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Workshop on Beyond Standard Model and the Early Universe
25-27 October, 2017, TohoRu University, Sendai, Japan

Home Registration Programs Participants Access Contact Us
. (//)
Overview News

22 August 2017
The International Workshop on Beyond Standard Model and the Early Universe will be held at

Tohoku University (Sendai, Japan) from October 25th to 27th 2017. Registration is now open.

The aim of this workshop is to bring experts of particle physics and cosmology together, to have
talks about recent progresses in such a field, and to discuss the future directions.

List of Invited Speakers Includes

Chuan-Ren Chen (Taiwan, Natl. Normal U.)
Kiwoon Choi (IBS-CTPU) (To be confirmed)
Jason Evans (KIAS)

Hiroyuki Ishida (NCTS, Hsinchu)

Sho Iwamoto (Technion)

Kwang Sik Jeong (Pusan Nat. U.)

Kohei Kamada (Arizona State U.)
Pyungwon Ko (KIAS) (To be confirmed)
Ryosuke Sato (Weizmann Inst.)

Toyokazu Sekiguchi (IBS-CTPU)

Eibun Senaha (IBS-CTPU)

http://www.tuhep.phys.tohoku.ac.jp/conf

Masaki Yamada (Tufts U.)


http://www.tuhep.phys.tohoku.ac.jp/conf1
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Friedmann-Robertson-Walker FH (—#&EF A FH)
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Dark Matter

Dark Energy
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Inflation
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Slow-roll parameters

Slow-roll inflation occurs If

Then, inflaton EOM can be approximated by

b+3Hb+V'(¢) =0 = 3Hd+ V'(¢) ~ 0
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Inflation models
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Inflation models
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Hilltop inflation



Inflation models

._Large-field inflation ..
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Chaotic inflation, natural inflation, etc.
v

._Small-field inflation

1
AP S Mp V=Vo—om?e*—ap'+--
Hilltop inflation

-_Hybrid inflation

Ao S Mp

A=Y g zRITHZEEKbLES
EMRIRICEET %,




2. EDVH>TAV I L=V &ERAITEN?

A. FEFEICS

—

>

SETICRESY

=

1

£ <ML,

h¥dd % 7.

B S

r/( -

CSRINT VIV EEDRAAT—HICEL>T

—Jb1>7L—>3>)

#%5(Cgauge singletZzinflatonic 9 2E A% LY
(GUT Higgs#

REEIC) AT L—yaryhts

HBEWNERES ENKRELLED T = SMEM

Hawking "82 Ellis et al "82

USY7E 5 CWidsuppressed  nakayama Fr 11
Non-minimal coupling to gravity

(e.g. Higgs inflation)



3. ESVHTHAIDNSHRIET 2DH ?

3-TA2VT7L—Ya vV ERERESE
3-2 CMBEE L RIEES S




3. ESPHO>THANSKREALT 5DH?

3-TA2VT7L—Ya vV ERERESE




12

HAVRARFE, ZEBEAT—ILIE
Hubble TTRE 5.

st~H ' 6E~H

2
6p ~ H* ~ (%) ~ H?*§¢?
x

Horizon exitt& [ [&frozen.

A1V T7 MU ESSERZED

0P — 0G,1

®

E L (later)




1277 N I5DEF1E

1,00 0 ‘
S = / d*zy/=g | =59"" aju ajy V()

BEDREORIYYyY—EEEZEZS . V=const.,, H=const.

AT NG E—RREEDEFORD DS T ICHEE .
P(x,t) = ¢(t) + 09(x, 1)
J—UIERAL. OEDDFEREZZEZ S,
Sp(x,t) — Oy (t)e™™

T— FRAROKEEERGRED :

. . AN
5¢k + 3H5¢k + (E) 5¢k = ( a = et



1275 M 2IEDEF1L

COEEIF/INTIVEM HO3 2, THEZE5NS !

Z.H . k _k tdt 1
5¢k — \/ﬁ (1 ZaH) € vRT 7'I=/ d(t):_dH + constant

1 H
v 2k3

(a — o0)

1 . [t /
Qk&e—zf (k/a)dt (a . O)

—1
HO 9

Horizon exit: k = aH#®» 7z D T©modefE@#kid
] K--,l bfd ( fd~%o




1275 M 2IFEDEF1L

Inflatoniz %~

0p(x,t) =

[/

TR E D E

S hbhbhtFELTERT,

27) 2

Horizon®+72W{HIT

:aka Oék/:

:aka CVk’_

-‘- -

Ok ‘O> =0

/(dgk 0 (t)e™ ™ i + b (t) e

. Bunch-Davies vac.



1275 M 2IFEDEF1L

InflatoniZ DIE S = 1
(0|6 (x t)2\()>:/ Ak 5| :/dlnk &
| (2m)° V2
% super-horizon modeldlog k& 7 D
k2 H
\/_7'('5¢k / 27

Hlai g ¢ T\ ? H\? [a(t) H\?
/H/a<t) k (%) B (%> m( a; ) (27r) H(t )
MR T THIZ ECH2piDrandom walk

¢“-..'¢
o .
0‘ °
LS
& .
& (3
Q .
* .
.
.
.

1




ERSEEISEN

)

yiniya=4

AL
S

< CMB

mo <

0p — 0gy, — 01

\\

A

7o
—

-+
\-




. HHEDSEDONR

ds® = —dt® + a(t)*dx?

CDFRWEFZE(fla O D IT/INSHRIESEZ2 AN,

ds® =

\\
==

CD—RERTMOBEREZEEALATEL, O EDYE

2[R

—(1 + 2A)dt* — 2aB;dtdz" + a® (8;; + 2H,6;; + 2Hr;;) dz'da’

Vol

S EDTracedf s Traceless part

MEZH T O DWVWTWAS LS RIES =R Em.

LL

£ (T—IFREE) ZERI DUEDLH D,



FHANICEELRHBOBIES FIC 3 —EE5 3.

Scalar perturbations Tensor perturbations

e N4

O

(A& (volume) DIES = HKEEZZTICEEE
EHBIESE

I-ILI




Zb7—iﬁb§

ds® = —(1 4+ 2®)dt* + a(t)*(1 + 2¥)dx”

b EHRFYIEIL U s =
6p = I
—
L \
A1V N VOEFHSEE
/ FFEEMEDESE 24T,
<p> O
) ) y/3/2
&~ 2P HSt~ Hi?l |
0 0 VM3

HEEHR DN T IEEL U 7R L




Zﬁ7—iﬁb§

ds? —(1 + 2<I>)dt2 + a(t ) (1 + 2\If)dx

b EARTVIvYIL U HRESE
YT — )L
A lH
U
/ _ _ - s
AT TR VOEFDLEEE
o FEEFEBEORES 24T,
EHERFH
Hi o i< 0
T a>0 SSSSS : aaaaa
) ) /3/2
&~ P o HSt ~ Hot 20 ~
/ 3
P 0 VM3

1

LR DANTIFEL U ARy




XN

3/2
(I)Na—pNH5tNHinf5—-¢N 4 3
p o |V Mp

ubble timeDEICA > 7 T b 2 HVEHBERYE

E LTI IO
(A¢)Classical — H;lfl¢

5¢quant um

A¢Claussic18d

/NS HANY-Y

5]



ANS—BESE

Amplitude:
3/2
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— ~ |~ 10 :COBE normalization
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Amplitude:
510 V3/2 -
— ~ — | ~ 10 :COBE normalization
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Amplitude: Spectral index:
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Spectral index:
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Amplitude: Spectral index:
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Amplitude: Spectral index:

I\ 2 7
op 1/3/2 i e —1——3 (K) 2V
0 V’M?) V V

= —b6e + 27

.COBE normalizationld/NT> > v ILDE & ICKTFs
BWRAT—=ILDA YT L— 3 TRERVHIAKREL, EL
AT =)L 5V AV INE W (hilltop inflation)s

—H. nsiEmRT> v ILDoverall DIBRIRL IR S IR U,




ANS—BESE

Amplitude: Spectral index:
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.COBE normalizationld/NT> > v ILDE & ICKTFs
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-Inflation energy scale

 Vine = (2 1016 GeV)* (57) | eent

Inflaton fleld excursion
V,Vb\én\b\%tﬁébn&:w&év< D?’r* T%% 3H+V' ~0

' b /NN |
Lyth bound: A¢ 2 8Mp (02) (50) ‘

The inflaton excursion exceeds the Planck scale for r > O(103)

AF’rer mﬂa’rlon
During inflation




Inflation models

._Large-field inflation ..
Ap 2 Mp V x¢" 8#7@(%) \/“’

v

._Small-field inflation

Ap S Mp V=Vo— m? 26"+

. _Hybrid inflation

Ao S Mp

Multi-field inflation model




B {&5] : Monomial chaotic inflation

Linde "83
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e \\/o
Slow-roll parameters: ¢
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hen, slow-roll equation of motion:
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delnaHdt<%N V,
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Monomial chaotic inflation

Linde "83
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CMB temperature anisotropy (super)simplified
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Inflation models

._Large-field inflation ..
Ap 2 Mp V x¢" 8#7@(%) \/“’

v

._Small-field inflation

Ap S Mp V=Vo— m? 26"+

. _Hybrid inflation

Ao S Mp

Multi-field inflation model




. Large_ﬂeld inflation Chaotic inflation Linde "83

Natural inflation Freeseetal, "90

. Super-Planckian field rangelZ Xt U 2l IC potentialZ control?
Shift symmetry: ¢ — ¢+ 2nf
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e.g. Polynomial chaotic inflation, multi-natural inflation, non-minimal coupling to gravity
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Chaotic inflation Linde 83
Natural inflation Freese et al, *90

._Large-field inflation

. Super-Planckian field rangelcxt U 2{Al(C potential &= control?
Shift symmetry: ¢ — ¢ +2nf

(ERNZ7 U7 TENE) HRBEHBRRT Vv, BHGYERET
OKTHh o 1=h, mEdlELER L < 2> TH D, quadratic or cosine
BFIEIEHERE N, 55D ULESICULIRWE WTFRL,

e.g. Polynomial chaotic inflation, multi-natural inflation, non-minimal coupling to gravity

. tensorBYiE 5 =% D < 5D TCMB B-mode polarization THREEFIEE.

AV
- AR Rinflation energy scale ~ GUT scale o

. AV Zrinflaton mass ~1012-13GeV

SUSY breaking? Seesaw scale —> RH sneutrino?

\ =2




. Small-field inflation v

Linde “82, Albrecht and Steinhardt “82 —
. Sub-Planckian’a D TEFEH DR IF/NE <,

effective field theory CEEiR FJ&E o>

.U LI T7Lb—YarvzEbhAsiEbstE5AICnon-
renormalizable operatorh W Z7E D T, #EREUVICIdEsensitive,

IRTYVVILDIBEEMEZ E THFESIT UKL TIEWIIF ALY
- kD Z (CBRR 7R correctionD B < FIEEEB Do NsOATE . Model
IC £ B HSUSY breaking scale BRI 2E=HNH %,

. FIHASE & U T potential Dmaximumh S8 E 2 BN H 5
- Negligible tensor mode/B-mode polarization.

- Higgs potential & T\ %; SUSY B-L Higgs inflation.



) Hybrld Inflathn Copeland et al "94, Dvali et al 94
AVTL—VaVERITOERDSEZDERDETITS,

R EMNEHE, BlCrenormalizable operator TE (7%,
. SUSY Tl FFICE R ICEIR,

W = S(M? — )

Cl

- Negligible tensor/B-mode polarization
. Cosmic stringz2o< 52 &ENTE S (CMB,
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. Bz (BE) BEHNEWN: Tk > 1057 GeV
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. Large-field inflationD1{REHEZE (FBE
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3B, B%RIEH)

. Bz (BE) BEHNEWN: Tk > 1057 GeV

- N A 2 IR 2 B

. H—J XY —45RK
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(L]
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- Inflatonh &h < EEEE (EPlanck scale 2,
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R
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Other observables

* Running spectral index TInk
e Non-Gaussianity £ = 0.8 +5.0, £ = —4 + 43 and fg"° = —26 + 21

* [socurvature perturbations Siso < 0.038 (95%CL)

Bo(k) = Prrk)

Prr(k) + Prr(k) .

e Spatial curvature |Qx| < 0.005 (95%CL)

* Neft, (sterile) neutrino masses N.g = 3.15 + 0.23




Other observables

* Running spectral index TTnk
e Non-Gaussianity /5 = 0.8 +5.0, /3 = —4 + 43 and f2™° = 26 + 21

* [socurvature perturbations Siso < 0.038 (95%CL)

Biuo(k) = Prirk)
1SO -

Prr(k) + Prr(k) '

e Spatial curvature |Qx| < 0.005 (95%CL)

* Netr, (sterile) neutrino masses N.g = 3.15+0.23

Consistent with the base LCDM, but
there is still a room for new physics.
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A. DV T7)IVIETRINT >V v )L PcosE# = AV fclarge-
field inflation(ZBRICHEBR S T WLV S . Blue-tilt (ns>1)
HHERINTWS, r<0.07HhDns=0.96%=HT 1> 7
L— a3 B SAH S

53 D R I5B-mode polarization DIEER FGUT-scale
D> L—>3Yy, DFEDlarge-field inflation, [T
EED. rOfEZ 2T HEFE.

RO iEES. axion DMEICEE RoH 57405
Blcl, NESWRT—=)LDES 75 EMDEElwindow
[CER1F 9 5.
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2
g ~
B Lo=0"5G0rGe

ST OBIRETE—X > b QR 5H < HIR
0] S O(1077)

e 0 BN ARICIINESWNDOH? =2 L\CPREIRE

cf.&X DIEFEICIE, physical’di® WCPHItH IdquarkBE =D HIE &
B, 0 =0 — arg det (M, My) E5Z25N15%.
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Peccei-Quinn(PQ)¥#E T ld, :®W\WCPHAMEIZAZE B =
(=77 >AY) &IED, Y4+ H)IIC0 &GS,

Peccel, Quinn " 77, Weinberg " 78, Wilczek 78
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7 AR ERIAT D EIck > TERS N, §—
Y45 —&72% [misalignment mechanism].

Preskill, Wise, Wilczek “83, Abbott, Sikivie, "83, Dine, Fischler, “83

f 1.184
Qa 22 11 2 ) -
h? == 0 910<9><5x1011Gev) CDM

Bae, Huh, Kim ~08, Visinelli and Gondolo 08

AR << AQCD



7oA >DHEEER

.Gluons
CL Ofs ~ a/ &S ~
L.cc = Npw GG = GG
¢ F,8r Mmoo f 8 TR
' ' __ Fa Nbw: domain wall humber
defines the axion decay constant f, = N
. DW |dentified
G (Now=3)

VAVAVAVAVAVAVA

Figure taken from 1210.3196

Hadronic/KSVZ axion DFESZ axion

Kim ~ 79, Shifman, Vainshtein, and Zakharov ~80 Dine, Fischler, and Srednicki "81, Zhitnitsky 80
Yet unknown heavy Ordinary SM quarks
quarks run in the loop. run in the loop. Npw=3o0r6.

N.B. Both heavy and SM quarks, or only a part of SM quarks may run in the loop,
which help to avoid the domain wall problem by Npw = 1.


http://arxiv.org/abs/arXiv:1210.3196

7oA >DHEEER

-Photons
g — —
84 E 19 E and N are EM and color anomaly factors
Javy = of fa of the PQ current.
-Electrons
C. - | i}
£aee — Fa,ua (\Ijef)/ fY5\Ije) — —1fgeel (\Ije’y{)qje) + -
a
C cos® f3 .
ellle C, = for DFSZ axion.
Jaee = 3
fa Model-dependent. Coupling to electrons appear
only at loop-level in the hadronic axion.
-Nucleons

C
LonN = Z 2}\73 a (Uny' 5PN )

N=p,n
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FEES & FHMEPSE
P photon P photon

M J\/\/\/\

DM/baryon DM/baryon

X X
= Qa 50@ B Qa 269@ B Qa Hinf
Qcom 0 Qopm 0: Qcpm 705 fq
| B PS (7 CL Planck 2015
/BISO — < 0.033 (95 O ) (Planck TT, TE, EE + lowP)

Pr + Ps
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HrEES & FHFTEDPS E
J‘\/\/-\pho/to\n : Ly

DM/baryon S5t DM/baryon
GHEE —_—
X . X
= Qa 50@ B Qa 269@ B Qa Hinf
Qcpm . Qcpm 0; Qcpm 70,5 fa
7)S 95(7 CL Planck 2015
Biso = < 0.038 ( O ) (Planck TT, TE, EE + lowP)

Pr + Ps
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7)S Planck 2015
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CMB angular power spectrum

10°
o'l FIEES = ~ cos(kest)
100+ T
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I 2 )Ci
TU o s
FHRPS =
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Hinf /GeV

108 ‘ /- Qah2 ~ 0.1

i cf.
L Hie~ 10" GeV

for GUT-scale inflation.

10° 100

C T

1I014

fCl / (Ge  Kobayashi, Kurematsu, FT, 1304.0922
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cf.
H..; ~ 10 GeV

for GUT-scale inflation.
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fa /GeV Kobayashi, Kurematsu, FT, 1304.0922
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ZEZEKD S T REIE DR

— BB XU poFNMENYIEAFH ColiEd 5 2 &

ANYYVTPOPRAA YT A—=)]LE WS TEMHERENED.
FDEREMN Saxion DMHAI DK 5N b, £, = 0(1019)GeVIC
[RESI N5,

Hiramatsu, Kawasaki, Saikawa and Sekiguchi, 1202.5851,1207.3166
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& % W IEPQ breaking scaleh’ B2 L9 2 AIEEME :

Linde and Lyth "90 Linde, 91

Axion: phase component g [+ 0 ia/f
Saxion: radial component V2

00 = const. » 0oa = 50,mf <ff0 )
inf

fO finf



ZEZEKD S T REIE DR

HDWNEPQZEIED . axionZ2EL T3 m2 > H2,

Stronger QCD during Inflation . pvai o5, Jeong, FT 13048131

Choi et al, 1505.00306

Extra explicit PQ breaking

Dine, Anisimov hep-ph/0405256
Higaki, Jeong, FT, 1403.4186,

Barr and J.E.Kim, 1407.4311
FT and Yamada 1507.06387

HBEBA. PQ mechanismziEI2WKSIT, explicitia
WNIFIREF RIS <R oTULRWE WIFEL,


http://arxiv.org/abs/arXiv:1505.00306
http://arxiv.org/abs/arXiv:1407.4311

QCD axion with Witten effect

Kawasaki, FT, Yamada, 1511.05030, 1708.06047



_Witten effect ...

Let us ﬂrst COnSIder the 6 -term of hldden U(])

This 8 is not the

0 2 0 ) strong CP phase.

e
L F,/F“V— E - -B
b= 3272 H 872

which usually has no effect as It Is a total derivative.




_Witten effect ...

Let us ﬂrst COﬂSIder the G-term of hldden U(])

This 6 is not the

9 2 0 ) strong CP phase.

e
L F,/F’W— E - -B
b= 3272 H 872

which usually has no effect as It Is a total derivative.

The term, however, has an interesting effect in the
monopole background.

B B
N I / + 6 -term »‘\\ H //'v .
/ l \ ».// u N\

Qu = 47 /e Qu =4r/e  Qp #0



‘Witten effect ...«

Con3|der a static EM field and a monOpole sfctmg at
the Orlglﬂ due to Coleman

TA'

E=—gradp = -VA" B=VxA- Qu 5
41 r
Then, the Lagrangian is Monopole

L@:/d3T< §6>EB
7T
He? Qun T
o 3 0 |
—/dr( 87T2>(—VA)-(V><A. 47Tr2>
962QM r
B 3 40
/dTA < 372 >v<4wr2>

_/dser (9682Q2M 5(3)(1.))

—
Electric charge at the origin



_—— ,s ,_ , \ ‘Witten *79

A monopole acquires an electric charge,

and becomes a dyon if 6 #£ 0. vv\\
@9, b 0,41, +2
E — NE n=4vxl,—2,---
27 n//
A monopole magnetic charge Qur = 47 /e is used. Qu =4r/e  Qp #0

he mass of dyons is heavier than the monopole mass:

1 m? 0\
Mp = My A W
b M 2MM (Tl 27T>

~ 0\ Q3 + Q%
The non-zero value of 6 costs more energy as it induces
an electric field around the monopole.



Axion coupled to hidden monopoles

Kawasaki, FT, Yamada, 1511.05030

Consider the axion coupling to U(1)#:

62& 626L

— F M — E. B
3272 f, H

. 82 fa

Then, the QCD axion acquires an extra mass about a = ()
by the Witten effect in the presence of hidden monopoles:

m2 @ Ny
a,M —
167T2 Tc fc% cf. Fischler and Preskill, ~83
02
Ny (anti-)monopole number density o= —
1 1 47
re ¥ — = —— :monopole radius
ev Mw

. The extra axion mass naturally decreases as the monopole
density is diluted by the cosmic expansion, _ “°"®stent/ e

neutron EDM constraint.




Evolution of axion

. . 2 2
- The axion starts to oscillate when m 5, ~ H-

Qarh? f -
~ 2 a
Tosc,1 =~ 65 GeVa ( 019 ) (1012 GeV) .

Witten effect




Evolution of axion

. . 2 2
- The axion starts to oscillate when m 5, ~ H-

Qi h? fo
Tosc 1 = 2 :
1= 65GeVa ( 0.12 ) (1012 GeV)

Witten effect

- No extra axion coherent osclillations are induced during
the QCD phase transition if mq a/H 2 O(10).

Qs b2 > 0.55

. < 1012G V 1.1
fa 3 ove 0.12

“Adiabatic suppression mechanism”
Linde ~96.

+QCD instanton
“““ Witten effect




AXxion abundance

Kawasaki, FT, Yamada, 1511.05030

The final axion abundance is given by

4 0.12 f °
Q. h? ~3x 107 %0267 -
33 A0 (QMh2) (1012 GeV)

The axion abundance is suppressed, and it is inversely
proportional to the monopole abundance!

The Witten effect also solves the axion domain wall
problem when the PQ symmetry spontaneously broken after
iInflation.



QCD axion and monopole DM
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QCD axion and monopole DM

0.12

Monopole
dominated DM(0.10
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L
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Kawasaki, FT, Yamada, 1511.05030,1708.xxxxx



Hidden monopole DM

The monopo

the observec

es with mass My, = (1 — 10) PeV account for
DM. Murayama, Shu 0905.1720

In the minimal case of the 't Hooft-Polyakov monopole w/o
other charged particles, the massive gauge bosons give a
larger contribution. Baek, Ko, Park 1311.1035, Khoze, Ro 1406.229]1

e.g. The observed DM is realized with v ~ 10° TeV,a = O(0.1)
for which the monopole fraction is O(10)%.

N.B. The massive gauge boson abundance can be reduced

by adding matter fields.



- The monopoles (as well as W’) have self-interactions which

may solve the small-scale tension of CDM.
Baek, Ko, Park 1311.1035, Khoze, Ro 1406.2291

- The monopole DM may also have the SM electromagnetic
mini-charges via the kinetic mixing:

Pa v
M M
For v ~ 102 TeV, M ~ M, the kinetic mixing is ~ 10~ "

o _ _ (& magnetic)
and It I1s consistent with observations. cf Jaeckel and Ringwald, 1002.0329

RSN S —FI SN (5,) = (0,0,0)

I U(T)H Is broken by another Higgs, monopoles and W’
become unstable and decay into the SM particles via the
portal to the SM Higgs. The QCD axion abundance can be

suppressed for even larger f . Kawasaki, FT, Yamada, 1511.05030
cf. Nomura, Rajendran, Sanches, 1511.06347


http://arxiv.org/abs/arXiv:1511.06347
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¥k, b UR\EB-modefmiet R EINNE, 175 kY
RFVIvILOBS, B, BENEE2 V, V, V"

[R#EB-modef® R DB EFEE, F—I YT —F(C 55’9“
DAMBE %5 %% (e.qg. axion DMO—EFD > 71 7T€T3|5|3A)




