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Naturalness Problem

» The SM is very successful, but unnatural ('t Hooft):
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» The SM is very successful, but unnatural ('t Hooft):

» The Higgs mass is sensitive to short-distance physics!
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» SM is fine-tuned unless there is NP at 47vey, ~ 1 TeV.
» The TeV machine (LHC) will find NP if there!
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Motivation

Motivation

A limit of new physics at LHC13

» The limit of NP is pushed upto ~ 2 TeV at LHC13 (2017.08):

Squark-gluino-neutralino model, m(i?)=0 GeV
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Naturalness problem

» We might need to seek alternative solution for the naturalness
problem without NP at TeV.
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Naturalness problem

» We might need to seek alternative solution for the naturalness
problem without NP at TeV.

» Relaxion model by Graham-Kaplan-Rajendran (2015).
» Other solutions?
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Motivation

Motivation

Relaxion Model (2015)

Cosmological Relaxation

Graham, Kaplan, Rajendran 2015

V(o)

£ gh’¢— (M — gAo) |hf? I
(h),V (h) increases
FV(R)eos .~ vaor-o
¢

Higgs mass goes V
negative, (h) # 0

(Classical) evolution stops when @xgﬁ;

i.e. small EWSB scale is dynamically selected
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Natural Higgs and light dilaton conformal window
naturalness

Dilaton model (DKH 2017)

» We propose a model that dilaton solves NP like relaxion.

E UV theory of Higgs sector
Aspl> M Composite Higgs with
walking dynamics
M > TeV
ATvgs™ TeV
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Natural Higgs and light dilaton conformal window

naturalness

Dilaton model (DKH 2017)

» We propose a model that dilaton solves NP like relaxion.
» Furthermore it can be DM of mass 1 eV — 10 keV.

Aspl

4Ty

> M

> TeV

L ~ TeV

UV theory of Higgs sector

Composite Higgs with
walking dynamics
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Natural Higgs and light dilaton conformal window
naturalness

Dilaton-assisted composite Higgs model (DKH 2017)

> To have very light dilaton the UV theory should be almost
scale-invariant. (Banks-Zaks '82).
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Natural Higgs and light dilaton conformal window
naturalness

Dilaton-assisted composite Higgs model (DKH 2017)

> To have very light dilaton the UV theory should be almost
scale-invariant. (Banks-Zaks '82).

» The dilaton should couple to Higgs fields.

» We propose dilaton-assisted composite Higgs model:

SU(2)1 SU(2)2 U(1)em
Pl O O 0
V2, O 0 0
X{aby | [ 1 3
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Natural Higgs and light dilaton conformal window
naturalness

Conformal Window

» Consider SU(N) gauge theory with N¢ fundamental Dirac
fermions and Ns Dirac fermions in the second-rank symmetric
tensor representation.
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Natural Higgs and light dilaton conformal window
naturalness

Conformal Window

» Consider SU(N) gauge theory with N¢ fundamental Dirac
fermions and Ns Dirac fermions in the second-rank symmetric
tensor representation.

» For the phase structure we study the two-loop beta function:

_ o 2 3
B(a):uau— ba — ca”,

with the coefficient b and ¢, known as

6wb = 11N — 2N — 2Ng(N + 2)

1
2472¢c = 34N? — 10NNf — 3 <N — N) N¢

_1ONN,(N +2) — %(N _1)(N 4+ 2)No(N +2).
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Natural Higgs and light dilaton conformal window
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Conformal Window

» If b > 0, the theory is asymptotically free.
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Natural Higgs and light dilaton conformal window
naturalness

Conformal Window

» If b > 0, the theory is asymptotically free.

» If ¢ < 0, there will be an IR fixed point, a, = —é’, if chiral

symmetry is unbroken.

» The chiral symmetry will be broken if a. < ax

2 N 27 N
afl) =31 O =3mywo1)

-In ladder approximation (Georgi+Cohen, DKH+Rajeev, - - )

10/35



Natural Higgs and light dilaton conformal window
naturalness

Conformal Window

» For SU(2) with Ny =8, b=0.318, c = —0.253
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Natural Higgs and light dilaton conformal window
naturalness

Conformal Window

> For SU(2) with Ny =8, b= 0.318, c = —0.253
> Since o, = —2 = 1.257 < a(f) = 1.396. The theory will

flow into IR fixed point.
/H
Oy
72 =

Bla)
Figure: SU(2) gauge theory with Ny = 8.
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Natural Higgs and light dilaton conformal window
naturalness

Lattice calculation for SU(2) with Nf = 8.
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Figure: Leino et al 1701.04666
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Natural Higgs and light dilaton

conformal window
naturalness

Another Conformal Window

» Consider another theory, SU(2) with N¢ =4 and N, = 1;
a, = 0.84 < ac(s) = 1.05 < a.(f) = 1.40.

6(9)

0.06
0.04-

0.02-
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Figure: SU(2) gauge theory with N = 4 and N; = 1.
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Natural Higgs and light dilaton conformal window

Near Conformal Window

naturalness

» We gauge partially the flavor symmetry:

SU(2);  SU(2)s

V3o
V2
X{ab}

L] L]
L] L]
| 1
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Natural Higgs and light dilaton conformal window
naturalness

Near Conformal Window

» It becomes near conformal, since xSB at a; + ap = ac(f):

Bla)

Bi() |M(I>>TeV) AISB

ﬂz (Ot) (b)

Figure: The chiral symmetry of ¢ is broken at oy ~ v, and
ap & ac(f) — ax.
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Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model

» Since SU(2) spinors are pseudo-real, the chiral symmetry is
enhanced to SU(4), x SU(2),:

U7 XL
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I'O'2”L/),2?*

16/35



Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model
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Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model

» Since SU(2) spinors are pseudo-real, the chiral symmetry is
enhanced to SU(4), x SU(2),:

¥}
Y7 XL
iazw}-\,* ’ iazx}"?

I'O'2”L/),2?*

» (Pivh +h.c.) #0 at a;(Asp) to break SU(4) — Sp(4):
> There are 5 NG bosons, living on the vacuum manifold,

M = SU(4)/Sp(4) ~ SO(6)/S0(5)
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onformal window

SU(2) x SU(2) Composite Higgs model

» Embed SU(2), x U(1)y into SO(5), the 5 NG bosons become
one Higgs doublet and one singlet scalar, 7.




Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model

» Embed SU(2), x U(1)y into SO(5), the 5 NG bosons become
one Higgs doublet and one singlet scalar, 7.

» The SM interaction lifts the vacuum degeneracy, U = 2/¢/fr:

. " =
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Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model

> The Higgs potential becomes

Vo(6) = Mot + (M) (10) + -
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Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model

> The Higgs potential becomes
241 )
Vo(6) = M3l o+ A(M) (616) "+

> Mg — é’MZ with f ~ gy OF % and )\(M) ~ Qlew OF ytz/(47r)
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Natural Higgs and light dilaton conformal window
naturalness

SU(2) x SU(2) Composite Higgs model

> The Higgs potential becomes
2t t5)
Vo(9) = Mol e+ A(M) (¢l6) +- -
> M = EM? with € ~ aey or 2t and A(M) ~ aey or y2/(47).

» We gauge U(1), to remove the SM singlet Goldstone boson 7,
that gives a heavy vector meson, M, ~ g, M.
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Natural Higgs and light dilaton conformal window
naturalness

Composite Higgs model spectrum

> After the SU(4) chiral symmetry of 1 is broken, the SU(2),,
chiral symmetry of x5} will be broken to U(1), at E < M
and there will be two extra Goldstone bosons.
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Natural Higgs and light dilaton conformal window
naturalness

Composite Higgs model spectrum

> After the SU(4) chiral symmetry of 1 is broken, the SU(2),,
chiral symmetry of x5} will be broken to U(1), at E < M
and there will be two extra Goldstone bosons.

» To make them heavy and decouple, we identify
U(1)y = U(1)em by assigning the electric charge to x.

» The NG boson mass becomes ~ eM and decouple at low
energy.
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Natural Higgs and light dilaton conformal window
naturalness

A very light dilaton

» When the scale symmetry is spontaneously broken at a = a,
or at Agg ~ f, we should have a Nambu-Goldstone boson:

(0] Du(x) [D(p)) = —ifpue™"P™,

where the dilatation current D, = x"0,,,.
> The scale symmetry is however anomalous:

9,D" = 6l

(The energy-momentum tensor is that of UV theory.)
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Natural Higgs and light dilaton conformal window
naturalness

A very light dilaton

» Consider WT identity:

/ 0" (0| TD,(x)8(y)[0) = (0[D. 82]]0) + / (0] T9 D, (x)9% |0}

X X
i

—4(0y) %/ (0] 0" Dy(x) [D(p)) mW(P)I@Z(y)IO)
x,p
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Natural Higgs and light dilaton conformal window
naturalness

PCDC and Very light dilaton

» Partially conserved dilatation current (PCDC) hypothesis:

f2m2D = _4 <9l/f> ~ —165\73,(:-
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Natural Higgs and light dilaton conformal window
naturalness

PCDC and Very light dilaton

» Partially conserved dilatation current (PCDC) hypothesis:

f2m2D = _4 <9l/f> ~ —165\73,(:-

» Very light dilaton from quasi-conformal UV sector:

406%) M,

2T T

2 2
mD—— <<mdyn.
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Natural Higgs and light dilaton conformal window
naturalness

Naturalness

» Since both Higgs boson and dilaton are from same dynamics,
they will couple:

0 = [ 00T {Puse(0} 0
o [Poto] 0+ [ (0T {r000700)} 0)
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Natural Higgs and light dilaton conformal window
naturalness

Naturalness

» Since both Higgs boson and dilaton are from same dynamics,
they will couple:

0 = [ 00T {Puse(0} 0
o [Poto] 0+ [ (0T {r000700)} 0)

> In the second term we assume PCDC to get the dilaton
coupling,

eZo’/f¢T¢ )
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scale symmetry
Scale symmetry and very light dilaton dark matter

Scale symmetry and GHP

» The model has SM plus a very light dilaton with one heavy
vector and two massive scalars only below
M =~ 10 — 100 TeV, above which SM is UV complete!

L= %e2o/fauo.aua +(D,o)! (D ¢) — V(¢,0).
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scale symmetry
Scale symmetry and very light dilaton dark matter

Scale symmetry and GHP

» The model has SM plus a very light dilaton with one heavy
vector and two massive scalars only below
M =~ 10 — 100 TeV, above which SM is UV complete!

1
Ly = 5e*/ 0,00"0 + (Du9)' (D"9) = V(6.0).
» The Higgs+dilaton potential below the cutoff scale A ~ M is

V(o,¢) = M? e2/F gty + A (¢>T¢)2 + V(o) + hoo.,

4
Va(o) = |Evacl g/t <; - 1)
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scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» Now we turn on the SM interactions of the Higgs fields, which
will break the scale symmetry:

e o]

g ew

» We impose the renormalization condition after shifting
oc— o =0+ o0y
9%V,
2 _ eff
m5(N) =
o= o606

= I\/Iée_%"/f — C1/\2 =0.
¢$=0=0"
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scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» For any cutoff A we can choose M such that quadratic term
in the potential vanishes is at the orgin:

0*V.g
=0
8¢8¢T o=0=¢
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scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» For any cutoff A we can choose M such that quadratic term
in the potential vanishes is at the orgin:

0*V.g
=0
8¢8¢T o=0=¢

» It is the only renormalization condition, consistent with the

scale symmetry.

» One can always shift 0 — 0 4 gg to keep this condition.
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Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry
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scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» Then, the effective potential becomes

Vet (0, ¢) = M? <620/f - 1) ¢'o + Vow() + Va(o) .

27/35



scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» Then, the effective potential becomes

Vet (0, ¢) = M? <620/f - 1) ¢'o + Vow() + Va(o) .

» At one-loop the CW potential takes

T
Vaeer (o) = 25 (616) [In (@) - b} -

%
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scale symmetry

Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» When the Higgs gets a vev, it breaks scale symmetry explicitly
and the dilaton gets extra contribution.

Vp(0) = [Evac| ¥/ (40 /f — 1)+ Vew (Vew)+M? (e2f'/f - 1) V2

ew *

V(o)
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scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» When the Higgs gets a vev, the dilaton also gets a vev

(o) M3,
A < 1.
f 8 [Evac|
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Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

» When the Higgs gets a vev, the dilaton also gets a vev

(o) M3,
A < 1.
f 8 [Evac|

» Higgs mass then becomes with . = —cM* and ¢ = O (1)

B
= <4£ + 4) v2, -
P=Vew ¢

02
MV(WM/J)
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Coleman-Weinberg mechanism and scale symmetry

» When the Higgs gets a vev, the dilaton also gets a vev

(o) M3,
A < 1.
f 8 [Evac|

» Higgs mass then becomes with . = —cM* and ¢ = O (1)

B
= <4£ + 4) v2, -
P=Vew ¢

» Because of the scale invariance the Higgs mass is determined
by the IR scale, set by the vev of Higgs fields, (¢) = vey.
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scale symmetry
Scale symmetry and very light dilaton dark matter

Coleman-Weinberg mechanism and scale symmetry

>

When the Higgs gets a vev, the dilaton also gets a vev

(o) M3,
A < 1.
f 8 [Evac|

v

Higgs mass then becomes with £, = —cM* and & = O (1)

B
= <4£ + 4) v2, -
P=Vew ¢

Because of the scale invariance the Higgs mass is determined
by the IR scale, set by the vev of Higgs fields, (¢) = vey.

02
MV(WM/J)

m? =

v

v

The scale symmetry of UV naturally explains why mpy ~ vy !
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scale symmetry
Scale symmetry and very light dilaton dark matter

Dark matter

» Our model consists of SM and one extra light scalar, dilaton,
below the UV scale M > vqy.
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scale symmetry
Scale symmetry and very light dilaton dark matter

Dark matter

» Our model consists of SM and one extra light scalar, dilaton,
below the UV scale M > vqy.

> If aps(M) = ., we do have a very large separation of scale,
M < f, and dilaton can be very light
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scale symmetry
Scale symmetry and very light dilaton dark matter

Dark matter dilaton

» Decay of very light dilaton:

f ~ wt y wt y
O+ O+
f 7 w- 7 w-

2 3
(6% m 2
Mo — ~_em D

5\2 /10keV > f 2
~ 102 — .
™ = 107 sec <c) < mp ) (1012Ge\/'>
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scale symmetry
Scale symmetry and very light dilaton dark matter

The relic abundance of dilaton

» The light dilatons are produced non-thermally by the vacuum
misalignment, 0,5 = do /f

Por(Tos) = [Vp(Tos) — VE™| =2 M* 0% .
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scale symmetry
Scale symmetry and very light dilaton dark matter

The relic abundance of dilaton

» The light dilatons are produced non-thermally by the vacuum
misalignment, 0,5 = do /f

Por(Tos) = [Vp(Tos) — VE™| =2 M* 0% .
» Follwoing Choi-DKH-Matsuzaki (2012), the density at present

s(To)
s(Tos)

po(To) = ppo(Tos) -

The current relic density is given as

- 2 4 3
QPR ~ 05 5o 110 M 10 TeV')*
10-5F ) \ g(Tos) /\ 10 TeV Tos
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scale symmetry
Scale symmetry and very light dilaton dark matter

Very light dilaton as dark matter

» The UV scale of Higgs sector in our model has to be around
M =10 — 100 TeV for dilaton to be dark matter.
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scale symmetry
Scale symmetry and very light dilaton dark matter

Very light dilaton as dark matter

» The UV scale of Higgs sector in our model has to be around
M =10 — 100 TeV for dilaton to be dark matter.

» The life time of dilaton 7p > 10'8 sec and the relic abundance
Q,h? ~ 0.1 constrain

mp~1eV—10keV and f ~ 102710 GeV.
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Conclusion

» The SM is working very well. The properties of Higgs are
confirmed at percent level or better at LHC13 but not the
Higgs mechanism yet.
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Conclusion

» The SM is working very well. The properties of Higgs are
confirmed at percent level or better at LHC13 but not the
Higgs mechanism yet.

> No hint of NP is found yet at LHC, though we believe there
should be one above the electroweak scale.

» To solve the naturalness problem, we propose dilaton-assisted
composite Higgs model, where the Higgs mass is protected by
the shift symmetry and also by the scale symmetry.

» The model is based on SU(2); x SU(2)2 gauge theory with
N¢ = 2 bi-fundamental and Ny = 1 second-rank symmetric
tensor Dirac spinors.
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Conclusion

» The UV theory is near the stable IR fixed point at the UV
scale of SM. (Its IR scale, mgy, ~ M.)
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DM the model predicts just below M one heavy vector meson
and two massive, oppositely charged NG bosons, which might
be accessible at LHC if M is a few 10 TeV.
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Conclusion

Conclusion

» The UV theory is near the stable IR fixed point at the UV
scale of SM. (Its IR scale, mgy, ~ M.)

» At very low energy E < M, the model contains SM and only
one extra particle, very light dilaton.

> In addition to light dilaton of mass mp ~ 1 eV — 10 keV as
DM the model predicts just below M one heavy vector meson

and two massive, oppositely charged NG bosons, which might
be accessible at LHC if M is a few 10 TeV.

» Dilaton DM could be detected in the cavity experiments with
strong magnetic fields.
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