Pheno 2016 The spontaneous Zy breaking Twin Higgs

The spontaneous Z, breaking Twin Higgs

Hugues Beauchesne, Kevin Earl, Thomas Grégoire
arXiv:1510.06069
Speaker: Hugues Beauchesne
hugues.beauchesne@carleton.ca

Carleton University,
Ottawa, Canada

Pheno 2016



Pheno 2016 The spontaneous Zy breaking Twin Higgs

Motivation |

The hierarchy problem

The mass of the Standard Model (SM) Higgs receives large radiative
corrections that would normally push it to the Planck scale. Having
it close to the electroweak scale means a fine-tuning of roughly a
part in 1032, The Higgs mass is not “natural’.

Many theories attempt to stabilize the electroweak scale, the most
famous being supersymmetry (SUSY). These new theories often in-
troduce partners to many particles from the Standard Model. Nat-
uralness requires these partners to be close to the electroweak scale.
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Constraints on Beyond the Standard Model (BSM) physics
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Motivation Il
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Summary of CMS SUSY Results* in SMS framework

squark gluino production

CMS Preliminary
For decays with intermediate mass,

e = X HIX) I,
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*Observed limits, theory uncertainties not included
Only a selection of available mass limits

Probe *up to* the quoted mass limit
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Neutral Naturalness |

Most partners have strong constraints on them because they can
easily be produced at particle colliders, i.e. they have a large cross-
section. If partners were not charged under the SM groups, less
would be produced and they would be less constrained.

Neutral naturalness

The partners that stabilize the Higgs mass are (at least partially)
not charged under the SM groups.
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Neutral Naturalness |l

» Most famous examples
» Folded SUSY
» Twin-Higgs
» Generally, neutral naturalness does not attempt to solve com-
pletely the hierarchy problem.

» Neutral naturalness only tries to find models that are natural
considering our current experimental limits.
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The Twin Higgs |

Twin-Higgs is based on an approximate global SU(4) broken spon-
taneously to SU(3). The 125 GeV Higgs is one of the resulting
(pseudo-)Goldstone bosons.

The Higgs doublet is embedded in a fundamental of SU(4) as
_ (Ha
"= (H):

Vsy(ay(H) = =i HTH + A(HTH)?.

with a potential of

The potential is minimized by

(Hy = f = u/V2A.
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The Twin Higgs Il

The SU(4) symmetry is explicitly broken by gauging an SU(2)a X
SU(2)p subgroup. The leading radiative correction is

AV(H) = 64r2 ATAT “6ar2 HgHe.

where g4 and gg are the gauge coupling constants of SU(2)a and
SU(2)p respectively and A is the cutoff of the theory. If a Z; symme-
try is imposed between the two sectors, g4 = gg and this correction
preserves SU(4). It therefore does not provide any mass to the Higgs
boson. The same can be done for the Yukawa couplings.
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The Twin Higgs IlI

Subleading terms give an additional contribution to the potential
Vsuy(H) = aHiHaHL Hp.

The end result is that, of the original 7 Golstone bosons, 6 will
remain massless and be eaten by massive gauge bosons and the
one left over will be a light pseudo-Goldstone boson that can be
associated to the 125 GeV Higgs.
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The Twin Higgs IV

Symmetry breaking depends on the sign of a.

a<0
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The Twin Higgs V

If a < 0, Zy is conserved. This is problematic for two reasons
» Incompatible with Higgs signal strengths

> The scale 4nf, at which the UV completion must come into
account to avoid fine-tuning, is not much higher than in the
Standard Model.

In general, you want f to be much bigger than the Standard Model
Higgs vev v, i.e. f/v large.

An explicit Z; breaking potential must be introduced

Vis(H) = AmPH} Ha.
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The Twin Higgs VI

The Higgs fundamental can be parametrized as

0
sinf
0
cos

H=f

Minimizing with respect to f and 6 leads to

f2_2,u2—Am2
- A +a

and
af*sin4f + 4Am?f?sinfcosd = 0.

13 /37
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The Twin Higgs VII

The last expression can be rewritten as

F.(6) _1 sin4g Am? N Am?
"WT Asinfcosd  (—af?)  Am2.’

where the last relation holds in the limit of small . The parameter

Am?_, is defined as the largest value Am? can take while preserving
electroweak symmetry breaking in the A sector and is given by
2
2 ap
Arnmax = _j'

14 /37
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The Twin Higgs VIII

It is then possible to solve for 6

2 1 Am? 1 Am?
sinf =2 —-(1-- 2" Vo2 (127 ).
22 (—af?) 2 Am2,,,
This relation means that requesting 6 small implies a tuning of the
Zy breaking potential against the SU(4) breaking potential.
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The Twin Higgs IX

Ifa>0
» The systems falls in one sector.

No soft term can remove the minimum from there.

v

The minimum must be taken in the SM sector.

v

v

Incompatible with Higgs signal strenghts and cosmology
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Problems

We encountered two problems
> If a < 0, there is some tuning.

> If a > 0, one vev is always zero.

Both problems are associated to a shortcoming of

Vys(H) = AmPH}Ha.

17 /37
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Solution?

If this term would have been linear in Ha or Hg, would...
> ... the tuning have been better for v < 07

> ... we have been able to give a vev to the B sector for o > 07

The answer to the last question is certainly "yes”, as the term would
be a tadpole. The answer to the first question is less trivial.

But gauge invariance forbids such a term.

Introducing a second Higgs can solve this problem.

18 /37
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The spontaneous Z, breaking Twin Higgs |
Introduce two Higgses similar to the one from Twin Higgs. The
potential of the first one by itself is

Vi (Hr) = —uiH{ Hy + M (H{FL)? + o1 Hiat Hiakhs Hag

with a3 < 0, i.e. that it preserves Z,. The potential of the second
one by itself is

Vi, (H2) = *M%Hg"'b + )‘2(H§H2)2 + aaHon " HoaHag Hap

with ap > 0, i.e. that it breaks Z; spontaneously. The two Higgses
interact via
Vit (H1, Ha) = —BuH] Ha + h.c..

19/37
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The spontaneous Z, breaking Twin Higgs Il

» The sector in which the vev of H, falls is labeled the B sector.

» The potential Vi, 1, (Hi, H2) transmits the Z, breaking from
the broken to the unbroken sector.

» B, can naturally be small as it breaks a Peccei-Quinn symmetry.

» The term HITBHQB serves as an effective tadpole for Hyg and
pushes the vev of H; toward the B sector.

» The term HIAHZA serves as an effective tadpole for H>4 and
provides a small positive A component to the vev of H,.
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Vacuum expectation values
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Minimization |

To obtain more enlightening analytical results, the limit of small o;'s
is assumed. This will in turn imply B, small.

The Higgses are decomposed as

0 0
sinf sinf
Hi=f| 0" Ho=fh| 07 |
cos 01 cos 05

where fi = pu1/+v/2A1 and o = pua/v/2X;.
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Minimization |l

Minimizing with respect to the angles leads to

alffsin 46, + 4B, fifrsin(6, — 62) =

0
Ozgfz4 sin 492 — 4B#f1f25in((91 92) =0.

When B, = 0, the minimum is located at ; = 7/4 and > = 0. In
the general case, adding both equations leads to

sin46, = Qsin 46,

where  is a constant in the small « approximation and is defined

by .
_ f
QZ‘(@»)
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Minimization IlI

Symmetry breaking depends on the sign of €.
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We want Q < 1.
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Minimization IV

For 2 < 1, the minimization equations can be rewritten

(1-Q) sindé B, B,
F. Q) = = ~
2(017 ) 4 sin(@l — 92) (7 f(allfl;)> B;Fax’
A

where B'® is as the largest value of B, for which there is still
electroweak symmetry breaking in the A sector and is given by

max . __
B ~

Two improvements
» Effective tadpole: No cos term
» Feedback: Presence of 85 and 1 — Q2
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Minimization V

F2(6,9) can be compared to its Twin Higgs equivalent F1(6).
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Minimization VI

Using the small angles approximation, the angles can be found

(Bp™ ~Bu)  Busbp 3 (1 2)
(Br> + £()B,) B1+e(@) \' By )’

3
0? ~ =
1™

where 1
g(Q) = 176(1592 418Q —1).

The ratio of vevs is given by

2 -1/2
‘%N; 1+ (_042> 03/2 <1_Bﬂ>
fi 8(1+ g()) o1 Bjpax

= C(~az/a1,Q) (1 - Blrpl;x) :
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Minimization VII

For Twin Higgs, C (—az/a1,Q) is 1/2.
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Other properties |

Pseudo-Golstone bosons when B,=0

Hy
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Other properties Il

We decompose the lightest pseudo-Golstone as
h = ahia + bhya + chig + dhog,

where hy4 is defined via HfA =(via+ (ha+ iAlA)/\@) and iden-
tically for the other h;'s. The parameter

@BEC2+d2

represents a measure of how much the Higgs is B-like.
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Other properties Il
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Other properties IV

As seen before, there is no guarantee of the existence of B*. A
sufficient condition for its existence is

a1 o alQo
o1, @ 0.
VDV T VS W

This is exact.
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Tuning |

For the Twin Higgs, the tuning is evaluated by defining

dIn(v2/f?)

Ath = ‘ Oln Am?

The tuning is then A{,},. The vev v and the mass of the lightest
Higgs must be adjusted to their correct values. The parameter A
is set to 1 for convenience. Setting the ratio of vevs fixes the last
parameter.

Benchmark : Setting f/v = 3 leads to a tuning of 27.7%.
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Tuning [l

For the spontaneous Z; breaking Twin Higgs, the tuning is defined

via

dln(v?/£7)
dInB,

’ dIn(v?/£?)

dIn(v2/R)
Alnp3

dIn(v*/£2)
dln X

8Ina2

Aspontaneous = MaX{‘
The tuning is then Ag;ontaneous.
model is 7 (,u% u%, A1, A2, a1, ao and B,). Three of them can be
used to obtain the correct value of v and the Higgs mass, as well as
specifying f1/v or requesting a given tuning. A convenient choice is
to use ,u%, a1 and By, for this. The free parameters are then A1 and
the parameters related to H, only. For convenience, we show all of
the following plots for A; = A = 1. There are then two parameters
left: u2 and ap. We present all contour plots in terms of 3 /u2 and

—ag/ag.

The number of parameters in the

}
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Tuning Il

Tuning for f/v =3

35/37



The spontaneous Zy breaking Twin Higgs

Pheno 2016

Tuning IV
Tuning for f /v = 3 versus Twin Higgs

5
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Conclusion

The spontaneous Z; breaking Twin Higgs consists of two Higgses
that are fundamentals of a global SU(4). When they are decoupled,
the vacuum of one of them preserves a Zy symmetry, while the
other breaks it spontaneously. A B,-like term that is bilinear in
the two Higgses is then introduced. It acts as an effective tadpole
and communicates the Zy breaking from one sector to the other,
resulting in a hierarchy of vevs.

Advantages
> Less tuning than in the Twin Higgs
» The Higgs is very SM-like
> No need for an explicit Z, breaking

» Easy to make many mirror particles heavy
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Back-up slides
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Tuning Bonus |

f /v for tuning of 20%
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Tuning Bonus I
f /v for tuning of 20% versus Twin Higgs

5
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Yukawa coupling

To compute the radiative corrections, it is necessary to specify how
the top couples to the different Higgses. In the Twin Higgs, this is
encoded in the Lagrangian

Etop = _yt(aAI:IAtZ + aBll:IBté) + h.C., (1)

where the B sector quarks gg and tg do not carry Standard Model
color and the tilde notation stands for H = ioo H*.

For our model, we must also specify how the top sector couples to
the various Higgses. We choose the top to couple to H; only and
to follow the structure of equation 1. The radiative corrections also
depend on how the down-type quarks and the charged lepton couple
to the Higgses, but the size of their Yukawa couplings makes these
contributions irrelevant.
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Radiative corrections ||

The radiative corrections for the Twin Higgs are
2 1 2 9
" =165 (6yt 28
1 s 9
A= 16 (6y‘ ]

1 4 94 32/2
ba = —12 Z 2
a 16W2< v+ 28+ +

g’ — 10\ — 2a> A2,

4 2 /2

A
gg’ — gg"‘ — 32X\ — 8 a — 2a2) In =,

3
2
3
€32

g'4 - 24/\a> In %,

2 1 2 A
0AmM” = 1672 (—4X\ + 4a) Am”In 2
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Radiative corrections |l
In our case, the radiative corrections are

1
Sus = <6yt2 - 9g2 - §g’2 — 10X\ — 2a1) A2,
s 4 4

1 s 94 32,2 3 4 2 2 A
= — gtz — gt o3 —2a2)In 2
oM 1672 (6yt g8 188 g8 3271 — 8Aian al) ne
_ 1 4 9 4 3 2 2 3 A
day = 6.2 ( 12y, + 4g + 2g g + 4g 24)\1a1> In 7
> 1 9, 3 p 2
Ops = 16,2 ( 28 48 10X, 2042) RN
1 94 35,02 3 5 2 2 A
= —cgt-2 —Sgt 323 - —2a2)In 2
02 1672 < 8g 4g g 8g 32)\5 — 82 a2> n 5
1 9 4 2 72 14 A
= = = ~g' =24 In —
02 = 763 (4g To8E T8 ’\2“2) "%
0B, =0,
0Kk = 1 79 47§2'27§/4 InA
T16m2 \ 4% T2 48 A
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Radiative corrections IV

The parameter « is the coefficient of the operator

—k(H) sHiaH) \Hoa + Hi g Hig Hi g Hag).
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UV completion |

One possibility would be to introduce a superpotential term of the

form
AHaaUHgg,

where U is a fundamental of both SU(2)4 and SU(2)g and has the
appropriate weak hypercharges. Assuming a very large soft mass for
U and integrating it out would lead to a positive contribution to ay
and can lead to the correct Z, breaking structure.
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UV completion I

One other possibility would be to have both H, and H, preserve Z,,
but include a NMSSM-like scalar sector that spontaneously breaks
Z,. For example, consider the superpotential

W = NS'(53+ S3) + )\'S"SaSp

and assume that both S’ and S” have large soft masses and that
S = (Sa,SB) has a negative soft mass squared. The first term
preserves a global O(2) symmetry that the second term breaks. Both
terms preserve the Zy symmetry. However, this symmetry will be
broken spontaneously. If S4 couples to the A-type Higges and Sg
to the B-type Higgses, the symmetry breaking is transmitted to the
Higgs sector as well.
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Cutoff

Also of interest is the scale at which new physics is expected to
become relevant, i.e. the cutoff. New physics is expected where
the radiative corrections to the different parameters become large
compared to their actual values. The bare parameters must then be
tuned against their radiative corrections. The relevant parameters
in both Twin Higgs and our model are those that receive quadratic
corrections, i.e. the different ©?'s. An estimate of the cutoff for
a fixed tuning can be obtained by taking the value of A for which
the ratio of one of the ;?'s and its radiative correction drops below
said tuning. These corrections are only expected to give an order of
magnitude and are roughly given by [6u?| ~ 10A\%A?/(1672). Using
previous relations, the results of /v can be used to estimate the
cutoff. Requesting a tuning of 20% gives a cutoff of 7.5 TeV for
the Twin Higgs. In our model, the cutoff follows a similar pattern
to the previous figures with an optimal value of 9.2 TeV and a value
of 8.4 TeV in the limit of 2 going to 0.
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