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Hierarchy Problems

Higgs Mass
« In SM, all physical quantities are represented by VEV of the Higgs field

« VEV of the Higgs field is 101> times smaller than the Planck mass
— Why the Higgs boson is so much lighter than the Planck mass?

Cosmological Constant

« Theoretically, the value of the cosmological constant can be approximately
predicted as a Planck mass

« But measured value of the cosmological constant is 101%° times smaller
than the Planck mass

— Why is it so small?



Selfish Higgs

« Dynamical relaxation of Higgs mass and Cosmological constant

Higgs acts as an anthropic selector for the emergence of a fairly

unique non-empty universe

— called Selfish Higgs c.c. 4

Giudice et al.
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(a)

(b)

' Higgs mass

Selfish Higgs is based on the SM with addition of a single non-

dynamical field described by a four-form



Four-Form Flux

« The four-form derives from a three-form

A, s - Three-index anti-symmetric tensor field

Four-form field strength : E,e = 40144y

Giudice et al, Kaloper et al. 2019

« Assume that the four-form starts with a large flux parameter in the early
universe in a highly excited state

— excited four-form can reduce its energy by creating membranes

— four-form undergoes a configuration transition (n — n-1)

 After last membrane nucleation, the universe would be empty without reheating
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Model for four-form and Dark Matter

We consider pseudo-scalar field (¢) for reheating & Dirac fermion dark matter (y")

» L=Ly+ Lyerax + Lru + Loy + Ls + L1 + Linemp

1

1 2
Lo = =T |[5R = A== FunpoF¥P7 = D,H|" — M2|H|? + | H|*|

C . .
Loolax = 2—’;’e“"p”FM\,palHl2 Higgs mass scanning

1 2 1 .
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The Relaxation Mechanism with Four-Form Flux
+ Using equation of motion for Fy,,,
S Lz\/—_g[%R—A—|DMH|2+M2|H|2—/1H|H|4]
—%(6“¢)2 ——m3 (¢ — )%= (u + cylHI? + @)% + Loy + Lnucy

oxV dxP 0x° gabc
9ga ggb ggc

- Equation of motion for A4,,, eMVP99,q = —e [ d3E8*(x — x(§))

— Flux parameter q is quantized in units of e as g = en ( n : integer)

* Nucleate a membrane : g=en -» e(n—-1) » en—-2) -

« Flux change stopsat g =qg.—e with q.= M?/cy —u(p)

MZer(q) = M? — cy(q + ui(9)) cye ~(100GeV)?

relaxed

1
Aetr(q) = A+59% +V(($)) + V((H)) ~ 0

G. F. Giudice et al. arXiv:1907.05370 7



Four-form coupling induced Higgs mixing

« SM Higgs & pseudo-scalar are expanded around the vacuum :

T 1
(H) = (O’VHE/C’E)M) & (P)=vy+ o vi(q) = J(MZ —cu(q+uvy)) / </1H +§sz>
2
u (1
ve(q) = 2+ a _m_(%(ECHUI?I + CI)
« Transformation to the mass eigenstates (h, , h,)
— 2
o omi, =2 ) T (md - md) e & tan20(q) = e
» Electroweak symmetry is broken at q =q.—e
2
2 m¢ CHe

v? =
U2 + m? 1 ciu?
[0) AH,eff —_—_—_HZ



Reheating

Just after the last membrane nucleation, pseudo-scalar VEV is shifted by four-form flux

A Ay v2u
Vo = Vpe— Vpo=—"—5
¢ ¢.c $,0 ChH mé
2
L - . 12 02 1 4
The initial vacuum energy for reheating : Vi==(—=—=—-cy| Vv
2\ cHy my, 2

— The maximum temperature of the Universe after inflation :

1/4

- V; 100\1/4
Tmax = 40GeV <1OOGeV> ( g. ) Vie)

Choose e ~ 100GeV — 10TeV for T—j ~001—-1 | \‘/
Last nucleation
—  Thax ~ 40GeV — 4TeV “ae |

1IN
For my, < Tpax . DM starts being relativistic ¢ | 5

and in equilibrium




Dark Matter Interactions

« Mass term for dark matter(DM) shifted (.- VEV of the pseudo-scalar field )

2

-1 A | lm’v =/ !/ !/ v !
Ly mass = —MyuX X + %X VX where m, =m, 1+ f_(zp & x=0wuLx)"
=-—m, XX with xi=e ¥y, & tanf = i

f

* Interaction terms for dark matter : Redefined DM

Lyine = X e~ (cosO(q)hy + sinf(q)hy) Py — —X e~ (cosO(q)hy + sind(q)hy)TP,x

4 f

_ My _ My
= — Vi1 hid(vyi +iayv°)x Vxa =7 sinfcosd(q) . ay, ~ cospost(q)
Vy2 = szmﬁsme(q) p Ay = —TXCOS,BSlnH(q)

« Yukawa couplings between the SM Higgs & SM fermions f :
m ~ mg |
Ly = _Tfhff Vpq = —7fsm9(q)

— m
=~ Sic12 vpihif f vy =~ cost(q)



Dark Matter Interactions
« CP Violation

Four-form coupling to pseudo scalar field : CP-odd

Four-form coupling to Higgs field : CP-even

X SM
* Mixing induced by four-form flux
_;]b_ > _h“ leads DM — SM annihilation
7 SM
CP-odd X hy
X , X
¢ ! X — =" ------- hy
X
ho! . _—
N ! N DM annihilation
. Direct Detection Suppressed Unsuppressed annihilation exists

H. M. Lee et al. arXiv:1205.4675 .



DM annihilation

« We consider m, < Ty

« DM can pair annihilate into a pair of the SM fermions ( xx - ff)

: = |
¥ Vyi T 10,y f Vyi K ay; for sinf K1
2.4
mgm
"""" L AL
hl 2 (Gvrel))()_(aff = 87TU2f2 COoS ﬁ sin“ 260
X Vs f % ( B ) (1 m?
fi 4am2 —m2  4mZ —mZ -

vy + iagy® XX — hyhy 1 s-wave — suppressed

Y — . h,y p-wave — unsuppressed

XX — hyh, @ suppressed By Higgs mixing angle

XX — hyhy : suppressed 0 <1
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DM Direct Detection

(7

* Lpp = 2:f/1f2i=1,2 ﬁ [)?(Vx,i + iaX,in))(]ff

* Elastic scattering between DM & nucleons

X . X
| uyNm3 1 Y 2
~ PNy | 2 cin2 _ _
h1,zi Oy-N = 4m)2f2A2&m28) sin a(mlzll mlez) (Zf, + (A—2D)f,)
|
: N doubly suppressed
N 1
* Elastic scattering between DM & electron
X . X
: 2 2m2 1 1 2
~ PxeMeMxf - ) _
h1,zi " (sin26)“ sin ﬂ(m}zll mizlz)
: doubly suppressed
|
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DM Direct Detection

* 1 - loop diagrams

X . . X X - ; X
I I & N ’ 2
¢ : oo o my
X X PN M ~ vivg sing? —
h' ' h RN m
I : N ¢
q ! ! q q e N q
Important for DD
for sizable mixing and/or light
pseudo-scalar
A N 'lcb A X ¢‘>< ’; X (mixing between CP-odd & CP-even)
¢ \\\ /X h "\ ’// ¢
voh Y Work in progress
h | h|
q : q q ' q cf. Tomohiro Abe et al. 2019

(no CP violation)



my=70 GeV, 6=0.1, f=107°
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DM & Nucleon scattering

Red line : Relic density

Gray & Green : excluded by XENON1T and LEP,
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respectively

Purple : disfavored by diffuse gamma-rays from Fermi-LAT dwarf galaxies

Blue : favored by AMS-02 anti-proton excess
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Results

my=50 GeV, mh1-45 GeV, =100 GeV mp1=90 GeV, 8_1 5x1074, m,/t=0.645
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Red line : Relic density
Gray & Green : excluded by XENON1T and LEP , respectively
Purple : disfavored by diffuse gamma-rays from Fermi-LAT dwarf galaxies

Orange : disfavored by Higgs invisible decay



Summary

* In four-form flux model, a simultaneous relaxation of the Higgs mass
and cosmological constant is possible.

- MZrr(q) & Aege(q) depend on one flux parameter ‘¢

* We consider pseudo-scalar field to explain the reheating process.

* In this scenario, we introduce Dirac fermion DM with pseudo-scalar
coupling.

— Flux portals lead to mixing between pseudo-scalar and Higgs

— Direct Detection : suppressed

Indirect Detection : unsuppressed signatures for cosmic rays
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