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@ A brief summary of the Strong CP problem: What is it? The
Peccei-Quinn solution and alternatives.

@ It all amounts to the question of why
0= Oocp + Onon—qcp < 10719, Strategy: Find a symmetry so that
focp = 0 and see if the calculated 6,0, gcp < 10710,

@ A new solution with testable experimental implications at the LHC
(and beyond): smallness of neutrino masses = smallness of the
CP-violating parameter 6, below the experimental bound # < 1010

@ Model: A model of fertile right-handed neutrinos at the electroweak
scale (EW-vg model) involving mirror fermions. All the ingredients
for a strong CP solution already contained in the EW-vg model.
Mixing between mirror quarks and SM quarks via a Higgs singlet =
contribution to @ proportional to the neutrino masses = naturally
smalll Experimental implications in the search for mirror quarks!
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The Strong CP problem

@ The QCD vacuum is very complicated. The gauge-invariant vacuum
is the so-called #-vacuum ('t Hooft, Polyakov):
|6) = >, exp(—wnf)|n). n: "winding number” .
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o If there is a chiral symmetry (e.g. Peccei-Quinn U(1)pq), one can

Oqcp away by exp(—10ocp Qs)|0ocp) = |0). No more CFP

@ However, diagonalization of quark mass matrices introduces another
chiral rotation that shifts the 6 by an additional amount ArgDetM
so that one now has 0 = Ogcp + ArgDetM. So?
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The Strong CP problem

@ The QCD vacuum is very complicated. The gauge-invariant vacuum
is the so-called #-vacuum ('t Hooft, Polyakov):
|6) = >, exp(—wnf)|n). n: "winding number” .

e This induces an Effective Lagrangian:
Lefr = Locp+... + 0ocp (g5 /321%)GLV G,

@ Last term is CP violating! So? What's the problem?

@ Jackiw and Rebbi: A chiral rotation Qs can change 6:
exp(1a@s)|0) = |0 + ).

o If there is a chiral symmetry (e.g. Peccei-Quinn U(1)pq), one can

Oqcp away by exp(—10ocp Qs)|0ocp) = |0). No more CFP

@ However, diagonalization of quark mass matrices introduces another
chiral rotation that shifts the 6 by an additional amount ArgDetM
so that one now has 0 = Ogcp + ArgDetM. So?

@ This contributes to the Electric Dipole Moment of the neutron:
d, =~ 2.5 x 107 *%0e — cm. Experimentally: |d,| < 2.9 x 10~%°e — cm!
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@ O < 10719 known as the Strong CP problem. Why should it be so
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@ O < 10719 known as the Strong CP problem. Why should it be so
small?
@ Peccei-Quinn: Introduction of a extra chiral symmetry U(1)pq to
the SM such that (simplified summary here)
° JigvyPqr + Grgy®* qu invariant under a chiral rotation
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The Strong CP problem

@ O < 10719 known as the Strong CP problem. Why should it be so
small?
@ Peccei-Quinn: Introduction of a extra chiral symmetry U(1)pq to
the SM such that (simplified summary here)
° JigvyPqr + Grgy®* qu invariant under a chiral rotation
g — exp(1075)q, ¢ — exp(—120)¢
o Ogcp — Oocp — 2. Can be rotated to zero!
o However, if U(1)pg is spontaneously broken ({¢) # 0) then
ArgDet gy (¢) # 0!
o A pseudo-Nambu-Goldstone boson, the Axion, dynamically drives 0
to zero even if (¢) # 0. Is it necessary to do so?
o Experimental searches for the Axion (in particular Beam dump:
KT — 7" a) empty handed = Invisible axion. Severe constraints on
the Axion from astrophysics although it is still considered to be a
DM candidate.
o Several axion-less scenarios were proposed.
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What does a neutrino mass have to do with all that stuff?

The EW-scale v model

@ The EW-scale vg model: Model in which vg's are ,
EW-scale masses = They can be and the
seesaw mechanism directly tested!
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!

What does a non-vanishing neutrino mass have to say about the strong CP



What does a neutrino mass have to do with all that stuff?

The EW-scale v model

@ The EW-scale vg model: Model in which vg's are ,
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seesaw mechanism directly tested!

@ Does not require a new gauge group: Same old
|

@ Requires: (Start out with one family for simplification. Similar
results for 3 generations.)
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@ The EW-scale vg model: Model in which vg's are ,
EW-scale masses = They can be and the
seesaw mechanism directly tested!

@ Does not require a new gauge group: Same old

|

@ Requires: (Start out with one family for simplification. Similar
results for 3 generations.)

° : SM: (qu, I, ur, dr, er); Mirror: (g, 1K, uM, dM, eM).
: Doublets: ®,, ®,p; Triplets: ¥, &; Singlet: ¢s.
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What does a neutrino mass have to do with all that stuff?

The EW-scale v model

@ The EW-scale vg model: Model in which vg's are ,
EW-scale masses = They can be and the
seesaw mechanism directly tested!

@ Does not require a new gauge group: Same old

|
@ Requires: (Start out with one family for simplification. Similar
results for 3 generations.)
° : SM: (qu, I, ur, dr, er); Mirror: (g, 1K, uM, dM, eM).
: Doublets: ®,, ®,p; Triplets: ¥, &; Singlet: ¢s.
o Right-handed Majorana neutrino masses: gm vg o2 vrx°. (X°) = vm
MR = M VMm (VM ~ O(/\EW))
o Neutrino Dirac mass: Ls = gg /_L¢s l,’?\/’ + H.c. {¢s) = vs
mp = gs/ Vs
o Seesaw: m, ~ m%/Mg; Mg.
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What does a neutrino mass have to do with all that stuff?

The EW-scale v model

@ Yukawa interactions with quarks:

»Cmass = gquJ>2UR+gd(7L¢2dR+guMq_MR&>2MU£/I+ngqMR¢gmdN+H.C.J

Lbtins = gsqéchsq_MR + gsull)! psur + gsqad} ¢sdr + H.c. J
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What does a neutrino mass have to do with all that stuff?

The EW-scale v model

@ Yukawa interactions with quarks:

Limass = 8uGrPotr +£4G1 Padr+gum g™ g®on ul +ggm q_"”R¢sz[‘/’+H.c.J

Lbtins = gsqéchsq_MR + gsull)! psur + gsqad} ¢sdr + H.c. J

o Extra global symmetries: U(1)sm x U(1)mr (to prevent some
unwanted couplings for consistency). These contain the
U asm x U(L)amre L mixing 1S invariant under:
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Neutrino mass and Strong CP

° : Oocp — Oocp — (asm + amr). Can be rotated to
I Next, compute ArgDetM (actually Owe.x = ArgDet(M,My))
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Neutrino mass and Strong CP

° : Oocp — Oocp — (asm + amr). Can be rotated to
I Next, compute ArgDetM (actually Oyeax = ArgDet(M Mq))
) my |gsq|vs exp(20,) )
o M t M, = 9 a ;
ass matrices 50| vs exp(16,) M, ;
mgy |gsqlvs exp(10,) )
My = )
d ( lgsa|vs exp(204) My
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Neutrino mass and Strong CP

: Oocp — Oocp — (asm + amr). Can be rotated to

o
I Next, compute ArgDetM (actually Qe = ArgDet(M,My))
- m |gsqlvs exp(18q)
o Mass matrices: M, = Y q q ;
" ‘g5u|VS eXP(leu) Mu ’
mq |g5q|V5 eXp(Zeq)
My = )
d ( lgsa|vs exp(204) My
@ Straightforward calculations give:
o o —(rusin(8q+0u)+rg sin(64+604))
0 = Owear ~ 1—r, cos(gq-s—é)u)—id sin(gq+;d) J
2 2
r, = \gsz\h\lgl\z\vs _ (|gs(gsl/gsu\ )(m’:ql?/lu) J
_ lgsqllgsalvs _ ¢ lgsqllgsalyo_mp
ra = It _ (lesllgsly )
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Neutrino mass and Strong CP

Oweak = —(rysin(0g + 0,) + rasin(64 + 04)) J
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Neutrino mass and Strong CP

Oweak = —(rysin(0g + 0,) + rasin(64 + 04)) J

o With r, 4 &c v oc m%, Oweax — 0 as vs — 0 regardless of the CF
phases 0 + 0, 4.
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Neutrino mass and Strong CP

Oweak = —(rusin(fg + 6,) + rasin(fg + 64))

o With r, 4 &c v oc m%, Oweax — 0 as vs — 0 regardless of the CF
phases 0 + 0, 4.

e But m, ~ m%,/MR = 0 and tiny! One expects Oyeax to be very
small also! We do not need to drive Oyeax dynamically to zerol!

What does a non-vanishing neutrino mass have to say about the strong CP



Neutrino mass and Strong CP

Oweak = —(rysin(0g + 0,) + rasin(64 + 04)) J

e With r, 4 v§ x m2D, Oweak — 0 as vs — 0 regardless of the CF
phases 0 + 0, 4.

e But m, ~ mé/MR = 0 and tiny! One expects Oyeax to be very
small also! We do not need to drive Oyeax dynamically to zerol!

@ Putting in some reasonable numbers

Oeakc < —10*8{(%55"')sin(9q+0u)+(%)sin(eqwd)} J
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Neutrino mass and Strong CP: Experimental implications

@ The EW-scale vg model: (a) satisfies the EW-precision data, e.g.
positive contributions to S from mirror fermions get cancelled by
negative contributions from triplet scalars; (b) Two very distinct
scenarios (Dr Jekyll and Mr Hyde) that can accommodate, in terms
of signal strengths, the 125-GeV scalar; (c) Constraints from
1 — ey and p2e conversion imply gg, <107* Decays of mirror
leptons at
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Neutrino mass and Strong CP: Experimental implications

@ The EW-scale vg model: (a) satisfies the EW-precision data, e.g.
positive contributions to S from mirror fermions get cancelled by
negative contributions from triplet scalars; (b) Two very distinct
scenarios (Dr Jekyll and Mr Hyde) that can accommodate, in terms
of signal strengths, the 125-GeV scalar; (c) Constraints from
1 — ey and p2e conversion imply gg, <107* Decays of mirror
leptons at

e To satisfy § < 10710, one requires lgsq| ~ |gsul ~ |g5d| ~ 0.1gs;
Decays of mirror quarks at

@ Another important collider implication: Like-sign dlleptons from vg
decays at

@ Other implications are under investigation.
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Conclusions

What does the EW-scale vg model accomplish?

@ Nielsen-Ninomiya theorem: The SM be put on the lattice.
Tough to investigate the phase transition of the EW sector. The
EW-scale vg model evades the N-N theorem and one can now study
the phase transition on the lattice.
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Tough to investigate the phase transition of the EW sector. The
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@ The EW-scale vg model provides a test of the seesaw mechanism at
collider energies since /z's are now and I Rich studies
involving the search for the mirror sector at the LHC with in
particular characteristic signals such as
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Conclusions

What does the EW-scale vg model accomplish?

@ Nielsen-Ninomiya theorem: The SM be put on the lattice.
Tough to investigate the phase transition of the EW sector. The
EW-scale vg model evades the N-N theorem and one can now study
the phase transition on the lattice.

@ The EW-scale vg model provides a test of the seesaw mechanism at
collider energies since /z's are now and I Rich studies
involving the search for the mirror sector at the LHC with in
particular characteristic signals such as

@ There seems to be a between and to
make I Stay tune!
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e Gauge group:
@ Lepton doublets:

SM: | = ( Zi ) ; Mirror: Y = < Z,C, )
R

@ Lepton singlets:
SM: eg ; Mirror: e[V’

@ Quark doublets:
SM: g, = “E ) : Mirror: g = u,’¥’
tqL = d ; Cdr = d}g/l
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Backup slides

e Gauge group:
@ Lepton doublets:

SM: [, = ( Zi ) : Mirror: /A,”: < Z,C, )
R

@ Lepton singlets:
SM: eg ; Mirror: e[V’
@ Quark doublets:
SM: g, = “E ) : Mirror: g = u,’g’
gL = d ; cdr = d.g,
@ Quark singlets:
SM: ugr , dg : Mirror: uﬁ” , d[w
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The EW-scale vr model

@ How to obtain Mg 1/; o2 vg: From (lepton-number violating)

/,Q/I’Taz /,’g’ coupled to a triplet Higgs, ¥ with Y /2 = 1.
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The EW-scale vr model

@ How to obtain Mg 1/; o2 vg: From (lepton-number violating)

/,Q/I’Taz /,’g’ coupled to a triplet Higgs, ¥ with Y /2 = 1.

Lo+ ++
. -5 75X X
°X:127-X:<€0 —\I/X+>
2
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The EW-scale vr model

@ How to obtain Mg 1/; o2 vg: From (lepton-number violating)

/,Q/I’Taz /,’g’ coupled to a triplet Higgs, ¥ with Y /2 = 1.

1+ T+t
-7 X X
o y=L7y=| V2
X=,5TX XO —%X+
o Look at the Yukawa term: gy v} o2 vrX®. (x°) = v
Mg = gm vm.
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The EW-scale vr model

How to obtain Mg 1/; o2 vg: From (lepton-number violating)
M7 5, /,’g’ coupled to a triplet Higgs, ¥ with Y /2 = 1.

R
(kXJr ans )

0 _ 1 o+

X /2 X

Look at the Yukawa term: g v} o2 vrX?. (X°) = v

Mg = gm vm.
@ Z width constraint (3 light neutrinos) Mg > Mz /2 ~ 46 GeV'.

°
>
|
S
A
=1
I
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The EW-scale vr model

How to obtain Mg 1/; o2 vg: From (lepton-number violating)

/,Q/I’Taz /,’g’ coupled to a triplet Higgs, ¥ with Y /2 = 1.

X ans
0 _% Yt
Look at the Yukawa term: g v} o2 vrX?. (X°) = v
Mr = gm v
Z width constraint (3 light neutrinos) = Mg > Mz /2 ~ 46 GeV.
v ~ O(Agw) = A "large” triplet VEV would spoil p =1 at tree
level!

°
>
|
S
A
=1
I
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The EW-scale vr model

@ How to obtain Mg 1/; o2 vg: From (lepton-number violating)

/,Q/I’Taz /,’g’ coupled to a triplet Higgs, ¥ with Y /2 = 1.

1L+ ++
- - 7 X X
oo (B

X st
o Look at the Yukawa term: gy v} o2 vrX®. (x°) = v
Mg = gm vm.

@ Z width constraint (3 light neutrinos) Mg > Mz /2 ~ 46 GeV'.

@ vy ~ O(Agw) = A "large” triplet VEV would spoil p =1 at tree
level!

@ Need to restore the Custodial Symmetry! Another triplet Higgs
scalar £ = (3, Y /2 =0) such that

XO §+ X++
x=| x &€ x'
X & ™
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The EW-scale vr model

@ The potential has a global SU(2), x SU(2)g symmetry and x
transforms as (3, 3). ( )
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The EW-scale vr model

@ The potential has a global SU(2), x SU(2)g symmetry and x

transforms as (3, 3). ( )
Vi 0 0
@ Vacuum alignment dictates (x) = 0 vy O and
0 0 Vi

() = ( V2/Oﬁ V2/0\@ > SU(2). x SU(2Q)r — SU(2)p

(custodial).
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The EW-scale vr model

@ The potential has a global SU(2), x SU(2)g symmetry and x

transforms as (3, 3). ( )
Vi 0 0
@ Vacuum alignment dictates (x) = 0 vy O and
0 0 Vi
_(w/V2 0
(custodial).

o Mz = M/ cosby, with v = /v5 + 8vi, ~ 246 GeV
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The EW-scale vr model

@ The potential has a global SU(2), x SU(2)g symmetry and x

transforms as (3, 3). ( )
Vi 0 0
@ Vacuum alignment dictates (x) = 0 vy O and
0 0 Vi

_(w/V2 0

() = ( 0 3 ) SU(2)1 x SU(2)r — SU(2)o
(custodial).

o Mz = M/ cosby, with v = /v5 + 8vi, ~ 246 GeV

@ Lots of Higgses! Questions which are BSM More scalars!
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The EW-scale vr model

@ The potential has a global SU(2), x SU(2)g symmetry and x

transforms as (3, 3). ( )
Vi 0 0
@ Vacuum alignment dictates (x) = 0 vy O and
0 0 Vi
_(w/V2 0
(custodial).

o Mz = M/ cosfy, with v = /v5 + 8 vy = 246 GeV
@ Lots of Higgses! Questions which are BSM More scalars!

@ What about the Dirac mass mp? It will come from a product of 2
doublets i.e. mD(VZ vr + h.c.). What Higgs?
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The EW-scale vr model

@ Simplest choice: A singlet scalar ¢s with L£s = gs; I, ¢s /,’;Y’ + H.c.
mp = 8si1 Vs
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e If g5y ~ O(1), this implies that vs ~ O(10° eV)
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@ Simplest choice: A singlet scalar ¢s with L£s = gs; I, ¢s /,’;Y’ + H.c.
mp = &si Vs
e If g5/ ~ O(1), this implies that vs ~ O(10°eV)
@ The very light (~ 100keV or so) singlet scalar could have interesting
cosmological implications.
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The EW-scale vr model

Simplest choice: A singlet scalar ¢s with £s = gs/ I, ¢s IN + H.c.
mp = &si Vs

e If g5/ ~ O(1), this implies that vs ~ O(10°eV)

@ The very light (~ 100keV or so) singlet scalar could have interesting

cosmological implications.

@ Before mentioning the phenomenology of the model, the model has
to the electroweak precision data because extra chiral
doublets can do damage to the S parameter for example! This is
where the Higgs sector of the model comes in.
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The EW-scale vr model

Simplest choice: A singlet scalar ¢s with Ls = gs; I, ¢s IM+ H.c.
mp = &si Vs

e If g5/ ~ O(1), this implies that vs ~ O(10°eV)

@ The very light (~ 100keV or so) singlet scalar could have interesting
cosmological implications.

@ Before mentioning the phenomenology of the model, the model has

to the electroweak precision data because extra chiral

doublets can do damage to the S parameter for example! This is

where the Higgs sector of the model comes in.

@ Note: The magnitude of the magnetic moment for the electron or

muon is y = (1 + a),L where a = £52. 2 ~ 41—5(#”)2(%)2 For

Mheavy ~ 200 GeV, a% ~ 10718 and ) ~ 1014,
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The EW-scale vg model: The Higgs sector

@ The EW-scale vg model contains one Higgs doublet, two Higgs
triplet and one Higgs singlet.
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The EW-scale vg model: The Higgs sector

@ The EW-scale vg model contains one Higgs doublet, two Higgs
triplet and one Higgs singlet.

e With respect to SU(2), the two triplets and one doublet sum up to
13 degrees of freedom, 3 of which are Nambu-Goldstone bosons
absorbed by W's and Z = 10 physical degrees of freedom. Which
are they?
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The EW-scale vg model: The Higgs sector

@ The EW-scale vg model contains one Higgs doublet, two Higgs
triplet and one Higgs singlet.

e With respect to SU(2), the two triplets and one doublet sum up to
13 degrees of freedom, 3 of which are Nambu-Goldstone bosons
absorbed by W's and Z = 10 physical degrees of freedom. Which
are they?

@ Under the custodial symmetry group SU(2)p, these 10 physical
degrees of freedom decompose as

five-plet (quintet) — HE™E HE, HY;
triplet — HF, HY;

two singlets — HY, HY

What does a non-vanishing neutrino mass have to say about the strong CP



The EW-scale vg model: The Higgs sector

@ These scalars are expressed in terms of the original fields as

He™ = X" Hf =¢7 HY =cuty™ —spo™,

HY = % (250 — \/QXO'), HY = Z(CHXOZ + chﬁOl),

1 r
W= o = L ()
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The EW-scale vg model: The Higgs sector

@ These scalars are expressed in terms of the original fields as
Hi™ = X Hy =(7, HY = ey —sno™,
HY = % (250 - \/QXO'), HY = Z(CHXOZ + chﬁOl),
HY = o HY = (VR )

2\/§v
® sy = ==
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The EW-scale vg model: The Higgs sector

@ The phenomenology of this sector has been studied by
and will be updated.
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The EW-scale vg model: The Higgs sector

@ The phenomenology of this sector has been studied by
and will be updated.

@ These scalars make important contributions to the electroweak
precision parameters which offset those of the mirror fermions!
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