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The Higgs mass

The Standard Model (SM) Lagrangian contains a Higgs mass term
L 5o
Lsy D _Emhh

and also some Higgs couplings
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The Higgs mass, the hierarchy problem, and the pursuit of naturalness

We can use these couplings to draw the following diagrams

The Higgs mass is quadratically sensitive to the cutoff Al




The Higgs mass, the hierarchy problem, and the pursuit of naturalness

The hierarchy problem

Imagine a world where the SM is all that there is up to the scale where
quantum gravity becomes important. In that case we have that
A =~ Mp ~ 108 GeV. This leads to a tuning of one part in the
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Are we to believe this? Is Nature this tuned?




The Higgs mass, the hierarchy problem, and the pursuit of naturalness

The pursuit of naturalness

Field Symmetry as m — 0 Implications
Spin 1/2 U — el y Smocm
—myV (chiral symmetry) natural

Spin 1 Ap— AL —L10,0 dmocm
Im2A,AH (gauge invariance) natural

Slp|n202 None om o A\
—5m°¢ unnatural

“Perhaps this is the reason why there seem to be no elementary scalar
fields in Nature.” - An Introduction to Quantum Field Theory, Peskin and
Schroeder



Beyond the Standard Model (BSM) solutions including neutral naturalness

The most well known solution: Supersymmetry

Supersymmetry is a symmetry linking bosons to fermions capable of
solving the hierarchy problem. Every SM particle has a partner particle.

Most importantly, quadratic contributions to scalar masses cancel between
supersymmetric partner particles.

However, natural Supersymmetry appears to be on thin ice.
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Beyond the Standard Model (BSM) solutions including neutral naturalness

Generally, the constraints on Supersymmetry are severe because the
superpartners are charged under the SM gauge groups. This leads to large
production cross sections at the LHC.

g i g i




Beyond the Standard Model (BSM) solutions including neutral naturalness

Neutral Naturalness

If we can somehow construct a model where the partner particles are
neutral under the SM gauge groups then we could avoid experimental

constraints. This is the idea of neutral naturalness. These types of theories
only tend to solve the “little” hierarchy problem: they keep the Higgs mass
natural only up to the highest scales probed by the LHC.




The Twin Higgs

Start with a global SU(4) symmetry and consider a Higgs field H
transforming as a fundamental under it. Next, write the SU(4) symmetric
potential

Vsu(a)(H) = —p*HTH + A(HTH)?

where 112 > 0. This is the famous “Mexican hat" potential.




The original Twin Higgs

The potential is minimized by a non-zero vev

and spontaneous symmetry breaking occurs. Here SU(4) is broken to
SU(3) which gives 7 Goldstone bosons. As we will see, the Higgs will
ultimately be identified as one of these Goldstone bosons.




The original Twin Higgs

Think about the Higgs as an excitation about the bottom the trough.

Right now the bottom of the trough is flat so the Higgs is (more generally
Goldstone bosons are) massless.




The original Twin Higgs

To give the Higgs a mass, explicitly break the SU(4) by gauging a
SU(2)a x SU(2) subgroup. This divides the Higgs field H in two

_ (Ha
H— ( HB) .
The A sector will be identified with the SM while the B sector is a

“mirror” sector. Six of the 7 Goldstone bosons are eaten by gauge fields
leaving only one left: the Higgs!




The original Twin Higgs

This gauging gives a quadratically divergent contribution to the potential

98N i oy N 9g3N?

AV(H) = par2 ATAT Tgan2

HiHg

where g4 and gg are the coupling constants for SU(2)4 and SU(2)g
respectively and A is the cutoff. Now, enforce a discrete Z, between the A
and the B sectors fixing ga = gg = g. Then

9 2/\2
AV(H) = é - (H\Ha + HLHg)
9g2N?
= 64n2 ( )

The potential accidentally preserves the original SU(4). The Higgs does
not receive a quadratically divergent contribution to its mass!



The original Twin Higgs

However, sub-leading terms will give a SU(4) breaking contribution to the
potential

AVsyay(H) = aHiHaHL Hg

where « is naturally small.




The original Twin Higgs

The details of the vev structure depends on sign of a.

a<0 a>0

Hp || =

Hy Hy

In either case, the bottom of the trough is now a tiny bit “wavy”. The
Higgs acquires a small mass and is now identified as a pseudo-Goldstone
boson of an approximate SU(4) symmetry.



The original Twin Higgs

The a < 0 minimum preserves the Z, symmetry. However this scenario is
problematic because
@ it is incompatible with Higgs signal strength measurements,
@ the energy scale ~ 4xf, at which new physics needs to appear to
avoid fine-tuning, is then not much larger than in the SM.

From here on we set (Ha) = v =~ 174 GeV and attempt to maximize the
ratio f/v. To do this, we need to introduce an explicit Z, breaking term in
the potential

Vis(H) = AmPH} Ha.




The original Twin Higgs

Increasing Am? pushes the vev f towards the B sector.

Am=20 Am = Ampay/3
) 2 ) 9;/ |
Hy Hy
Am = 2Ammax/3 Am == Ammax

Hp 0*/ Hpg ah




The original Twin Higgs

As shown above, there is a maximum value of Am? after which (H,) = 0.
By minimizing the potential, one can show that

2
ap
Ay, = o

Another interesting relation is

2 2 2

.o v 1 Am 1 Am
0:—:— 1— — ~—|(1—— .

TR 2( (—af2)> 2( Am
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To achieve a large f/v ratio, Am? needs to be tuned close to Am?,,. .




The original Twin Higgs

If & > 0, the vevs fall in one sector only and the minimum breaks the Z;
symmetry. However this scenario is inviable because

@ soft potential terms cannot remove the zero vev from the axis,
@ thus the vev must fall in the SM sector,

® which results with a massless mirror sector,

@ and this is incompatible with cosmology.




The original Twin Higgs

Recap:
® For a < 0, we need to tune Am? to achieve a large ratio of vevs.
® For a > 0, one of the vevs was stuck on an axis.

Both problems are related to the shortcomings of
Vis(H) = AmPH} Ha.

What would happen if we had terms linear in Ha or Hg instead? Could we
alleviate these problems?

Let's find out!




The spontaneous Zy breaking Twin Higgs

The spontaneous Z, breaking Twin Higgs

Start with an approximate global SU(4) symmetry and consider two Higgs

fields Hy; and Hy each transforming as fundamentals under it. Next write
the potentials

Vi, (H1) = —12HIHy + M (H )2 + anHI  HiaHl g Hig

and

Vi, (Ho) = — 3 Hy Ho + \a(H3 Ho)? + aoHY g HaaHig Hag

where 2 >0, u3 >0, a1 <0, and a > 0.




The spontaneous Zy breaking Twin Higgs

At the moment, the vev structure looks like

a1 <0

HIA HZA

where Hp preserves the Z, symmetry while H, breaks it. Without loss of
generality, we assign the vev of H; to fall in the B sector.



The spontaneous Zy breaking Twin Higgs

The next step is to introduce a term that connects the two Higges. This is
given by

VH1H2(H1= H2) = _BMHIHQ + h.c.
= —Bu(Hj \Haa + HigHag) + h.c..

This term transmits the Z, breaking effects from the broken to the
unbroken sector. For example, setting Hyg to its vev results with the term

Hig (Hag) + h.c.

which is an effective tadpole for Hyg, driving the H; vev towards the B
sector. Additionally, setting Hya to its vev results with the term

Hl  (Hia) + h.c.

which is an effective tadpole for H,4, lifting its vev off the axis.



The spontaneous Zy breaking Twin Higgs

The effects of these tadpole terms can be seen below.
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Contours in the Hy4, Hig plane drawn with Hoa, Hapg set to their vevs,
and vice versa.



The spontaneous Zy breaking Twin Higgs

In general, the vev structure is more complicated in this model than in the
original Twin Higgs. Defining
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we get two possible vev structures.
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We consider the case Q < 1.



The spontaneous Zy breaking Twin Higgs

Analogous to the Twin Higgs, there is a maximum value of B,, after which
(H1a) = (Haa) = 0. By minimizing the potential, one can show

__off
T R(1-Q)

BMax o

Another interesting result is that in the small angles approximation the
ratio of vevs v?/f?2 can be computed

—-1/2
ﬁ%; 1+ (_a2> / 03/2 <1_Bﬂ>
2 8(1+g(Q)) a1 Bjpax

B
= C(—az/a1,9Q) (1— L >
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where

1
g(Q) = T6(1592 +18Q —1).



The spontaneous Zy breaking Twin Higgs

We can compare this ratio of vevs with the Twin Higgs result.

0.5
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For most of the parameter space, if the two models have the same ratio of
vevs, then the spontaneously Z, breaking Twin Higgs is less tuned.



The spontaneous Zy breaking Twin Higgs

To show this concretely, we compute the tuning in a more systematic
fashion.

For the original Twin Higgs
® Four parameters: uz, A, «, and Am?

® Set A =1 and use ;?, @, and Am? to get correct Higgs mass, SM
vev, and to set the ratio f/v to a given value.

For the spontaneous Z; breaking Twin Higgs
@ Seven parameters: ,u%, ,u%, A1, A2, a1, az, and B,

® Set \;1 = Ay =1 and use u%, a1, and B, to get correct Higgs mass,
SM vev, and to set the ratio f; /v to a given value.

® Two free parameters left: ;3 and ap. We scan the parameter space in
terms of ,u%/,u% and —ap/ag.



The spontaneous Zy breaking Twin Higgs

The tuning can be computed in the following way.

For the Twin Higgs
@ Define

Agy = ’8(v2/f2)

Oln Am?

@ The tuning is then A},l_,
@ Setting /v = 3 gives a benchmark tuning of 27.7%.

For the spontaneous Z; breaking Twin Higgs

@ Define
o(v?/fR)| |o(v?/ )| |o(v?/f2)| |O(v?/ )
ASpontaneous = Max > .
dlnB, Olnps dln X dlnan
. . ~1
@® The tuning is then Aspontaneous.



The spontaneous Zy breaking Twin Higgs

Setting f1/v = 3 gives a tuning in our model of




The spontaneous Zy breaking Twin Higgs

Comparing this to the Twin Higgs gives a ratio of tunings of




Conclusion

Conclusion

@ If Nature were only the SM, then it would be fine-tuned.

® However, BSM physics can potentially reduce this tuning. A prime
candidate theory is Supersymmetry.

@ But current experimental searches are placing strong limits on
supersymmetric partner particles.

@ Naturalness can still be achieved with partner particles not charged
under the SM gauge groups.

® The Twin Higgs is perhaps the most famous example of this.

® The spontaneously Z, breaking Twin Higgs attempts to improve the
tuning even further.
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Back up slides

The resulting 125 GeV Higgs boson turns out to be more “A”-like in the
spontaneous Zy breaking Twin Higgs than in the original Twin Higgs. To
see this we decompose the Higgs as

h = ahia + bhoa + chig + dhopg
where hy, is defined as
HYy = (via + (ha + iA14)/V2)
and identically for the other h;'s. We then define the parameter
O =c’+ d?

which measures how much the Higgs is “B"-like.
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Back up slides

We have already discussed how quadratically divergent contributions to
the Higgs mass from the gauge bosons cancel. However, we have not
examined the Yukawa sector, and, in particular, the top quark. One
possible way to couple the top quark to the Higgs in the Twin Higgs is

Etop = —yt(c_yAl:IAtf\ + C_]B/:IBtE) + h.c.

where gg and tg are mirror sector fermions. Notice that this term is Z>
symmetric; this is enough to ensure the cancellation of quadratic
divergences.

In our model, we choose the top to couple to H; only and to follow the
same structure as above.




Back up slides

The one-loop leading radiative corrections for the original Twin Higgs are

1
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In our case, the one-loop leading radiative corrections are
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The parameter & is the coefficient for the operator

—K(H{ sHiaH3 g Hon + Hi g HigHig Hag).
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Before, we set the ratio of vevs and then found the tuning. But we can
also do the opposite. If we set the tuning to 20% then we get f /v = 3.42
in the original Twin Higgs.
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Setting the tuning to 20% gives f1/v in our model of

: Y
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Comparing this to the Twin Higgs gives (f1/v)/(f/v) of
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