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» For this, one needs to introduce the concept

of Mirror
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0 approach: Enlarge the SM one
step at a time and see what happens. |
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o Parity is intrinsically broken in the SM
because left-handed fermions are doublets
and right-handed fermions are singlets under
SU(2)r.

» Parity can be restored at high energy above
the electroweak scale Agyy ~ 246 GeV either
by enlarging the SM gauge group to e.qg.
SU(2)r, x SU(2)r x U(1) or by introducing

mirror fermions.
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» |n Left-Right models, [}, = ( ) e SU((2)p
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and lp = (Ve ) e SU(2)r
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o With gy = gr and at £ > My, > My, , the
V-A interactions (exchanges of 1V;) have
as the V+A interactions
(exchanges of Wg) = Parity Is “restored” In

that sense. |
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o Mirror fermions are expected to have masses
not much greater than the electroweak scale.

» AtE > M, -ror, the W and Z bosons cannot
distinguish SM from mirror fermions =
SU(2); becomes “vector-like” = Parity is
“restored” In that sense.
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neen done here) and non-perturbatively (very
ittle). Why the latter?

» The electroweak phase transition (from ¢" = 0
to ¢° = v/v/2) is essentially a
non-perturbative phenomenon.

# Non-perturbative instanton solution in the SM
at high temperature = baryon-number
violating sphaleron process. Very relevant to

the problem of the baryon asymmetry of the |
universe!
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» The appropriate framework to study
Nonperturbative phenomena such as the
electroweak phase transition (from ¢" = 0 to
o' = v/+/2) and related physics (“sphaleron”,
etc...) Is lattice regularization. Impossible to
put a chiral gauge theory such as
SU(2), x U(1)y on a lattice! A
gauge-invariant lattice formulation of the SM
IS possible If one introduces mirror fermions

(Montvay, PLB 199, 89 (1987)).
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| Mirror. fer mions:Why?

# The SM, as a chiral theory, contains gauge
triangle anomalies which
. Renormalizability of the SM =
Cancellation of the triangle anomalies. Most
typically, one of such cancellations is
S~ Q; = 0 for each family. For example:
—1+3x(2/3—-1/3)=0.
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guark-lepton unification?
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o [he SM augmented with mirror fermions is
automatically anomaly-free! Left
right, no longer necessary between quarks
and leptons! Charge guantization: a signal of
guark-lepton unification?

» Non-perturbatively, SU(2) chiral gauge
theories such as SU(2);, suffers the so-called
. the theory is unless
the number of doublets Is even. SM: 4 per
family (one lepton and three color doublets);

SM with mirrors: Not a chiral gauge theory =
No Witten anomaly.
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» Can v act as the missing right-handed
neutrino for the seesaw mechanism? If yes,

how does one write a Majorana mass term for
it?

o 15" ool = v oy M. Notice the
transformation under SU(2)z: 2 x 2 =1+ 3,
singlet plus triplet and Y/2 = —1 = Higgs

(singlet or triplet) with Y/2 = 1.



| Mirror fermions — EW-scale vy

# As in the 2nd lecture, a singlet Higgs for the
Majorana mass term is out because of its
non-zero vacuum expectation value would

break charge conservation = Triplet Higgs.
What kind?

—



| Mirror fermions — EW-scale vy

# As in the 2nd lecture, a singlet Higgs for the

9

Majorana mass term is out because of its
non-zero vacuum expectation value would
break charge conservation = Triplet Higgs.
What kind?

1+ e
~ 1 - — 7§X X
X 7§TX ( XO _L _|_)



| Mirror fermions — EW-scale vy

# As in the 2nd lecture, a singlet Higgs for the
Majorana mass term is out because of its
non-zero vacuum expectation value would
break charge conservation = Triplet Higgs.

What kind?
1 .+ 4
- 1 =--_ | BX X
® N =—"FT.X=

M

(x"Y = vyr = Right-handed Majorana mass:

M = gMUM! |
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» How big can vy, be? Since vy is a member of
a doublet, it interacts with the Z-boson (unlike
the singlet case). Value of Z-boson decay
width (no more than 3 light neutral fermions)
= M > Myz/2 ~ 46 GeV = vy > 46 GeV
assuming g,; < 1.
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» How big can vy, be? Since vy is a member of
a doublet, it interacts with the Z-boson (unlike
the singlet case). Value of Z-boson decay
width (no more than 3 light neutral fermions)
= M > Myz/2 ~ 46 GeV = vy > 46 GeV
assuming g,; < 1.

» vy breaks SU(2);, x U(1)y! It will destroy the
relationship My = My cosbOw (p = 1) unless

the VEV is very small! (2nd lecture!)
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» One would have p # 1 when both a triplet and
a doublet are present with comparable VEV'’s.
See the formula of the 2nd lecture.

» What should we do next? What we need:
doublet Higgs for charged fermion
masses(quarks and leptons) and triplet Higgs
for right-nanded Majorana neutrino mass.

» Construct the Higgs potential for doublet and
triplet Higgses such that there remains a
Custodial global SU(2) symmetry after SSB

= p =1 at tree level! |
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» A nice way out (Chanowitz and Golden;
Georgi and Machacek):

» Add ¢ = (3,Y/2 = 0) and group it with

/ O et X++\
X=@Y2=1)inx=| x & x*
\ X & X"

# Notice the doublet Higgs can be written as

¢ "
4
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» Construct a Higgs potential with a global
SU(2);, x SU(2)r symmetry with the

transformations: Ur g = exp(—idr z.T7.5).
o &= (22)and y = (3,3).
» & — UdU}, x — U xUL.

—
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» SU(2); x SU(2)g-invariant potential:
V(®,x) = M(Tro'd — v2) + )\Q(TTX X —
?)UM) + )\S(TT‘(I)T(I) - vz -+ T?“X X — SUM) +
)\4(TT(I)T(I)TTX X — QTT(I)TTi(I)Tj.TTXTTiXTj) +
As(BTrx"xxTx — (Trx"x)?)
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» SU(2); x SU(2)g-invariant potential:
V(®,x) = M(Tro'd — v2) + )\Q(TTX X —
?)UM) + )\S(TT(I)T(I) - 112 -+ T?“X X — SUM) +
)\4(TT(I)T(I)TTX X — QTT(I)TTi(I)Tj.TTXTTiXTj) +
As(BTrx"xxTx — (Trx"x)?)

o Proper vacuum alignment from A4 term when
(X°) = (£%) = v with (¢°) = 22
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(o 0 0 ) )
s ()= 0 vy O and<<I>>(v2 )

0
L 0 0wy -
= SU(Q)L X SU(Q)R — SU(Q)custodial-
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— SU(Q)L X SU(Q)R —> SU(Q)custodial-
o My = %gv = My cosby = p = 1! Here
v = /03 + 803, ~ 246 GeV
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0
s (\)=]| 0 wvy 0 | and <<I>>(U2 )
0 U9
\ 0 0 wy )
— SU(Q)L X SU(Q)R —> SU(2)cu5todial-
) MW:%gv:MZ cos Oy = p = 1! Here
v = /03 + 803, ~ 246 GeV

# Right-handed neutrino masses:. M = gy vy
= Myz/2 ~ 46 GeV < M < 246 GeV'. “Narrow”

range! |
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» Mixing between SM and mirror leptons or
between v, and v’ = Dirac neutrino mass.
How?

» Simplest possibility: Singlet scalar ¢g
Ls=gall ¢ps + go el pgeM + H.c. contains
gsi Vz ds vy + H.c..

» (¢pg) = vg = Neutrino Dirac Mass mp = gg; vs

o M~ O(ANpw ~246GeV), m, < 0.1eV +
seesaw (|m,| = m% /M) = mp < 10°eV

—




| Mirror.-fermions: Dirac massterm

® Ifgs~O(1) = vg ~O(100 keV') = Very light
singlet scalar! (Dark Matter?) Of course, the
singlet scalar mass is ~ v/ Avg with \ being

the quartic coupling in the singlet potential
and can be either lighter or heavier than that

canonical value because )\ i1s unknown and vg
can be from O(100 keV).
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® Ifgs ~O(1) = vg ~ O(100 keV') = Very light
singlet scalar! (Dark Matter?) Of course, the
singlet scalar mass is ~ v/ Avg with \ being
the quartic coupling in the singlet potential
and can be either lighter or heavier than that

canonical value because )\ i1s unknown and vg
can be from O(100 keV).

» Cosmological consequences of
electroweak-scale right-handed neutrinos and
the singlet scalar field discussed in 4th

lecture. |
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AEW ~ 246 GeV MGUT ~ 1016 GeV.

Only one Is accessible experimentally.
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| GUT vs Electroweak scale seesaw

» GUT scale:
AEW ~ 246 GeV MGUT ~ 1016 GeV.

Only one Is accessible experimentally.

» Electroweak scale:
~ 10°eV = 107*GeV «— Ay ~ 246 GeV .

Both are accessible experimentally.
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| Summary of results

# The SM with mirror fermions can be treated
both perturbatively and nonperturbatively (on
the lattice consistent with gauge invariance).

» Absence of perturbative and nonperturbative
anomalies!

» Right-handed neutrinos which can participate
INn the seesaw mechanism are active and light
with mass between 46 GeV and 246 GeV =
Accessible experimentally! Interesting
signatures at the LHC (and the ILC).

—
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| Summary of results

» We about the
mechanism of spontaneous breakdown
(SSB) of the SM other than p ~ 1!
Electroweak vp < SSB of SM.

» Rich Higgs structure: Doublet and Triplet

Higgses. Contains also doubly-charged
scalars.

» Experimental implications in Lecture #4.

—
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