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Abstract: <p>We argue that solutions to the strong CP problem motivate different searches for TeV scale physics at the LHC than are ct
being emphasized. We present two solutions to the strong CP problem that require the existence of new colored particles with masses &
TeV. New motivated searches at the LHC would provide a strong constraint on these solutions to the strong CP problem.</p>
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Strong CP motivations for
TeV scale colored physics

Anson Hook
Stanford

hep-ph/1411.3325 : A.H.
hep-ph/1507.00336 : R. D'Agnolo, A.H.
Work in progress
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Outline

e The Strong CP problem
e Previous solutions

e New solutions with LHC observable
signatures
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Classical Strong CP
problem

Neutron contains an up quark and two down
quarks

Neutron
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Classical Strong CP
problem

Electric Dipole moment
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Expected Dipole moment
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Measurement of EDM

e Measurement via Larmor frequency

hvyr = 2punB + 2d, E|

]I-Lf['l = |2/I.,,‘B — 2(1,,,E|

e Measure number of spin up versus
spin down neutrons for parallel and
anti-parallel electric and magnetic
fields
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Measured EDM

ld,| ~ exv1—cosb
~ 107'*ev1 —cosf cm

d,,| < 2.9 x 107°° ecm

Baker et. al. hep-ex/0602020 :
Institut Laue-Langevin, Grenoble
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Classical Strong CP
problem

Measurement indicates a
small theta

0 <1012

Must be a reason!




Quantum Strong CP
problem

2 ~ \
£5 220G, G + Y, HQuE + YaH' Qd
QLT

Neutron EDM can be calculated

Quantum calculation [nll=8 2 ig=° (0 + arg detY, Yq) ecm

Classical estimate |d.”| ~ 10" 0ecm
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Quantum Strong CP
problem

d,| < 2.9 X 10~%% e cm

0 + arg detY,Y; =60 < 1071

QFT formulation of the Strong CP problem
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Discrete symmetries

0 + arg detY, Yy, =0 < 1071

e

cos 09 sinfo 0 costys 0 —sinfyze " 1 0 0 yae'l 0 0
sinflis costis 0 0 1 0 0 costloy sin fo; 0 yeet? 0
0 0 | sinfy3¢* 0 cos 03 0 sinflay  cosflyy 0 0 ypet?s
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Anomalous symmetry

0 + arg detY, Yy

e Strange combination appears in the EDM

e Reason is that there exists a symmetry

Ue — €YU, Y, —» e 'Y, 0 — 0+ «
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Anomalous symmetry

U, ~ |
~' - 2 0G,..G" + Y, HQu® + YsH'Qd*

327

‘i
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Anomalous symmetry
U, = e“%u, Yoy — € Y., 0 — 0+ «

e Physical quantities must be invariant

e Only the combination 6 + arg detY, Yy is
invariant under the symmetry
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Outline

o [he sShrong OGP problem
® Previous solutions

e New solutions with LHC observable
signatures
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Discrete Symmetries

e CP and P can both set the neutron EDM to O

e Require one to be a good symmetry of nature
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S
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Parity

Pirsa: 15110065 Page 20/74



Time reversal

T = —1




Time reversal

—

d:-,, —qz dn = dn
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Time reversal
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Discrete Symmetries

e CP and P can both set the neutron EDM to O

e Require one to be a good symmetry of nature
e Spontaneously break the symmetry while
e Arranging for CKM phase to be large

* Arranging for neutron EDM to be small

e Nelson-Barr approach

A. E. Nelson, Phys.Lett. B136, 387 (1984)
S. M. Barr, Phys.Rev.Lett. 53, 329 (1984)
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Axion solution

CP Conservation in the Presence of Pseudoparticles™®

R. D. Peccei and Helen R. Quinnt
Institute of Theoretical Physics, Department of Physics, Stanford University, Stanford, California 94305
(Received 31 March 1977)
We give an explanation of the CF conservation of strong interactions which includes the

effects of pseudoparticles. We a natural result for any theory where at least

e flavor of fermion acquires 188 through a Yukawa coupling to a scalar field which

vanishing vacuum expectation value,

Pirsa: 15110065 Page 25/74



Axion solution

g° a

S111% 1 ‘ L
327‘{'2 (9 — E)G“’/Gl' S 5()“(1»()I a

LD

Axion dynamically sets

the neutron EDM to 0 /\ /
0f., a
\|/ v

B0 1050 — (2))ecm P

fa
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Axion solution

2

g
B 3272 (0

a

~ |
)G G + 50,00

e (One parameter solution (KSVZ axion)

Kim, J.E. (1979). Phys. Rev. Lell. 43: 103

® Also a dark matter candidate - snman . varnein,A: zaro V. 601

Nuc

e String theory motivation for not just one axion,
but many many axions

Arvanitaki, A.; Dimopoulos, S.; Dubovsky, S.; Kaloper
N.; March-Russell, J. (2010) Phys.Rev. D81
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Outline

o [he Shrong OGP problem
o Provi .

e New solutions with LHC observable
signatures
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Massless up quark

Symmetry Breaking through Bell-Jackiw Anomalies*

G. 't Hooftt
Department of Physics, Harvard University, Cambvidge, Massachusetts 02138
(Received 22 March 1976)

In models of fermions coupled to gauge fields certain current-conservation laws are vio-

lated by Bell-Jackiw anomalies. In perturbation theory the total charge corresponding to
such currents seems to be still conserved, but here it is shown that nonperturbative ef-
fects can give rise to interactions that violate the charge conservation, One consequence
is baryon and lepton number nonconservation in V — A gauge theories with charm. Another
is the nonvanishing mass squared of the

s o Ul — ol 0 — 0+ 2

No invariant to construct EDM out of

Must vanish
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Massless up quark

I My My 1
d,| = 3.2 x 1071° (0 + arg detY, Y, e cm
dn] ( | 2 (M + myq) 1.6 MeV

My — 0 = d, — 0
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Massless up quark

‘)
/“-T; o=\ 2 . -
TR = ‘)' ('I’ - j,,,()) + f(n' — [ )

—

e Signatures of the massless up quark
solution

e Before confinement there is a massless quark
e There is a sector which confines - QCD

e After confinement, the vev of the n' boson removes 6 from
the IR
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Status of the massless up
quark

My = 2.3f8:g MeV

Massless up quark solution “strongly
disfavored”
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Generalized massless up
quark solution

e 40 years since it was invented

e Why throw away a good idea?

e Simplest generalization of the massless
up quark solution
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Generalized massless up
guark solution

e Before confinement there is a massless
quark

e There is a sector which confines

e After confinement, the vev of the n’ boson
removes 6 from the IR
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New massless quark solution

e Before confinement there is a
massless quark

e There is a sector which confines

e After confinement, the vev of the n’
boson removes 6 from the IR

SM

@ -.. E
o' b
’ Y
[

s SUBB)Fa
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New massless quark solution

v

Add a new confining gauge
group

SM

e
I -.. E
o' b
’ Y
[

s SU3)r :

Before confinement there is a
massless quark

¥ There is a sector which confines

After confinement, the vev of the n’

boson removes 6 from the IR
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Effect of confinement

/

3272

g° N n/ 2, My
L 5 Ol = G,,_,,Gl” g T (” - ,f”'(} ) 4 ..

3 j.r[’

The eta prime boson changes our theta angle

ke N
6 =0+ arg detY, Yy — ?6"
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Effect of confinement

¢ To solve Strong CP problem, we need

| -
0 = T(() + arg detY, Yy)
e Seems strange to have a new gauge

group with exactly this theta angle
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Effect of confinement

To solve Strong CP problem, we need

| 3
0 = T(() + arg detY, Yy)
Seems strange to have a new gauge

group with exactly this theta angle

We know of a gauge group with exactly
this theta angle: QCD!
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L ]

Copying QCD

How much do we need to copy?

Copy leptons

Anomaly considerations

Mirror QCD spontaneously breaks SU(2)

Copy Higgs and SU(2)

Everything but U(1)
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Symmetry explanation

Anomalous symmetry renders sum of angles unphysical and
difference physical

Discrete symmetry results in the difference being zero

Ly
SM <+ SM’

B B
l" ~~‘| " ~“I
I‘SU(3)[:. "-5[/(3)’% '
’ ’
“.--" ‘~.--"
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Constraints

What are the constraints on this model?

L
SM <= SM’

¢ S s S
1 ‘l " T\ ‘l
v SUB)F v SUB)E &

. ’

“q.-" ‘~-.-"
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RG evolution

£QCDp

1000 107 ol
u (GeV)

105 10"
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£QCD

RG evolution

1000

Page 44/74



Pirsa: 15110065

£QCD

RG evolution

-,

1000 107 L

10%°
u (GeV)

101
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RG evolution

£QCDp

1000 107 o
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Higher dimensional

operators

2 T Iyt
qg HH'" -~ H'H"Y , -
327 ( AV

Solutions to the strong CP problem strongly
constrained by higher dimensional operators

H'H''— HH'  (H')?

a — 7 ~ :
M 1038GeV?

< 1058

H' < 10'%Ge¥
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LHC Observables

e QObservable signatures come from the
pseudo-goldstone bosons
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LHC Observables

¢ QObservable signatures come from the
pseudo-goldstone bosons

e (Color octet scalars

¢ (Obtain a 1-loop mass from gauge boson
loops

* |ike charged pions, quadratic divergence
cut off by rho mesons

m2 ~ 28T m2
[ O~/ /
E A el
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