Kaon is in the coefficients. A proper correspondence gives,

1 p?
oL P + LY =20, — Ly — ——— (1 +log - 5.104
b ! 3 96(47)? +log m2 ( )
so what you think of the coefficients of your theory depend on the matter that you put
in.
Renormalization of L; gives,

Li=L;+0L; (5.105)
h
where N
OLi = 35 (g —log4r +v5 —1) (5.106)
convention
The pion mass is,
2 47)0 . “
mg = e (my, +mgq) = 2Bym (5.107)
A mass shift is given by,
i *
S :/> .
In SU(2) we have,
2 _ o[y _16mG (ore) re) e Fe) L T, T
m? =m} |1~ (2L4 +I® 4L® LS ) e (5.108)
In SU(3) we have,
16m DBy - . 168y -
where,
2 2
=g T (5.110)

M=l

and f is the parameter in £©).



Chapter 6

Heavy Quark Effective Theory

With this effective theory our goals are
Build Lagrangian with labelled fields, H,.

Heavy Quark Symmetry with covariant representations

Anomalous dimensions that are functions

Reparameterization Invariance

Limitations of M.S which arise from power-like scale separation and renormalons

When we work with Heavy Quark Effective Theory (HQET) we don’t want to remove
the heavy quarks from the theory, but we want to see the effects of the light degrees
of freedom on the heavy quark. In other words, we just want to “tickle” it with light
particles. In other words its an EFT for sources that can wiggle.

A typical picture would be,

One heavy quark and lots of light junk. In the quark model the degrees of freedom are
(g mesons. There are two scales in the problem. The size and the mass,

r e~ AQCD < mg (61)
We want to describe fluctuations of ) due to lighter degrees of freedom. We take,
lim £= lim Q (i) —mg)Q (6.2)

mgQ—o0 mgQ—00

61
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where D, = 0, —1gA;T". Notice that the mass is upstairs so its not obvious as it was in
chiral perturbation theory how to proceed.

Instead lets start with the Feynman rules. Consider the propagator for a heavy quark.
We want it to be on-shell up to corrections of order Agcp. We furthermore, give it four
velocity v* with v? = 1. With this in mind we can write,

P = mgout + k" (6.3)
where k* ~ Agep descirbes how off-shell the heavy quark is. We can now write,

P+mq) _ i(mof+mq+F)
p?—my +ic  2mqu -k +E? +ie

:¢(1;¢>v.k1+i6+0<m%2> (6.5)

We can also consider the vertices in this theory,

% = —igy"T"

If we are dealing with n-point functions then we will always have projectors around the
vertex due to the propagator,

PEL Lt (o) 4 g (6.0
:iﬁn“+¢mﬂ] (6.7)
zwlgf (6.8)

where we have used the fact that

L+gl+y 1+

1
2 2 2 (6.10)

So we can make the replacement v* — v*. The gauge vertex becomes,

% = —jgurTA

We see that the interaction is going to be independent of the spin structure of the heavy
quark!
With this propagator and interaction we can write down the HQET Lagrangian,

Luoer = Quiv - DQ, (6.11)
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where the @), field satisfies

and

w-D=iw-0—gv-A (6.13)
This field describes the heavy quark.
Our derivation of the HQET Lagrangian was in an indirect derivation. We now

rederive this result directly instead.
We start with a convenient field redefintion,

Q(x) = ™M [Q,(x) + By(x)] (6.14)
6Qu=cme 0w, B, = el o) (6.15)
where ) .
%ﬁQU = Qm %Bv - Bv (616)
Rearranging gives,
VQu, = Qy, ¥B,=—B, (6.17)

To understand the motivation for extracting the phase consider acting on ), with the
momentum operator,

PQu(x) eiva-x# (o, + P,) Q(x) (6.18)

Therefore, the momentum of @), (and B,) is the same as () except shifted by mqu,, (the
momenta of the heavy quark).
We can break the ) into two pieces:

i) = yiv- D+ i)y (6.19)

where
Df = D' —v*v - D (6.20)

such that v- Dy = 0.

So,
Locp = [Qu + By €™ {piv - D+ ilpy —mq} e "2V [Q, + B, (6.21)
= [Q, + B,] e)e” ) ((§ — L)mg + $iv - D + ilDy) (Qu + B,) (6.22)
= Q,iv- DQ, — B, (iv- D + 2mq) B, + QuilDr B, + B,ilDrQ, (6.23)

where we have used]

L—¢y 1+¢
Pyt =t (620

Notice that the @, field is massless while the B, field is very heavy! In the case with
only external ), fields with mg — oo, B, decouples. Diagramatically,

!We purposely express the final result in terms of both D, and Dr, for reasons that will become
clear later.
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1
NN ~— =0

Qo B, Qo mqQ

So if we drop the B, field we get the result above,
Luqer = Qviv -DQ, (6.25)

Physically what is happening is (), corresponds to the heavy particles and B, corresponds
to the heavy antiparticles. By making the phase redefinition that we did then we chose
to expand about the particles. If we chose the opposite phase we would have expanded
around the antiparticles instead.

We summarize some important points:

1. The above field redefinition was at tree level and is valid to leading order in 1/my
and a,(mg). It correctly describe the coupling to k* < mg gluons at leading
orders.

2. The antiparticles are integrated out. Its easiest to see that if we go to the rest
frame,
v* = (1,0,0,0)" (6.26)
which gives,
I+9 1+
2 2
Thus in the Dirac representation for the gamma matrices,

1+ [ ¥y \ <« particles
2 UDirac = ( 0 <+ antiparticles (6.29)

This will be true independently of which representation you use the for gamma
matrices, but the Dirac representations makes the differentiation between particles
and antiparticles manifest.

(6.27)

we have,

The way to think of this physically is we are studying heavy particles close to their
mass shell. We measure fluctations near the heavy mass, mg. If you are perturbing
about mg then the antiparticles are “very far away” since the splitting is 2my.
Thus there is no pair creation.

This can be seen from drawing a time-ordered perturbation theory diagram (this is
not a Feynman diagram!) for pair creation,
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The intermediate state has 3 heavy particles and its off-shell by 2mg. This can
alternatively be seen from a vacuum polarization Feynman diagram,

(e

Thus the number of heavy quarks in preserved. We have an extra U(1) symmetry
for HQET which is not existent in QCD.

. The extra U(1) is actually part of a bigger symmetry called, Heavy Quark Symme-
try. It is part of a flavor symmetry,

U(Ny) (6.30)

for Nj, heavy quarks. The reason this symmetry exists is that Ly oper is independent
of mg and hence doesn’t see the flavor of that quark.

We also have an new spin symmetry, SU(2), since our Lagrangian is independent
of the two remaining spin components,

Quiv-DQ, (6.31)
no spin matrices (such as -,

In the rest frame the heavy quark spin transformation is,

171 a0 71 0.
SQ_§(0 0i>—§7577 (6.32)

and the infinestismal version of the transformation takes the form,
Q. =(1+1i0-Sq)Q, (6.33)

which gives, B
0L =Qyliv-D,if -S| Q, =0 (6.34)
since v - D doesn’t carry any matrix structure.

Furthermore in the rest frame we have,

¥.Qy = (140 -Sq) Qu, (6.35)
=Q, (6.36)

where we denote the rest frame variables with a subscript 7.

But boosting both sides of the equation we see that

VA, UMUM@, = UM)Q, (6.37)

v

¥Q, = Q, (6.38)
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so the rotation acts within the two component subspace.
All together we have U(2N},) symmetry where @, field is a fundamental in the
group. For example,

1 < b-quark with spin-up

0 (6.39)

and some other component may be a charm quark in a spin up, b quark with spin
down, etc.

. The velocity, v, appears in the phase and on the field, ),,. This operator is useful

because its a conserved quantity by low energy QCD interactions. In our definition,
p=mgu+k (6.40)

k* can change the momenta, but not v*.

. The power counting is done in 1 / mg. The mode expansion is

use 1p:r:_|_bs’[ s sz 6.41
m ) (6.41)
This implies that
_ I+ {4 / ik ih-a-F2imou-
use ik-x + bsT,Usez z+2imgu-x 6.42
JaE 2 : ) 64

What we did with the Q(z) field is that we pulled out the phase, e~™v®  That
leaves in @, just e~*%. So derivatives acting on Q, give,

01 Qy ~ K Q. (6.43)

and so there are no mg’s in the derivative. That’s the magic of making this field
redefinition. Since we want to count mg we want to make these mg’s explicit. So
coordinate, x corresponds in (), corresponds to the low energy variations, i.e. over
scales, < myg.

In subleading Lagrangians and external operators, all the powers of mg are going
to be explicit which makes doing the power counting very simple.

6.0.1 States

So far we have ignored states. These have one last hiding mqg. The usual relativistic
normalization for relativistic particles is

(H(p)|H(p)) = 2E,(2m)*0*(p — P') (6.44)
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but E, = y/m3 + p? has a heavy quark mass hiding in it (myg ~ mg). States defined
from lim,,, 00 Lager are different by their norm and 1/mg corrections. Instead we
define,

) = Vi 1) + 0 ()] (6.4
which gives,

(H(W', k)| H (v, k)) = 20°6,.,(27)*0° (k — k') (6.46)

This says that hadrons with differenties velocity don’t interact.

6.0.2 Spectroscopy

Light quarks and gluons are still described by Locp. As mg — 0o, Q¢ has quantum
numbers of @, ¢, and any number of quarks and gluons (the light degrees of freedom
(dof)). Total angular momentum, J, is a good quantum number. The heavy quark spin,
Sg, is also conserved.

Therefore the angular momentum of the light dof,

S, =J —Sg (6.47)

must also be conserved. Even though its composed of a messy combination of quark and
gluons popping in and out of the vacuum, it is still a good quantum number (QN). As
usual we have,

J2— J(J+1) (6.48)
S? — Sg (Sg + 1) (649)
Since S = 1/2 we expect to get symmetry doublets for our mesons. The lowest angular

momentum states will form a pseudoscalar and a vector. Other combinations can arise
from higher ¢ states.

ST | Mesons
Lightest | 1~ | B,B* | j=0,1
o
B LDy | =1,
Baryons | 0" Ay j=1/2
1t | 5,5 |j=3,3

6.1 Covariant Representation of Fields

We will encode Heavy Quark Symmetry (HQS) in objects with nice transformation prop-
erties. We need a way to describe the meson doublets such as, B, B* using fields. We
define H{? as an object that describes the ground state meson, ()q.

This objects needs to annhilate both the pseudoscalar and meson fields. Vector par-
ticles have a polarization vector, €,, with €2 = —1 and v - e = 0. The amplitude for piY
to annhilate a vector is given by €, [Q 13: Why?].
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We would like this object to be in the (1/2,1/2) representation of the Lorentz group.
Furthermore, it must transforms as,

H;,(2") = D(A)H,(x)D(A)~! (6.50)
where v' = Av and 2/ = Az. Lastly we require,
YH, = H, (6.51)
such that there is no heavy antiquark. The simplest way to impose these conditions is,

@ _ L1+9

( : [Pr@ 4 i (@] (6.52)

With the form above we see that H,y = —H,. This holds because the polarization of
spin-1 particles satisfies, v-e =0= v - P; = 0.
In the rest frame, v = (1,0), the field is given by

0 iP,—0o-Pj,
H,, = < 0 0 ) (6.53)

To derive this expression we used the fact that P;, = 0 due to gauge invariance and we
work in the Dirac representation.
The H,, field transforms as a (1/2,1/2) representation under, Sg ® Sy. We have,

i L, i 1 i
(56, Hy ] = §U4X4Hw, (S}, H,, ] = —§Hv7ra4x4 (6.54)
where o, 4 = i€ [1,7%] /4.
Under the heavy quark spin transformations we have,
H, — D(R)oH, (6.55)
which implies that
0H,=1[0-Sq, H,| (6.56)
Plugging in the form of H, we find,
1 . , 1 . 1
0P, = —50 Py 0P, = 50 x P, — 50 P, (6.57)

So the spin symmetry transforms the scalar into the vector as expected. The power of
H5? ) is that it allows you to make HQS predictions very easily.
For example consider heavy quark decay constants. For B and D decay we have,

(0lgy*sQ|P(p)) = —ifpp" (6.58)
= —1 fympo" (6.59)
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while for the vector mesons such as D*, B* we have,

(0lgy"*Q|P*(p; €)) = fp-€" (6.60)

(Q 14: Why do we not have a fp.p" contribution?] Working out the dimensions we
must have that fp is dimension one and fp+ is dimension 2. We know that heavy quark
symmetry must relate the two decay constants. We now work it out.

First we need to change () in the current since we need to make the mg explicit. The
HQET currents can be written,

1
Q) (0) = Q) 0)+0 1) (6.61)
mq
Under HQS we have,
Qv — D(R)Q, (6.62)
We want to encode in a general object that involves H, field that transforms the same
way.
We do the usual trick. We pretend that we have the transformation,
I - TD(R™) (6.63)

and then I'H, is invariant (only one H, since the number of heavy quarks in conserved).
Lorentz invariance requires,
Tr( X TH,) (6.64)
~~
QCD stuff

In general X is a Lorentz bispinor and can be a complication combination of QCD
interactions. The only parameter which it can depend on is v*.Thus it must have the
form,

X = ap(v®) + pa; (v?) (6.65)

But since

Tr (yT H,) = Tr (TH,¢) = —Tr (T H,) (6.66)

the ¢ contribution can be eliminated. Furthermore, v = 1. Thus we can simply write,
X = a/2 for some constant a (the 1/2 is a convention). Evaluating the trace explicitly
we have,

—iU“Pv F = 7“75

P T o= (6.67)

Tr(XTH,) =a {

The way to think about this is that in the matrix element (and only in the matrix
element!):

qrQ, = gTr (TH,) (6.68)
so then

(0|g7"v5Qu|P(v)) = —iav* (6.69)
(0|1g7"Qy| P* (v, €)) = ae™ (6.70)
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and so a ~ AZ@D by dimension. You can then relate a the the decay constants which
gives,

Jp= , fpe=ay/mp- (6.71)

You can make predictions from this:

3/2
CD
f5 ~ =457 ~ 180MeV (6.72)
my,
and
Je _ Mmoo (6.73)
Ip mp

This gives a lot of power in semileptonic decays. For example,

B — Dty (6.74)
B — D*tv (6.75)

In QCD there are 6 form factors, but in HQET there is one normalized factor.

6.1.1 HQET Radiative Corrections

Thus far we have ignored a; corrections. We now study what impact having labels, v*,
have. We need to study,

e Renormalization L, JH
e Matching Jhop =C (mLQ> Jhopr + O (mLQ>

We begin by studying wavefunction renormalization: Just like in regular QFT our
fields have a bare and a renormalized version,

QY = z,%q, (6.76)

We need to calculate,

{égg% ’U2 eVE (4r) ¢

k q+k k v (q+k) q>

where we draw a heavy quark with a double line. We have one heavy quark propagator and
a relativistic propagator. This diagram is IR divergent. Since we want to use counterterms
to fix UV divergences we insert a small gluon mass, m, which we take to zero at the end
of the calculation.

2Recall that the dimensions of |P*(v,€)) and |P(v)) are —3/2.
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We can’t use Feynman trick since we don’t have squares in the denomenator. Instead
we use the Georgi trick,

< dA Cdu/b 1
/0 (a + 20X)? /a u? ab (6.77)
For more general propagators one can use,
1 L(r+s) [~ s
= 2° AN\ ———— :
ab’ L(r)[(s) /0 (a + 2b\)r+s (6.78)

In our case we have, a = ¢> — m? b=v- (¢ + k). The denomenator becomes,
D= (¢"+2\-q+2X\-k+ie)? = ((¢+ W)* — A)? (6.79)

where A = A(A — 2v - k — ie). Thus our diagram takes the form,

1
=_C 2e 2 € EVE/dd - 6.80
e g (4) Y (6.80)
2 o —e
= 1205u26g2667E (4#)6/ dAL(€/2) [\* = 2Xv - p + m?] /2 (6.81)
0
to carry our the integral over A we need to use a recursion relation. Consider,
d
i\ [(A+ )N+ 20X + )] = ()" + (A4 b)a(A* + 20X + ¢)* (2 + 2b) (6.82)
= ()" +2a() T A+ =0 e+ b — (] (6.83)
= ()4 2a ()" 4 2a(b? —¢) ()] (6.84)
1 2 00 2
I(a) = roa [(A+ D)X+ 20A + ¢)°| 7 — 2a(b* — ¢)I(a —1)]
(6.85)
but
lim A% =0 (6.86)
A—00
as long as z can be analytically continued to negative values. Therefore we have,
I(a) =~ [be" — 2a(t® — &) I(a— 1)] (6.87)
14 2a

Making use of this relation we have,

o) e 1
/ dX [N = v p+ m?] = 1_€{U-pm6+6((v'p)2—m2)
0

x/ d)\(/\2—2)\v~p+m2)_6/2_1} (6.88)
0
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After being multiplied by a 1/¢, the integral that’s left is finite. We drop this term. We
are then left with,

= icéf % (6.89)
Therefore we need a counterterm,
=== (L, — 1)v-p
with,
Zp =1+ Zf;f: (6.90)

in M S. Note that this is not equal to Z, in QCD.
Now consider the renormalization of local operators. For example consider, b — ue™v.
We can write down the operators,

O = grQ©® (6.91)
N
O, = ia@ =ql'Q, + h 1) qrQ, (6.92)
Zo Zo

This amounts to the calculating,

(Combined with Z,, Z,)

This gives,
9

Zo=1 6.93
© + 8m2e (6.93)

So the anomalous dimension becomes,

2
g Qs

—_J __=s 6.94
Yo === - (6.94)

This gives running below mg (conserved current about mg had no evolution). Log’s
of mg have become UV divergences. One can show that the anomalous dimension is
independent of I" which is due to the spin symmetry of HQET.

A more interesting case is the renormalization of a heavy-heavy transition:

Tl" - Qv’FQv + <é - 1) QU’FQU (695)
Zr

In example of this would be B — D*e~u and we take my, m. — 0o. Going through the
same procedure we have,
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ddq
—iCrg?v - v’/
" (v q)(v' - q)

This integral has both UV and IR divergences. A careful calculation yields the UV

counterterm is,
2

Zp=1-— =y [wr(w) — 1] (6.96)
where w = v - v’ and
1 vw? —1
r(w) = LCRAC (6.97)
w? —1
which leads to the anomalous dimension,
e
yr = = [wr(w) — 1] (6.98)

372

The reason we have this structure because v? = v = 1, but v - v’ is not trivial.
Notes:

1. Answer depends on w = v - v'. We have a current,

JHOELw — 0 THQ, (6.99)

The Wilson coefficient depends on w:
C (s, pr, mpv*, me, V') = C (ovg, p, my, m2, v - v') (6.100)
In B — D*e"v we letﬂ,

Pl = mput (6.101)

mom. transfer to leptons

and
¢ =my +mh. — 2mpmp-v - V' (6.103)

Solving for w we find
1<w<15 (6.104)

is allowed ranged for this variable. It is fixed by external kinematics.

2. I'r is independent of choice of spin structure, I', due to heavy quark symmetry.

3¢ here is a new variable unrelated to the loop momenta above.
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3. What is physically happening is that we have log’s of the form,

mqQ

log (6.105)

Agep
in QCD which become,

log (6.106)

Agep

in HQET operators and log% hide in HQET Wilson coefficients. Anomalous
dimension sums up these logs.

. The leading log(LL) solution is to match at u = mg where C'(mg) = 1. Then the

LL result is,

Crelp,...) = C(mq) - U(mq, 1) (6.107)
- as('u) —/28Bo
1 LS (mQ)} (6.108)

where ~ is a constant for gI'Q, and a function of w for Q,I'Q,.

. The HQET matrix elements also depend on p. For example, consider the decay

constant,
(017" 75Qu| P(v)) = —ia(p)v” (6.109)
We want, p ~ 1GeV 2 Agep.

6.1.2 Matching - Perturbative corrections at o;(mg)

We use M S everywhere:

mw
Hyy
mq
HOQET
Agep

In the Hy regime (well above the heavy quark mass) we have,

(4(0, )77 QIQ(p, 8)) = [RORD]*u(0, ') [y* + Vi oy (1)) u(p, ) (6.110)

where the R’s are the UV finite residues in M.S and V* is the relevant diagram.
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In HQET we have,

1/2 _

((0,5)[aTQu|Q(v,)) = [RWRD] (0, &) [14+ Vi oy (1) | Tulw, ) (6.111)

An explicit calculation shows that the vector current, I' = v* in HQET has 2 currents:

gy Qu+ G Q. (6.112)
where
. 4
o _q 4 Q) [log@ _ _} (6.113)
T w3
2 a;
o) — 20w (6.114)
3

There is actually a nice trick that you can use to get these results that’s more general
than HQET. The idea is as follows. First pick an IR regulator to make calculation very
simple. The choice that does that here is to use dim-reg for the UV in MS but also
for the IR. If you do that you can convince yourself that all HQET graphs with on-shell
external momenta are scaleless,

1 1
X (— — —) (6.115)
cuv €IR

The 1/eyy get removed by counterterms in M S and you are left with 1/€;z. This makes
this simple since the IR divergences in the effective theory and in the full theory have to
match so the UV renormalized QCD graphs are,
ot 4 (6.116)
€IR mgq
The 1/¢;r term cancels when we substract HQET and so the matching is just the loga-
rithmic term.
So we don’t even need to calculate the HQET graphs. We can just directly get the
matching!

6.2 Nonperturbative Corrections

Thus far we have considered on O(as) corrections to the Lagrangian. Now we expand
the extension to include 1/mg corrections. Recall that the Lagrangian to all orders in
mg can be written,

Locp = Quiv- DQ, — B, (iv- D +2mg) B, + Quildr B, + B,ilp1Q, (6.117)

where B, is the antiparticle field that we discarded last time. We now integrate it out
more carefully keeping more than just the leading order term by solving the equation of
motion. This procedure is equivalent to doing the path integral for B,.
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We have,
oL _ _
55 —B, (gA-v —2mg) + gQ,A (6.118)
oL _ -
= — _B,i Q" 6.119
90, B,) 1y, +1QyY ( )
which gives,
—i0"Byv, +i0,Q" = —B, (gA - v+ 2mg) + gQ, A (6.120)
= ("0 + gA-v+2mgq) B, = (@ + gA) Q. (6.121)
= (iv- D+ 2mg) B, = ilDrQ, (6.122)

[Q 15: check the lines above]
Inserting this into the Lagrangian,

EQCD = Qviv : DQ’U - BZZpTQU + szBv + BvilDTQv (6123)

. -1
— Quiv- DQ, + ——Qilby (1 + 2 D) iDrQ, (6.124)
ZmQ QmQ
w-D )
2 + ) iDrQ, (6.125)

= Qviv - DQ, + LC?ZwT (1 -
QmQ
~ Quiv- DQ, — 5 —QPrrQ., (6120)
mq

where we have only kept the term lowest order in 1/mg. It is convenient to split this
new term into two contributions, one that breaks flavor symmetry but preserves the
heavy quark spin symmetry and one that breaks both. To do this we need to rewrite the
derivatives,

DrDy = 5,7, DyDy (6.127)

— (w30l (0RO 45 I0007) (6129

where we have split the terms into their symmetric and antisymmetric parts. Simplifying
using
7

O = 5 Yl Guw =tg[D,, D, (6.129)
and noting that Q, (Dr.py Dry] Qu = Q. [D,,D,] Q, we have,
Drlpy = D2 + gauuGW (6.130)
Inserting this into our Lagrangian we have,
_ 1 - g y
Quiv D= 5 -Q, (D% + 20" ) O, (6.131)
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Both terms spoil the heavy quark flavor symmetry as they have explicit dependence on
the heavy quark mass. However, only the second term breaks the spin symmetry as its
dependent on the quark spin (due to the v matrix structure in o).

The first term is simply the kinetic energy of the heavy quark (of the form, p?/2m)
while the second is a magnetic moment interaction.

6.3 Reparameterization Invariance

You may wonder whether we missed some term since by chance it vanished at tree level.
In general we must use the following procedure,
First write down all possible opertaors constrained by symmetries

1. Power counting, powers of 1/mg tell us dimension of fields needed
2. Gauge symmetry - add D*’s.
3. Discrete symmetries - C, P,T

4. But what about Lorentz invariance? Consider the 6 generators of the Lorentz group.
The rotations are,

MY MY MM (6.132)
Then there are boosts are:
v, MHT MOt MO% M3 (6.133)

Introducing v* breaks part of Lorentz invariance (since it gives a preferred frame).
However, this symmetry is restored by “reparametrized invariance” (RPI).

This is an additional symmetry on v* and is restored order by order in mg. To see
this consider the momenta of the heavy quark,

P = mQu" + k" (6.134)

The split is somewhat arbitrary since we can always move a small amount of energy from
E* to mgu* and back. In other words we should have invariance under,

m

ot ot (6.135)
mq
kb ki e (6.136)

where e is O(Agep). € can be thought of as infinitesimal. Recall that we had v? = 1.
We’d like this to be a RPI invariant so we need € - v = 0. Thus we have 3 components of
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€. We now change to fields. Recall that we have,

$Qu(0) = Qu(0) (6.137)
— (¢ + miQ) (Qu+0Qy) = Q@ + 0@ (6.138)
= (1-§)3Q, = miQQU (6.139)

One such solution is (casy to check)
5@;%@@ (6.140)

Therefore RPT is

v vt miQ (6.141)
Q= e” (1 + ﬁ) Qu (6.142)

This restores invariance under “small boosts”,
€~ AQCD (IlOt €~ mQ) (6143)

which are all we care about.

If we consider all the possible 1/mg operators in general consistent with the symme-
tries about one can show that none of the operators are missing. Including all orders in
s we have,

. D 200" Gl Qu
L0 = Gy P, - (g7 Cn (6.144)
277’LQ 4mQ

where C'x and Cg are the Wilson coefficients. Consider the RPI. The phase is the only
LO change. O is invariance at order O(mg) since v - € = 0.

L 450 =qQ, (1 + L) e (v + i) D {e’” (1 + i) Qv] (6.145)

2mQ mg meg
Using
1+9 1+9 . .
( 5 );{ 5 =e-v=0 (6.146)
we get,
-D
5.0 =0, =0, (6.147)
mq
gives,
_v' - D v
50 = gy Lt Drl (6.148)
mq
1 .
5’Snc)1g =0 (at this order) (6.149)
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But the 5,&2 to cancel the 6£© the Wilson coefficient must be one to all orders in a

for the reparameterization invariance not to be violated (as long as your scheme and
regulator don’t break the symmetry). The magnetic term is not constrained and does

get a contribution at higher orders which can be shown to be,

a/Bo
M} o (6.150)

Colu) = { as ()

where Cy = N, = 3.

6.4 Hadron Masses

One can use the terms derived above to construct formula for the hadron masses. A
hadron mass term is

Am = (H(0)|T exp (-@ / d%H) |H(0)) (6.151)

where T is the time ordering operator, H is the Hamiltonian, and |H(0)) is the hadron
state evaluated at zero momenta. If we take H to be the quantum corrected Hamiltonian
(such that it includes all loops), we can write,

Am = —z'/ d*x (H(0)|H|H(0)) (6.152)
To lowest order in mg we have,

Am = —i / d*z (H(0)|Qy,iv - DQ,,|H(0)) (6.153)

This term respects both the heavy quark flavor and spin symmetries and is defined as
]\H-

To second order we need to consider the flavor symmetry-breaking terms. To do so
we need to define two quantities. The first,

M= / d'e (H(0)|Q, D3Q,, |H(0)) (6.154)

doesn’t depend on mg(since @), and the states have the m¢ dependence removed) and

so is independent of both flavor and spin of the hadron. Furthermore, we convenitionally

include a negative sign since the terrm is a kinetic energy and we expect it to be positive.
The final non-perturbative definition we need is for the spin term,

(H(0)]Quv, 005G’ Qu, |H(0)) (6.155)

The problem is that this has dependence on the heavy quark spin and we want to extract
this dependence from the non-perturbative physics. To do this it is again easiest to work
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in the Dirac basis. First we note that v°Q,, = Q,.. In the Dirac basis this implies that
(@, only has non-zero top two components. We write,

2. (%) @ -(a. o) (6.156)
Furthermore,
% =0 (6.157)
o0 = % = ( (S _(;’i ) (6.158)
i — _%’ ( [m‘bo—j] [gi?af] > . ( (1] (1’ ) (6.159)

Due to the structure of Q,,, 0™ and ¢ don’t contribute to the amplitude. We just have,

(H(0)|Qu, 005G Qu, |H(0)) = (So|Qu, 0kQu,1S0) {SyleinG™|S,) (6.160)
where |Sg) (|S,)) is the heavy (light) quark. First note that

1
er |SQ> = UQ (6.161)

which gives, oug = 2Sgug. Now recall that By, = €;;,GY. At first glance one would think
that this chromomagnetic field can point in any direction. However, due to rotational
invariance and time reversal it must be proportional to S, [Q 16: why?|. Thus the braket

above is proportional to,
Sg - S, (6.162)

We pull out this dependence and write,
85q - SgAa(mq) = alp) / d'x (H(0)|Qv, 045G Q.. | H(0)) (6.163)

where the non-perturbative parameter, A\ can depend on the heavy quark mass through
the logarithmic dependence on a(u) (the effect of the higher order corrections in ay).
We are now in position to write the masses of the heavy quark hadrons. We have,
- A1 29

my :TTLQ+A— QmQ —|—m—QSQ'Sq (6164)

By using Sg - S, = (J* — 83 — S2)/2, we can get relations between the masses. For
example for the B meson we havd,

Meson J? S2Q SZ So - S,
B0 1/2 12 —3/4
B 1 1/2 1/2 1/4

4Recall that S% = s(s + 1)
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- A 3A
mB:mb+A——1— 2
2mb ZmQ

- A A
S N B

2mb 2?71@
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(6.165)

(6.166)



Appendix A

Homework Assignments

Al HW1

The first HW can be found below,

A.1.1 Matching with Massive Electrons

a) The amplitude we want is,
. q— q—
I =
{+q—

e N o f A T [ (<L +m) Y (4 g +m)]
ill"(q) = (—1) (—ie) /(27?)4 (2 —m?) ((g_i_q)Q_mQ)

(A.1)

The most divergent part is (using a hard cutoff)

/ 440 (al?g,, + bl,0,)
€4

~ gWA2 (A.2)

However this object doesn’t obey q“f[w, = 0. Hence this is not true at O(A?)! To
solve this integral in a gauge invariant way we use dim reg. We can greatly simplify
the amount of work that we need to do by identifying that the final answer must be
in the form,

" = (¢*¢" — ¢"q")I1(¢?) (A.3)

82
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Thus we just need to calculate either the ¢*q¢” or the ¢"” part and just infer the
other part. As we will see it will be easier to calculate the ¢*¢” contribution. The
denomenator is:

1 1 1
2 2 . 2 ; :/dx 2
0 —m? +ie ({+q)° —m? +ie [(0+ qz)® — A +ie]

(A.4)

where
= ¢’z (1 — ) +m? (A.5)

We now shift the integration variable and conside the trace:

—>Tr[( g—l—[—kgaﬁ%—m)%(—[—gx%—m)%} (A.
= —Tr [([ —i-g x—1) ) Y ([ + gx) %} + m2Tr V7] (A.
= —Tr [f1fvu] — Tr [¢ (x — 1) vgay,] +m?Tr [y,7,] +linear in € (A.

4 (200" — g"™) + 4z (1 — 2) (2¢"¢" — ¢°9™) (A.

A only depends on ¢? so there is only one term that has a ¢*¢” contribution. We work
out this term and infer the value of the rest of the terms. We need the integral,

/ (§;§4 z _1A]2 — (4;2 (1+ elogdr) (% - 7) (1 elogA) (A.10)
- 16;2 (% ~log % N 7) (A1)
Thus
fl,, = g'q" (——22/613;29; (1—2) (% - log% _ 7)) (g™ (A2)
= H(qQ)ZQ?a/dx(l—x)(%—log%—v) (A.13)

b) The QED Lagrangian is given by
1 - _
£ = = Fu P 4+ (i) — m)y — eAyin®y
1 . _ _
b (= 3Fw ™) 4 00— St~ Bl (AL

Calculating the first order correction to the propagator gives,

H(f)

+ 2 2 \
’\/\/‘-Q’\/\/\ ’\/\®/V\' —z’—a/dxx(l—:r;) (——logA(q2)+log47r—7) —’i(53
™ €
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where A = —¢%z(1 — x) + m>.

The renormalization condition is

I1(0) = 05 (A.15)
which gives,
2\ _2_0& . _q_2 . N1 7 1 58 7
M(q%) = - drx z(1 — ) log m2x(1 z)+ 1) (¢°g 7"q") (A.16)
20 ¢’ ¢\ 21— ) oy
= — dxz(1 — z) <ﬁx(1—m)+ (ﬁ T+ (g™ — ¢"¢")
(A.17)
20 [ ¢* 1 q> S| 2 u
= -_— _— e - v - v A18
7r<m230+<m2 o0t ) (@9 ') (A.18)
The second order term is given by
200 % 1
i A.19
7 m? 30 ( )

To get this term through a term in the Lagrangian we need a dimension 6 operator.
To contract all the indices we need a term:

4

C d .
/ d'o s 0 Fu0°F," = / Gt (o — @) A (A20)

where the factor of 2 is just conventional to avoid symmetry factors (the only reason
I know its the right choice is because I calculated the Feynman rules explicitly). This
gives the Feynman rule,

—i kK,

p = (e -0
C v v
Oy = — 5 K (kg — kK

Matching the corrections to the propagator in the effective and high energy theory we
have,

4o 1
C=—nr~n — A.21
30 5000 ( )
This is a very small correction and doesn’t even include momentum suppression! [Q

17: Is this a typical value for the C’s? I would have naively expected C' ~ 1.]
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d) Dimension six operators with 3 field strengths is forbidden by the antisymmetry of

F,,,(and indirectly gauge symmetry as we must use F,,’s) To see this consider

FogFPE,* = —Fs FPF,°

_ B a
= —FsF"E,
and thus this operator is zero.
e) Light-light scattering can occur through
< 4 )
Y A ~ [ d'p L ¢ ro
o 1672 m? m?

The cross-section is given by

6
o~ p—8a4 ~ 107 "GeV 2 ~ 107 %fb
m

(A.22)
(A.23)

(A.24)

As a point of reference the total integrated luminosity at the LHC is about 10fb.

A.1.2 Right handed neutrinos and proton decay

a) Consider the SM lepton sector with a right handed neutrino,

_ M _ _ »
L= NR’L(?N - 7<N1§NR + hC) + gv (NRHiGZ]LLJ + hC)

Now consider the diagram

This gives,
y — M v
z‘M:z',,“”’“a—p U A — 2k
(igy) e et 3 ~ =

This arises from the non-renormalizable operator,

- 2
7
A,C = % (Hieiij) (Hkékng)

which is just the Weinberg operator as expected.

€€ UpUj

(A.25)

(A.26)

(A.27)
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b) The proton is the lightest baryon and so if baryon number is exactly conserved then it
should be perfectly stable. However, non-renormalizable operators can contribute to
proton decay. One potential decay route for the proton is into a pion and an electron:

u > u
o0
u u
?
d et

where the dashed indicates some unknown particle. The effective operator for this
process will have 2u’s, a d, and a e (with no bars on top of these). First note that
this interaction is gauge invariant under QED which is a good start, but we want
SU(2) x U(1)y invariance as well. Each of these particles can be either right or left
handed. We tabulate the possible hypercharges as follows:

u u d e
1 1 1
5301 3 1
VIV
3 3 3 2

where the dashed line indicate a set of hypercharges that add up to 0. Thus a gauge
invariant term is:
QTEQUR«BR = uLdLuReR — dLuLuReR =0 (A28)

but this is unfortunately zero due to the antisymmetry of €. Instead we can consider
the SU(2) singlet contribution:
updrUReR (A.29)

A.1.3 Electric Dipole Moments

a) The neutron dipole moment is given by,
d= /Xq(x) d*x (A.30)

For a particle with a magnetic moment this will be proportional to the spin of the
particle. To see why this is the case, suppose you have a particle with spin S with
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energy Ey (this arguement follows from Ref. [2]). If it is placed in a magnetic field its
two energy levels will be split by the magnetic field:

E B
Ey — { Ly (A.31)
EO — /.LB

The energy of the neutron is solely dependent on the angle between the spin and the
magnetic field. Now suppose the particle also has a electric dipole moment, d. then a
second vector exists to denote its state. but since the energy is only dependent on the
angle between S and B, every configuration of d must give the same energy. However,
this contradicts the assumption that the ground state is non-degenerate. To avoid
this contribution we must have that,

S

d=d= A .32
a3 (A.32)

Now consider the operation of time reversal on such a particle. Under time reversal
magnetic fields change direction but electric fields do not. Thus the existence of an

electric dipole moment for a spin particle violates time-reversal and hence violates

CP.

Thus QED cannot provide a neutron dipole moment. We can however, get one from

the interaction,
AL = icuoc"uF), (A.33)

Under CP we have,
uotu — (=1)(=1)*(=1)" (A.34)

where following notation Peskin and Schroeder (see pg. 71) we define (—1)* to be
+1 for 4 = 0 and —1 for u # 0. Furthermore, by looking at the matrix structure of

F,, and remembering that the photon is its own antiparticle and odd under Parity
we have,
By — (—1)(=1)" (A.35)
under CP. Thus we have,
uotuF,, — —uc" uF,, (A.36)

which violates CP and so this term could contribute the neutron dipole moment.

b)

A.1.4 Field Redefinitions
Consider the Lagrangian,

A

_1 2_122__4 @6 @32

with n < 1.
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a) We assume a field redefinition of the form,
¢ — ¢+ ang’ (A.38)
This gives,
1 s 1 9 342
SO0 = SO0 - and* o’ (439

For this to cancel the ¢30%¢ term in the Lagrangian requires o = 2. The rest of the
shifts give,

1 1
§m2¢2 — §m2¢2 + mQ%nqb‘l (A.40)
A A 20)\g
T0 o ot 21 (A.41)
ng ng
o B o
%d)?’a% — %df”a% (A.43)
which gives the Lagrangian
1 1 A ng;
L— 5(8,@)2 — §m2¢2 - qu‘* + 6—!1¢6 (A.44)

where X' = X\ + 4m?ng, and ¢} = g — 20\ gs.

A.2 HW 2

A.2.1 Mixing and 4-Quark Operators
The second HW can be found below:

a) To do the calculation we need to calculate the six diagrams that were show above.
Note that in the diagrams it is implied that we have right moving W boson. We
show this explicitly to avoid confusion but take its mass to be much larger then the
momentum transfer.

We begin with the gluon loop appearing between the final states,

u d
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Since the operator does not have any derivatives in it we don’t expect its renoraml-
ization to depend on the external momenta and we can set the external momenta to
zero. Furthermore, we can set the masses to zero as long as we work in energies above
the masses of the external particles. We define €2 to be the Weak interaction vertex
factor. The diagram is given by

= Q(—ig)” / ddﬁ;—; {dﬂuT“Z—f%uL} [QL'YHT(I;_QZ”YVSL} (A.45)
= Z'QQQ/CT%% [CZL%TG’YUQVUL} [ur " Ty s (A.46)
= —?gjré? [ ALy T Yoywur] [y Ty s 1] (A.47)
= 93, ] (a9 s
- % [dLivuvowur) [an vy s5. } (A.48)
where we have used, . -
/dd%gf - 21967462 +. (A.49)

The second term is already in a familiar form of the first operator. However, the
second one has the “wrong” index structure. To simplify it we need to use the Fierz
identities. Its straight forward to show that

[dovuyorour] [upy" v s1) = 16 [dpy”sp] [arypu] (A.50)
after anticommuting the color wavefunctions across. For the second diagram we have,
[JL,WWU%UL,J [TLL,NMVUVVSLJ] =16 [JL%/UL} [ﬂLVVSL] (A-51)
Therefore the diagram is given by,
_ _?g;g (02 - %(’)1> (A.52)
where O 5 are defind as
0, = [JL’yl,uL} [ary" s (A.53)
Oy = [JL%SL} [ary ur) (A.54)
Its easy to see that,
u d
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gives the same result.

Next consider the following diagram,

U d

It is given by,
i Q ddé - 2 7 [ — v [ o a a ) _7/
= (—ig) dL,i'Vuﬁ’VuuL,j ULKY 37 SLe (T)i; (T) e 3 (A.55)

_ 9972, {@1 _ %@2} (A.56)

1672
which gives the same contribution as the other “cross” diagram.

Therefore the sum of all four diagrams gives,

2
34 (02 - %01) (A.57)

1672

The wavefunction renormalization cancels away the final two diagrams. We have,

304 1 » B
1672¢ 02 — Nol =(1=Z1)01+ (1= Z;,)0; (A.58)
which gives,
3Q9% 1
Zy' =1~ ~ A.59
. 1672 N (A.59)
3Q04g°
Zyy =1~ A.60
2 1672 ( )
Repeating the entire calculation but starting with Oy we get the matrix,
- Q¢* ( -3/N 3
1 — J—
T ( 3 —3/N ) (A.61)

which gives the anomalous dimension matrix,

2
g -3/N 3
Vi = Ton2 ( 3 —3/N ) (A.62)

where we have used, f = —eg/2 + ....
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