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• Many thanks to Prof. Chien-Er Lee who initiated the Taiwan Spring School on
Particles and Fields in 1986.

• This series of annual school has been providing the Taiwanese HEP community a
great chance to meet and learn form experts all over the world and an important
ground for the local people to meet each other.

• When I was a student, I benefited a lot from attending the school. And I believe
which is also true for many other present or former students.
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• Today, I am very glad to have the honor to contribute a presentation to this great
tradition. On the other hand, I am also very sad. The main reason I am here
because the school organizer wants me to say something about the works I have
done with Prof. Darwin Chang. Darwin, our dear friend, passed away because of
cancer in last Dec.

14th spring school Mar. 20, 2000 Tsing-Hua
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• The Darwin’s way
Many of you know that Darwin was my former
thesis advisor. Maybe some of you would be
curious how Darwin interacted with his students.

• An Introduction to CP violation and EDM
CP violation is one of Darwin’s favorite research
topics. And since this is a school, I am supposed to
provide some materials ( and homework? ) for the
students.

• The Adventure
I will briefly mention some works I have done with
Darwin which can be traced back to a 2-page note.

• Final Words
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Begin of the story:

• On Sep. 23, 1998, I received an e-mail from Darwin asking me to Xerox some
papers for him and come to his office to discuss. It was very typical, he liked to
communicate and to give order by e-mails.

• The e-mail reads:
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• At that time, the only supersymmetry I knew was at the popular science level.
I had no idea what φA and φB are in Darwin’s e-mail.
And the electric dipole moment calculation was a totally new subject to me.

• After receiving that e-mail, I tried very hard to get myself familiar to the subjects
without much progress.
Apparently, the references he mentioned were too advanced for a beginner.

• So one night I came to talk with Darwin in his office at around 10 or 11 pm.
( “Why is it so late?" you may ask.
Well, because that’s the normal time he was available to students. )
And I complained to him that my knowledge on the proposed project is next to zero.

• He told me that’s OK and started writing some things quickly (in a Huge font size!)
on the paper to explain the things he thought is essential to me.

• It went on for about 30 mins or less. And he told me to start doing it, gave me tow
pieces of paper, and waved me out of his office.
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Here is the two-page note I refer to:
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And here is its back :
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Few comments:

• The project he proposed turned out to be abandoned because of this and that
reasons.
(In fact, almost every month he would think of a new idea for us students to try.
And he usually completely forgot we were still struggling with the previous project.
So it’s also possible that Darwin simply forgot its existence.)

• From today’s view, his note is too sketchy.
Also, I think it’s fair to say that it’s not useful at all for doing that project.

• Anyway, I learnt SUSY by studying some books and review articles by myself later.
The note became an existing proof of that night’s meeting.

• In 1999, only when Wai-Yee, Darwin’s long time friend and collaborator, came to
visit Tsing-Hua, then I learnt the practical technics from him to carry out the
two-loop EDM calculation.

• Darwin wanted me to extend their previous work on 2-loop EDM in MSSM
calculation to include the charged Higgs contribution.
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A side remark:

• About one year earlier, Darwin, Wai-Yee, and A. Pilaftsis published a
Phys.Rev.Lett. on the 2-loop Barr-Zee EDM in MSSM.

Among Darwin’s scientific publication, this happens to be the highest cited one.
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• Although I have got used to head for a new research field and to pick up everything
from zero. Seven years ago, Darwin’s suggestion on doing this project to me was
as going for an adventure. Because it’s all dark at the beginning. Now I can better
appreciate Darwin’s training.

• He knew there is a week point of the traditional education system in Asia, namely,
the student has been trained to be obedient, told to carefully study textbooks line
by line, used to memorize every details. Which is excellent in making high
examination scores, however it’s toxic for creativeness.

• During my student years under Darwin, he kept stressing that when encounter a
problem, instead of going to fully study a whole book, we shall quickly pick up the
minimum needed background and come back to solve the problem. We students
shall learn things by getting our hands dirty.

• That’s quite true. After finishing this project in few months, I knew SUSY much
better and even became a small expert on the 2-loop EDM calculation.
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• Today, I will try to give you a rough idea what we have done.
Also I will try to do a better job than what Darwin did at that night.

• However, I don’t think it’s possible for me to cover both SUSY and EDM in the rest
of the talk.

• So I will try to focus only on the essential things I think you should know about the
EDM. And hope after the introduction you can appreciate our works.
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Part II —An Introduction to CPX and EDM

Beyond Standard Model

Standard Model is an extremely successful and profound theory which describes our
world. But we strongly believe there must be something beyond it.

• Neutrino Physics

• Stability of the Higgs sector

• Flavor Physics

• SM is even more embarrassing after WMAP

B

∼ 4%
SM

∼ 73%

Dark Energy

??
∼ 23%
DarkMatter

?
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An everyday mystery

• Every single second, we witness one of Nature’s great mysteries.

• How can we be here sound ( and sleeping? )
Where goes the antimatter?

e+ e−

γ

γ
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Baryon Asymmetry of the Universe
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Sakharov’s 3 condictions

It was first realized by A. Sakharov in 1967
that to generate the matter anti-matter asym-
metry from the initially symmetrical phase,
the following three necessary conditions
must be satisfied.

• Baryon ( or Lepton) number violation

• Because at the very beginning, nB − nB̄ = 0.

• C and CP violation
• C violation is for distinguishing baryon from anti baryon.
• CP violation is to mark a special reaction rate direction in the thermal soup.

• Out of equilibrium

• Since CPT predicts mP = mP̄ , if it is in thermal equilibrium,

nP =

Z
d3k

e
−β

q
k2+m2

P + 1

= nP̄
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Leptogenesis ?
• However, SM, MSSM, and the GUT Baryogenesis have their problems.

• Leptogenesis is an attractive alternative:
⇒ Net baryon number is arisen from the net lepton number.

• The CP violating decay of RH singlet (νR) generates Lepton number asymmetry:

N
Γ

ν

h
0

N̄
Γ∗

ν̄

h
0∗

= + +...
N

Γ

ν

h
0

N̄
Γ∗

ν̄

h
0∗

B = 0 L 6= 0 B
′ 6= 0 L

′ 6= 0

Sphaleon

(B − L) = (B′ − L
′)
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What is EDM and how to measure it?
• The classic EM definition

−→
d =

Z

d3~xρ(~x)~x

Note it is a vector.
• From the basic EM, we also know the energy of a dipole in the electric field is

△H = −~d · ~E

• So, from measuring the energy dependence of electric field, we know the size of
EDM.

H ∼ 2Ed

E = 0 +Ez̃ −Ez̃

• State of art experimental methods and theoretical subtleties are needed to
manifest this simple physics: there are designs using methods of optical
spectroscopy, solid state physics, and storage ring..

de < 1.7 × 10−27e cm , dn < 6.3 × 10−26e cm
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EDM of a fumdamental particle
• The classic picture can’t apply to fundamental particles; They are POINT like, so

the volume integral doesn’t exist!

• However, if the particle has nonzero spin, the intrinsic direction can be associated
with a possible permanent EDM.

• If a fundamental spinning particle carries a nonzero EDM, CP is violated.

H −H

−→
E ,

+
−→
S

−
−→
E ,

+
−→
S

−→
E ,

−
−→
S

P C

T

• in QFT,
CPviolation ⇔ Physical complex couplings

Just like how Darwin did to his students. I’d like to ask the student who doesn’t
know this to go figure it out by yourself.
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EDM in QFT?
• In QFT, EDM is a dim-5 operator

L = −i
df

2
f̄σµνγ5fFµν → df

−→s ·
−→
E ( NR limit )

So EDM does not appear at the tree-level.
Homework 1: Verify this NR limit.
Homework 2: Show that to preserve the SU(3)c × SU(2)L × U(1)Y symmetry,
the EDM operator starts at dim-6.

• In a renormalizable QFT, EDM comes from quantum corrections. Since there is no
counter term to cancel the div. EDM must be finite.

• In SM the sole CP violation resides in the quark charged current CKM coupling.
Because the complex coupling easily appear in conjugated pair, it is very hard to
make the final result complex. Actually, there is no CP violation can be generated
at 1-loop level which is clear from the following diagram.

W

f ′

λ λ∗
f f

We-Fu Chang, IOPAS – p. 20/36



EDM in SM-1
• I’d like to mention one more thing about the CP violation in SM: There is a basis

invariant measure call Jarlskog invariance to quantify how large the CP violation is.
It is defined as: X

ǫijkǫαβγJ = Im[V ∗

βiVβjV ∗

αjVαi]

and Nature picks a small value for J ∼ 10−5.

• Therefore, it’s easy to see that the minimum possible EDM diagram must involve
FOUR W bosons vertices as shown

W W

WW

ui

uj

dk dl
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EDM in SM-2
• So, let’s try to make a 2-loop quark EDM from the previous diagram.

• The most economic way is cutting one of the quark lines and make the 2 ends
external as shown (external up quark as example)

uf uf

uk

di dj

• and then try to hide the open W lines to form any one of the four 2-loop topology:
Homework 3: Try and convince yourself that this is it at 2-loop level.

(a) (b) (c) (d)

It’s clear only type -(a) and (c) are possible.
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EDM in SM-3
• First, if all quark masses are degenerated, the unitarity of CKM matrix guarantees

that CP violation vanishes.

(a)

i

j k

(c)

∼ ∼
∑

ijk Viu(V
†)jiVkj(V

†)uk = 1

i j k

• How about putting in the quark masses?
By dimensional analysis, we can guess the masses splitting effects must be
proportional to the following factor

(m2
d −m2

s)(m2
s −m2

b)(m2
b −m2

s)(m2
u −m2

c)(m2
c −m2

t )(m2
t −m2

u)M−12

W
∼ 10−20

• It’s amazingly small. But is it in principle non-zero?
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EDM in SM-4
• To answer it, I want to remind you that the SM Charged Current interaction is

purely left-handed!

• Also we know the EDM operator must flips chirality of the external fermion!

• Which means, no matter how you play with the mass insertion game on the
internal quark lines, eventually we need a mass insertion at one of the external
fermions to make the chirality right. And we have tow ways to do it:

γ

W2L
LR L

γ

W2L
L RL

• Therefore, although each one is complex, their EDM parts just cancel!

cf̄σµν(1 + γ5)fFµν + cf̄σµν(1 − γ5)fFµν

• This shows you another tricky part of doing EDM calculation. You always need to
worry about the conjugated diagram!
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EDM in SM-5
• In the last 4 pages, I have shown you that in SM the quark EDM don’t have any

2-loop contribution!!

• Same method can be applied to the charged lepton EDM. The minimal possible
diagram is 3-loop. Because two of the W boson lines must end at the charged
lepton. It looks like:

e ν e

u u
′d

′

d

• Again, the pure left-handed CC interaction and the conjugated diagrams make this
3-loop EDM vanish!

• Assume that the electron(quark) EDM starts at 4-loop(3-loop), in SM the values
are extremely tiny:

|dn| < 10−30e-cm , |de| < 10−38e-cm

Homework 4: Use simple power counting to obtain the above estimation.
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Small Recap

Ok, let me summarize a little bit here:

• Even from the daily experience, we

know there must be new CP violating

source(s) beyond SM.

• EDM will be a very clean probe and

constraint for CP violation beyond SM.
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Part -III, The adventure
In this part, I would like to give you a brief overview about the "adventure" derived from
that night’s meeting.

• In short, all of them are related to 2-loop either EDM or (g − 2) constraint on new
physics beyond Standard Model.

• Why do we care about 2-loop contribution rather than 1-loop ones?

• The main reason is the current limits on EDM and g − 2 are already very stringent.

de < 1.7 × 10−27e cm , dn < 6.3 × 10−26e cm

• Anyone who wants to build a realistic model beyond SM must find a way ( natural
or not ) to suppress the EDM generated at 1-loop level.
From a simple estimation, the 1-loop induced electron EDM has a typical value:

∼
meg2

16π2

e sin φCP

M2
ln

M

Me

∼ 10−23g2 sin φCP

�

100GeV

M

�2

e-cm

Assume g ∼ sin φCP ∼ O(1), this 1-loop EDM is way too large.
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FCNC and CP violation in MSSM

• The typical 1-loop diagrams lead to FCNC and EDM and K- mixing.

eL

ẽL ẽR
χ0

γ

R L eR

d̃ s̃

s̃ d̃

g̃ g̃

d

s

s

d
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Split Supersymmetry as an example

Arkani-Hamed, Dimopoulos 2004

• No principal for the small Cosmological constant, just fine tune to make it small.
Same for the gauge hierarchy problem, the EW Higgs mass is no longer protected
by SUSY but just fine tuning.

• All scalars, except the CP-even SM like Higgs, are super heavy ∼ 109 GeV -
MGUT

• Gaugino and Higgsino masses are around the EW scale to TeV protected by
R-symmetry or PQ symmetry.

• µ parameter is around the EW scale such that the lightest neutralino can annihilate
effectively to give the dark matter density.

• Unification still works, mainly due to the gauginos contributions.

• Now it’s free of 1-loop problems.

• But does 2-loop EDM also go away?
Note: even for SM, there are around 2000 2-loop diagrams.
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Digramatic proof of the Survival of BZ
• Blue(Red) stands for SM ( SUSY) particles. Solid ( dash ) line stands for fermion(

bosons ).

(a)

(b)

(c)

(d)
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Recipe for doing BZ
• If we were lucky, well, in most of the cases we are, the Barr-Zee type diagram is

the most important EDM contribution.

• There are only few possible upper parts of Barr-Zee diagrams can generate
sizable EDM. They are:

γ

W W

γ

φ0 γ/Z

γ

W φ±

g

φ0 g

• You should first get the form factors for the upper loop. For example, for the
γ(k, µ) → γ(q, ν)φ(p) vertex, the most general gauge invariant form factor is:

Γµν = S[kνqµ − k · qgµν ] + P [iǫµναβpαqβ ]

• Then it’s easy, you just attach it to the electron or quark line to get the EDM. Be
careful of the conjugated diagrams.

• I must warm you, the gauge independence is very important and usually the most
tricky part. You should include every possible diagram to make them a gauge
invariant set.
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..and the notes have led to

• “Electric dipole moment in the split supersymmetry models”
D. Chang, W. F. Chang and W. Y. Keung
Phys. Rev. D 71, 076006 (2005) [arXiv:hep-ph/0503055]

• “New constraint from electric dipole moments on chargino ba ryogenesis in MSSM”
D. Chang, W. F. Chang and W. Y. Keung
Phys. Rev. D 66, 116008 (2002) [arXiv:hep-ph/0205084]

• “Large two-loop contributions to g-2 from a generic pseudos calar boson”
D. Chang, W. F. Chang, C. H. Chou and W. Y. Keung
Phys. Rev. D 63, 091301 (2001) [arXiv:hep-ph/0009292]

• “The neutron electric dipole moment and CP violating coupli ngs in the supersymmetric
standard model without R-parity”
D. Chang, W. F. Chang, M. Frank and W. Y. Keung
Phys. Rev. D 62, 095002 (2000) [arXiv:hep-ph/0004170]

• “Additional two-loop contributions to electric dipole mom ents in supersymmetric theories”
D. Chang, W. F. Chang and W. Y. Keung
Phys. Lett. B 478, 239 (2000) [arXiv:hep-ph/9910465]
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EW Baryogenesis in MSSM
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Some paragraphs from my article
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Call for contribution
• We are now trying to put up a web page for articles collection. It is still under

construction but you are invited to take a look. The link is

http : //www.phys.nthu.edu.tw/ ∼ wfchang/Darwin.html

• Also, if you would like to contribute your memory of Darwin, please send us your
article in any potable format to:

WFCHANG@PHY S.SINICA.EDU.TW
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