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Part 1

The strong CP problem and Axions



CP Conservation in the Presence of Pseudoparticles™

R. D. Peccei and Helen R. Quinnt
Institute of Theovetical Physics, Depavtment of Physics, Stanford Univevsity, Stanfovd, California 94305
(Received 31 March 1977)

We give an explanation of the CF conservation of strong interactions which includes the
effects of pseudoparticles. We find it is a natural result for any theory where at least
one flavor of fermion acquires its mass through a Yukawa coupling to a scalar field which
has nonvanishing vacuum expectation value.

CP Conservation in the Presence of Instantons
R.D. Peccel, Helen R. Quinn (Stanford U., ITP). Mar 1977. 8 pp.
Published in Phys.Rev.Lett. 38 (1977) 1440-1443
ITP-568-STANFORD

DOI: 10.1103/PhysRevLett.38.1440
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Symmetrie concepts involved:

C,Pand T

Anomalies (QM breaking of classical symmetries)
Peccei-Quinn Symmetry

Axions: pseudo-Goldstone bosons of shift symmetries
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|l orentz invariant
Gauge invariant



But there is another kind of term that is
Lorentz and gauge invariant:
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Both are Lorentz invariant
Au’u AVV APPAO_O' g,ull/’gp’a’ — g,uvgpa
A,LLM AVV APPAJJ E,u’V’p’o" — det(A)Equo_

But the second is not invariant under Por T

/1 0 0 O\ —1 0 0 O
AL_ |0 -1 0 0 A — 0 1 0 0
P=1o 0o =1 o0 I 0 0 1 0

\0 0 0 -1/ 0 0 0 1

In quantum field theory, CPT is always a symmetry,
so we may use CP instead of T



(like 7 X p)



P,T are not symmetries of nature

In quantum field theory, CPT is always a symmetry,

so we may use CP instead of T
P [Yr,ry* (0, — igs AL T )Y, r) P = iR .y (8y — igs AT )R L
iCT ML,RW“(@L — igSA;ILTIWL,R] C = i‘ZRaLWM(@M - iggAﬁTI)sz’L

P Parity operator
C Charge conjugation operator

P and C are symmetries of the strong and
electromagnetic interactions;

P and C are not symmetries of the weak interactions, but
the product CP is a symmetry of all gauge interactions



Yukawa interaction terms

Ly = gUrXrO + 9" XrYVLO"

N

Ly = gVrX1d + ¢ XL VRd" Ly = gXrVrd* + ¢ VrXLO

N A

Ly = gXrYLo" + g* VL XRO

CP invariant only if g=¢*



In the Standard Model g and ¢ * are

3 x 3 matrices in family space that
determine all quark masses and the CKM matrix.

Cronin, Fitch (1964): CP is violated in Ky — K,

Kobayashi-Maskawa (1973): This can be
accommodated by means of 3-family CKM matrix.



Three new Standard Model parameters

v, 1
327T2 Z G G" Strong
327 ZFﬁyﬁW’a Weak
+ 64 I p 2 Y-charge
3272

We cannot use P, or T=CP to argue them away



New Feynman rules?
No! These terms are total derivatives

1 _
7 TG G = 9,K"

KH* = e Tr[A,0,A, + %ggA,,ApAa]

/ d4x8MK H = Boundary Terms

But in non-abelian theories K* is not gauge invariant

In abelian theories K* is gauge invariant, and
this argument eliminates 6,4



This leaves 65 and 65

We will focus on 05, and just call it # from now on

How can these terms matter if they do not contribute to
Feynman diagrams?’

Non-perturbative contributions!

e /9" — 0+ 092 +0g* +0g° +0g°. ..



Neutron electric dipole moment
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Theoretically, 8 is an angular variable:

0<6 <27

Hence there is an objective meaning to saying it is “small”
—urthermore, our existence does not depend on its smallness.
Hence there is no potential "anthropic™ explanation.

The (in)famous gauge hierarchy problem is numerically much worse:

But:
1. It requires a second scale to compare with
2. It has anthropic implications, hence the problem is less pure



The absurd smallness of @ is called the “strong CP problem”.
It was first discussed around 1975

Without neutrino masses, the Standard Model has 18
parameters. All have been measured. Some have strange
small values, like me/miop. But it seems there is a 19th

parameter that is so small we have not even measured it yet.
There Is no symmetry that can be invoked to set it to zero.

But in fact, the problem is much worse than that.

However, the reason it is worse also offers a clue to its
solution.



kM, a




Ve (0, @) = — / L [(W%Ta) (i(l 7 )> (i7" T}) <ﬂ> (i"T..) (i(l —4)

(27)* (I 4+ p)? [2

Linearly divergent; regulate it.

The contraction with the external momentum is finite,

and non-zero:

. 1
Pt DuVare = 56" pagsTr TAT, T}



Experimentally veritied example: pion decay
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Axion effective action
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A New Light Boson?

Steven Weinberg
Lyman Labovatory of Physics, Havvavd University, Cambyvidge, Massachuselts 02138
(Received 6 December 1977)

Axion mass in a two-Higgs model

Nm,f. | My 1170 6 14/2 21/4G;/2
144 —
4 2/ My +mg | mymg + mymgs + mgmy sin 2«
(140 keV)
Mg ~

Sin 2o



Problem of Strong P and T Invariance in the Presence of Instantons

F. Wilczek®)
Columbia Univevrsity, New York, New York 10027, and The Institute for Advanced Studies,

Princeton, New Jersey 08540
(Received 29 November 1977)
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FIG. 1. Instanton interaction generating the axion
mass,



Multiple axions

1 i ap i a’ 9?2> = v
L, = 58,@ o'a* 7 167T2TIGWG“

a

a at
f_ = Z F This combination is the QCD axion

he other linear combinations are “axion-like particles’



Axion dark matter

QCD axion

O, h? ~ 0.71 x (

ALP (axion-like particle)

N 1/2
Q. h?=~0.16 (—Z)
' 8 eV (
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Weak theta angle:

gt 3 B

This angle changes under phase rotations

6leozB

Where B is Baryon number. Hence we can rotate the angle

to zero. There Is no price to pay for this because baryon

number is an exact symmetry apart from an anomaly with
respect to SU(2)w



Log Coupling [GeV™']
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Axion helioscope: assume the sun produces axions
Axion haloscope: assume axions exist in galactic halo

X-ray optics

Solar
axion

flux

& D X-ray detectors

T Shielding

Movable platform






Light shining through a wall experiments (e.g. ALPS)
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Part 2

Grand Unification



Unity of All Elementary-Particle Forces

Howard Georgi* and S. L., Glashow
Lyman Labovatorvy of Physics, Havvavd University, Cambvidge, Massachusells 02138
(Received 10 January 1974)

Strong, electromagnetic, and weak forces are conjectured to arise from a single funda-
mental interaction based on the gauge group SU(5).

Unity of All Elementary Particle Forces

H. Georgi, S.L. Glashow (Harvard U.). Feb 1974. 4 pp.
Published in Phys.Rev.Lett. 32 (1974) 438-441

DOI: 10.1103/PhysRevlLett.32.438
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GROUP
THEORY
AHEAD

2



¢ Different groups can have the same Lie-algebra
(e.q. SU(2) and S0(3))

¢ Some Lie algebra representations may not be

representations of the corresponding group
(e.Q. spinor representations are not representations of

SO(3))



List of irreducible representations

(2): 1,2,3,4,5,6,7,.....

(3): 1,3,5,7,9,11,.....

« SU(3): 1,3,3%,6,6%,8,10,10%,15,15™.....
(4): 1,4,4%6,10,10%,15,20,20%,20',......
(5): 1,5,5%,10,10%,15,15*,24,.....




Quark doublet
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Charge Quantization



U*

D*

E*

(3,2,1/6)

(3*,1,-2/3)

(3*,1,1/3)

(1,2,-1/2)

(1,1,1)
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GUTs, anomalies and Charge Quantization

One can try to impose one-family charge quantization on all three families
by requiring that they all couple to the same Higgs.

But even that does not work:
One can have chiral fermions with irrational charges (in SM units) that get

their mass from the SM Higgs




24 — (8,1,0) + (1,3,0) + (1,1,0) + (3,2, —2¢) + (3%, 2, 2¢)

9 1
10 — (3%, 1,—§q) +(1,1,q9) + (3,2, éq) ,

9 1
15 — (6,1, —gq) +(1,3,q) + (3,2, 561) ,



The first family

W= ( s

0 Us

| —us 0
A=—1 u5 —uj
2 U1 U9

C
29

3:€ V)
—Us —U
uy  —Usg
0 —Us3
us 0
dg e






2 X ey, d¢ + dry,et
Y| Uy, d —uye”

|+ c.c

| + c.c




From simple beginnings we have constructed
the unique simple theory. It makes just one
easily testable prediction, sin®s ,=2. It also pre-
dicts that the proton decays—but with an unknown
and adjustable rate., More theoretical work is
needed to determine whether the idea of infrared
slavery, necessary for our unification, actually

makes sense.



To include hadrons in the theory, we must use
the Glashow-Iliopoulos -Maiani (GIM) mechanism
and introduce a fourth quark p’ carrying charm,?
Still, decisions must be made: Should the quarks
have fractional or integer charges? Should there
be one quartet of quarks or several? Bouchiat,
Iliopoulos, and Meyer suggested what seems the
most attractive alternative: fhvee quartets of
fractionally charged quarks.” This combination

of the GIM mechanism with the notion of colored
quarks® keeps the successes of the quark model
and gives an important borius: Lepton and hadron
anomalies cancel so that the theory of weak and
electromagnetic interactions is renormalizable.”



Hierarchy of Interactions in Unified Gauge Theories*

H. Georgi,T H. R. Quinn, and S. Weinberg
Lyman Laboratovy of Physics, Havvavd University, Cambridge, Massachuselts 02138

(Received 15 May 1974)

We present a general formalism for calculating the renormalization effects which make
strong interactions strong in simple gauge theories of strong, electromagnetic, and weak
interactions. In an SU(5) model the superheavy gauge bosons arising in the spontaneous
breakdown to observed interactions have mass perhaps as large as 10" GeV, almost the
Planck mass. Mixing-angle predictions are substantially modified.

Hierarchy of Interactions in Unified Gauge Theories
H. Georgi, Helen R. Quinn, Steven Weinberg (Harvard U.). Aug 1974. 12 pp.
Published in Phys.Rev.Lett. 33 (1974) 451-454
Print-74-1122 Rev. (HARVARD), PRINT-74-1122 (HARVARD)
DOI: 10.1103/PhysRevlLett.33.451
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S. Martin, arXiv:hep-ph/9709356



Proton stability (PDG 2016)

Mean life 7 > 2.1 x 10%° years, CL = 90% [fl  (p — invisible mode)
Mean life 7 > 103! to 1033 years [fl  (mode dependent)

Susy GUTS:

10°* to 10°° years (dimension 6 operators)



