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We find that the nonperturbative physics of the standard-model Higgs Lagrangian provides a dark
matter candidate, “dormant skyrmion in the standard model”, the same type of the skyrmion, a
soliton, as in the hadron physics. It is stabilized by another nonperturbative object in the standard
model, the dynamical gauge boson of the hidden local symmetry, which is also an analogue of the
rho meson.



Main Message

Dark Matter = SM Skyrmion:
|=]=0 Bound State of NG
modes
of SM Higgs Field (W,Z,)

SM Higgs = (Pseudo) Dilaton; NG Boson
of

Scale Sym
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Standard Model is incomplete
(besides Origin of Mass)

e No Dark matter can%te

e Baryogenesis: KM CP violation not
enough,

No 1st order phase
transition

e Strong CP Problem: neutron EDM

e Landau Pole (at least theoretically for
Higgs)

Beyond the SM ?
o \ utligooraresds tﬁ%mbleﬁmative Physics of SM ?

( Dark Mattdr <: Nonperturbative SM




Nonperturbative in SM?
Perturbative SM so successful

Weak coupling does not imply that perturbation is a whole story

e Sphaleron exists for both electroweak/Higgs coupling weak
e Instanton exists for even small gauge coupling - theta vacuum
e 't Hooft-Polyakov monopole in the Georgi-Glashow model
exists even in the vanishing scalar coupling (BPS limit)
e Skyrmion exists in the chiral Lagrangian with the Skyme term
generated at one-loop for the derivative coupling weak in
the low energy
e Aqep N,uexp(—— is not Taylor expandable in coupling
no matter how s)mall at high energy:
scale of nonperturbative dynamics



SM Higgs = Pseudo- Dilaton



Higgs=radial oscillation
o=+\02+ 72

2 M2 2 2
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SM Higgs = (Pseudo)

Dilaton Fukano-Matsuzaki-Terashi=KY, NPB904(2016) 400
Polar decomposition 5 5 5
: T an s — A "
M:(ZTQh*,h):75(0"12X2—|—227T) o +7Ta

— -t Chira'non_smgmU:eXp (QZ_W)H gLUgT

scale tr.  chiral tr.
Higgs=radial oscillation

1
H = EO  laxo
chiral singlet
oO=vU-%X

_ (?)
X =exp |

dpx = (1 +2"0,)x
dimensionless, dim=1 tr.
op® =U+a"0,¢

dimensionful, dim=0 tr. ‘” O- . P=
: : phase radial
: Higgs=dilaton




SM Higgs= (Pseudo) ‘

Dilaton
B — -étr (0, MO*M") — -Z—tr (MM + - (tr (MMT))
3 o (1 2.l N > 4| 2_12_1—
= |5 (0u9)” + —tr (GuUOKTIN— 7 v _(X ) _

scale-inv. (dim=4)

1 V2
= x°- [5 (3;@)2 + —tr (@LU@“UT)] interacting !

4

A — o0 (v = const. # 0)

:%B 832 + %tr (8MU8“UT)]

dim=2
inv

scale-br. (dim=2pnly ¢

A — 0 (v=-const. 20) u, -0

BPS limit

Higgs=dilatol

L

x(z) — 1

nonliner chiral Lagrangia

QCD

GTH = SU(2) X SU@R/IST@W




flat direction BPS limit
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Low Energy Theorem for Scale Sym.

Dim=4 IM 2
M%Z -2 XTX = M2XTX + X

¢XTX+---,
(0

()

Joxtx = =, AX X — - F y — U
oXx1X Fy 9ox X F, (Fs )
Ex.
Couplings to SM particles g, =, — e > 2myy
off r Geww_ S

(also from low energy theorem for G/H)

29y Fhf = gyo(eff) = mpff+=Loff



No dilaton in QCD f_(500) is dilaton?

M{ M
vty = X L F.=uv
doxtx = F, Ioxx = Fd) ( o ) 9

Gonn/9oNN = My /my for L = mrgorr-0m*Ma, gonN-NON,

2~ (my/mpn)?g%yn = 2 for the observed value g,y =~ 10

2 2 o2\ 1/2
I, ~ 3 x —=Janm ( _ 4"?”) ~ 7 —8 MeV (my = 500 — 600 MeV)

2
8TM ms

£ o~

T, = 400 — 700 MeV,



Hidden Local Symmetry in SM



Hidden Local Symmetry

Bando-Kugo-Uehara-KY-Yanagida PRL,54( 1985) 1.
Bando-Kugo-KY, NP B259 (1985);493
Phys. Rep. 164 (1988) 217

Gauge boson : auxiliary

field @
Gauge equivalence

G/H — Gglobal X Hlocal

<i Gauge fixing
H = Hglobal 2} Hlocal CcG

globa]
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2 independent invariants und@giona X Hiocal

2
Ly =v-trd] (z) =v* - tra, ) (z) = UZ -tr (8,U0UT) ,

Ly = v tr &i“(a:) =v® - tr (pu(z) — a“”(a:))
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Gauge fixing (unitary gauge)

_ oip/Fp . ptim/v

¢l =¢r =& = eV p =0
Gglobal X Hlocal ::> G/H (Higgs Mechanism)

—(B#qb) +— -tr (9, UB“UT)) V(o)

ER.L

Litiggs—nLs = X°(T) -

{7 Pu = a#” Eq. Motion

0



| pp(x) I_) gpﬂ»(x)

2 .
Y2 aly = x2F3 - tr (gp,,, — a#,”) = Mg tr(p,t)2 + Gprr - 2itr (M [Opm, ]) +
F? a

2 _ 212 __ 2 — P — -
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Dynamical Generation of HLS



Ly = Yiyt o, + — [(Wb) + (YiysTY)?]

Auxiliary fields &__G¢¢/f 70 = —GpiysT /2

— w ( ’U’au i 7[ Z’7’57-977"'0,]) ¢ _;O&Q Uy ﬁ-g)

Large N leading 7

o, T bound states of .



Dynamical Generation of HLS Gauge doson

»Ctree (7‘-) = ['tree (7‘-7 p,u)

p=A
Large Nf @ Quantum loop I,L < A
L I Co(G) [ 11 1 A?
_@tl[pw,], pe = (4m)? (24 + _?—'_ﬂ ln#—,z,

Co(G) = Ny =2

[/kinetic — O(,u T A) j> ( > \/ 87
p'u ~J 7‘(‘8“7"‘ _|_ PA St

0 = bound state of &




Skyrmion in SM

|=)=0,1/2,1,...
U(1)y. Jf)‘(s — ﬁeﬂlmatr (UT&,U . UT@pU . UTaJU)
I=J=0,Q, =1

., & 1
M2 = agi? > 2, Pu 0l = 5; (Ouén(2) - €R(@) + 0462 (2) - €] ()
(a — o0, g = constant)

Puv — PMV|pu=a,1,|| =i[Gu1,01], Gui =

1, o 1
L) o) = ~ 371 (i@, 1 ])? = 324251001, ,UUT,

Stabilizes Skyrmion



Simplest case 4 — 0, g = const.(> V/87)
2

T v N
EHiggs—Skyrmc — X2 (LE) ) (5 (du¢)2 + Z - tr (duUdIJUT)) — V(¢)

+ ——tr[[0,UU",8,UUNY,

32¢g2

Scale-invariant Skyrme Model

Skyrmion = Bound State of T

Higgs coupling to Dark matter Uniquely determinedby Low Energy Theorem

2M%, Mz,

v v

J

Direct detection Experimentiux, PANDaAx-i




Direct Detection
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Indirect Search Limit (Higgs
invisible decay
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Relic Abundance in Thermal
History



Thermal Relic Abundance

5 2% (1.07x10%)z ¢
X = G T P M pCeV (Gamvran)

Freeze out temperature 113}1 — A""[Xs /Tf(N 20)-
Effective d.o.f/ at Tf G« (I'y) = 100

Skyrmion = soliton (extended object)

I<0'annvrel>radius — 0(77 <7'i8 >X3)

) (22)? 35
(ri )x, = 207 Mx. ===
500 *
or M% (r?‘ ) x, = 10~ 7 <—> g=500 for
J M. ~ 18GeV
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Conclusion

SM is richer than ever consideLéd

e Standard Model Higgs as a Pseudo-
dilaton

e Composite “Rho” as Dynamical Gauge
Boson of Hidden Local Symmetry in
the Standard Model

e Skyrmion as a Composite Dark Matter
in the Standard Model
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Skyrmion U(1),. Charge Radius

My, = 2% B dr [XQ(”I’) ('rQF'('r)2 - QSinQ(F(fr)))

0

+ sin?(F(r)) (Sin g‘(r)) + QF'('r)Q)
2 2 11(.\2 A"'Icg 2 4
X () + (x(r)* —2x(r)* + 1)




