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Higgs (but still no BSM) discovery at LHC

my = 125.09 032 GeV, m,,,= 173.34 :076 GeV in the SM
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Higgs (but still no BSM) discovery at LHC

my = 125.09 032 GeV, m,,,= 173.34 :076 GeV in the SM
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Higgs (but still no BSM) discovery at LHC

my = 125.09 032 GeV, m,,,= 173.34 :076 GeV in the SM

Quantum corrections
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Higgs (but still no BSM) discovery at LHC

my = 125.09 w032 GeV, m,,,= 173.34 :076 GeV in the SM
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Higgs (but still no BSM) discovery at LHC

my = 125.09 w032 GeV, m,,,= 173.34 :076 GeV in the SM

0.10
: . dl 2 2 4
0.08 | 30 bands in (477:) — = 241 + 12)’yt = 6yt
A : M, =173.1 £ 0.6 GeV (gray) dt E—
[ @3(Mz) = 0.1184 = 0.0007(red) , 3 ,
~ 006 M, = 1257 + 0.3 GeV (blue) {‘3)“(5’ 2+3g2)+§[2g4 +(g 2+82)2]]
£ ' B
& A
§ 0.04 -
Q9 .
: Higgs mass
g 002} / 99
& - ~~ \ top mass
E 000 SN Toee-. P ._
I B e “\ 2 ‘ ’g‘-
0.02 - TSNS \ * N {4 ‘ﬁ i “a
I : & *S o” '___. :
-004| |, | | ‘ ‘:’"
2 4 6 8 10 2 14 16 18 20 i — i
10> 10* 10° 10° 10" 10" 10" 10" 10" 10 NS ..,..5.

%/M@&%\\W@\\\W@

RGE scale g in GeV

"'?\! e Y
T ey W T



Higgs (but still no BSM) discovery at LHC

my = 125.09 w032 GeV, m,,,= 173.34 :076 GeV in the SM
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Higgs (but still no BSM) discovery at LHC

my = 125.09 w032 GeV, m,,,= 173.34 :076 GeV in the SM
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SM Higgs potential

meta-stable
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SM Higgs potential

meta-stable
V A
“““““ 1010 M -
EW = T Aa---*_ 8
W ? e NG L P ig:,

2 \\ ) ' o \\ ) y v -\\ b ' v '\\ ) ' v \\ b \ ‘ o “g\\wg‘.‘:‘i‘; v
=P = = ) = =l = )~ U=



SM Higgs potential seems meta—stable
lifetime is much longer than age of our Universe

Ag(Ap) > 0 (Vacuum is stable)
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Higgs (but still no/Dmabout slope of
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SM Higgs potential?

A=p=0 at Mp (multiple point principle(MPP)) [‘95 Froggatt, Nielsen]

Analogy with triple point of water
(strong 15" order phase transition (predictability E, P,.))
V A < EW vacuum appears (exists) in addition to Mp vacuum
because of degenem‘re vacuum (analogy with statistical mechanics)

-> vanishing Higgs pot. at Mp -> physics at Mp (scale inv. --+)
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Higgs mass & top mass dependence for A, p
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1. What is 10'° GeV? not Mp?
2. BSM must exist.
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2. BSM must exist.

big mysteries remain in the SM, such as,

(A): What is origin of “Mexican hat” Higgs potential?
(B): Why m, < mg,?

(C): What is dark matter?

(D): Why Q(p) = -Q(e)?

(E): Why our universe is 4D?

— strongly suggest an
existence of more fundamental
physics beyond the SM (BSM).
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2. BSM must exist.

3. Naturalness
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3. Naturalness
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3. Naturalness

[Heavy particles which couples to Higgs]

Pr
M M J‘d4p (ij4 ,
167°\ p .
Pr Pr )2
2
R T M?*log A
Y Yo @ 167°
< (125 GeV)’
PL
o ,c,:i
Physical quantity independent of renormalization scheme |-
(<> quadratic divergence) 4

— Higgs mass inevitably receive this quantum correction
that should be smaller than 125 GeV.




1. What is 10"° GeV? not Mp?
2. BSM must exist.

3. Naturalness

[Heavy particles which couples to Higgs]
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?
Bardeen s argument for naturalness

[’95 Bardeen]
Y quadratic divergence does not physical,

— care about only logarithmic divergence
Y running of m,? is governed by RGE,

dmj, 1 2 4 3 9 Y,
= 12\ 6y, — =97 — =
dlnpy  (47)? oh H 7+ O 091~ %2

& no other mass scales

once m,? vanishes (< classical scale inv. is imposed), it remains zero.

— non-zero Higgs mass needs quantum effects of RGE + a



classical scale invariance symmetry

Field equation should be invariant for rescaling ( — C'z )
— There are no dimensionful parameters at classical level.

* In SM, only Higgs mass parameter mi is dimensionful

Vegr(h) Vesm Vom
i 1 4 1 212
VSM = Z)\Hh -+ §mhh
< 1 \

In SSM, EWSB cannot occur at classical level.



classical scale invariance symmetry
+a quantum effects can break classical scale inv.
- *Coleman-Weinberg mechanism

_| *hidden strong dynamics (dimensional transmutation)




classical scale invariance symmetry

+a quantum effects can break classical scale inv. that leads EWSB

) COIeman'Wemberg ['73 Coleman, Weinberg]

Vow = ~A Wty ot ()~
CW—4 H 647’(’2 n;C¢; |11 Q2 )

)

Veff (h) VC %%

n; : d.o.f of particle 7

a; : coupling of Higgs with ¢

C'; : constant for ¢

() : renormalization scale




classical scale invariance symmetry

+a quantum effects can break classical scale inv. that leads EWSB

) COleman'Wemberg ['73 Coleman, Weinberg]

Vow = - Wty " w(®) ¢
CW—4 H i 6471' n;x n Q2 )

Veff (h) VCW
VSSM ' ':' VS M -

n; : d.o.f of particle 7

a; : coupling of Higgs with ¢

C'; : constant for ¢

() : renormalization scale

it requires tiny A,!
—125 GeV (A,~0.131) is too large to occur EWSB in the SM.




classical scale invariance symmetry

+a quantum effects can break classical scale inv. that leads EWSB

* hidden strong dynamics (dimensional transmutation)

1 1
VHidden — _)\Hh4 — = Apix <S>2h2

4 2 _K

(S)#0 is triggered by condensation of hidden fermion pair.

[’11 Hur, Jung, Ko, Lee]
[’14 Holthausen, Kubo, Lim, Lindner]



?
Bardeen s argument for naturalness

[’95 Bardeen]
Y quadratic divergence does not physical,

— care about only logarithmic divergence
Y running of m,? is governed by RGE,

dmj, 1 2 4 3 9 Y,
= 12\ 6y, — =97 — =
dlnpy  (47)? oh H 7+ O 091~ 92

& no other mass scales

once m,? vanishes (< classical scale inv. is imposed), it remains zero.

— non-zero Higgs mass needs quantum effects RGE + a
(Coleman-Weinberg, strong effects,= =)

w no heavy particles with intermediate energy scale masses
2

Y
167°
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M7? = —2m; — M?log A




1. What is 10'° GeV? not Mp?
2. BSM must exist.

3. Naturalness

—— | A: completely new physics at 101° GeV

(GH, strong dynamics, composite)

B: Higgs potential is stable up to Mp

new particles effects which do not be contained in SM
(type-1l seesaw, DM, GUT)

C: Higgs potential vanishes at Mp
(flatland, strong dynamics)
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A: completely new physics at 101° GeV




A: completely new physics at 101° GeV

¥« Gauge-Higgs Unification

Higgs=extra-dimensional component of higher-dimensional gauge field

Ay = Ap + A (scalar @ 4D)




A: completely new physics at 101° GeV

¥« Gauge-Higgs Unification

Higgs=extra-dimensional component of higher-dimensional gauge field
An=A, + A; (scalar @ 4D)

above energy of 1/R (size of XD) , Higgs is absorbed into A,.
— Higgs potential vanishes at 10'° GeV < 1/R = 10'° GeV 1?

oD my~1/1612 X (1/R)



A: completely new physics at 101° GeV

¥« Gauge-Higgs Unification

Higgs=extra-dimensional component of higher-dimensional gauge field
An=A, + A; (scalar @ 4D)

above energy of 1/R (size of XD) , Higgs is absorbed into A,.
— Higgs potential vanishes at 10'° GeV < 1/R = 10'° GeV 1?

0.15 T
A \ M, = 126 GeV (dashed)
\ M, = 124 GeV (dotted)
~ oo} |\ M, = 173.1 GeV |
3 a,(Mz) = 0.1184
< A 4
=] r ‘I\ - agm
z LA For this meta-stability, GHU says
5 ' YN Ag=4av?
o 005 W 1 10
N ___—{1/IR~10"" GeV!
%. F Ain MS .,\;_\\
2 N. Okada, Q. Shafi, et al
= 0.00 A=
-0.05 I T I — L =t X T}

L I
102 10* 10° 10% 10 10'2 10 10' 10'® 10%°

RGE scale y or i vev in GeV



B: Higgs potential is stable up to Mp




B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?



B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?
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B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?

— B, becomes larger than SM, +©
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B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?

— B, becomes larger than SM,
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B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?

— B, becomes larger than SM,

+ A

2

mix
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B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?

— 3, becomes larger than SM, + g’4
1 2 2 2 4 3 4 9 4 3 2 2
Bru = a2 Am (24hm +12y; — 39y — 993) — 6y, + 29y + 592 + 19v 95
— A > 0 at any energy scale. €X.).015 -
0.010
[example] i -
with coupling < 0.0005
A HZ D2 — B~ \ ~ —0.005F |B,
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B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?

— B, becomes larger than SM, smaller T arger
1 ]‘ ’ 3 9 3
Bru = Tz | M (240 + 1297 — 39y — 993) — 64, + 29y + 295 + 19v 02
— A > 0 at any energy scale. €X.).015 -
0.010f
[example] i soust
with coupling < 0.0005
A HZ D2 — B~ \ ~ —0.005F |B,
-0.010}
which couples with H —oomsk /S L Tteeneddedd
L B~t g 100 105 10% 10" 10™ 10'7 10%
i [GeV]

 new particles with SM charges — larger gauge couplings
— B becomes larger via larger +g* (+ smaller y,via y, RGE)




B: Higgs potential is stable up to Mp

Possibly, effects of yet-to-be-discovered particles !?

larger
— 8, becomes larger than SM, smaller T J
[
1 2 2 2 7?1 3 9, 3
Ban = (47)2 A (24Am +12y; — 3gy — 995) — 6y; + ggy T 92T 49y92
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— A > 0 at any energy scale. eX.)g 015
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Onew particles with SM charges — larger gauge couplings
— B becomes larger via larger +g* (+ smaller y,via y, RGE)




B: Higgs potential is stable up to Mp

NH, Ishida, Takahashi, Yamaguchi

(ex) GUT @ Mp model arXiv:1412.8230

‘naturalness — no intermediate scales such as GUT (Bardeen)
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(ex) GUT @ Mp model arXiv:1412.8230

-naturalness — no intermediate scales such as GUT (Bardeen)
— GCU is also realized at Mp



B: Higgs potential is stable up to Mp

NH, Ishida, Takahashi, Yamaguchi

(ex) GUT @ Mp model arXiv:1412.8230

‘naturalness — no intermediate scales such as GUT (Bardeen)

— GCU is also realized at Mp
— extra SM charged vector-like fields realize GCU at Mp

Extra fermions (b, b5, b3) | agur
Wx1(05)a@UUx1(1)®QQx2(10)® DD x4 (10) (‘3, 2, 6) | 19.1
EEx2(05) ® QQ x2 (2) ® QQ x2 (10) & DD x4 (10) || (3, 6, ) | 14.9
LLx1(05)® EEx1(05)2QQx1(1)aUUx1 (1) | (3, 3, %) | 11.1

® QQ x 2 (10) © DD x 4 (10)
EEx1(05)@Wx1(05)@®UUx2(4)eQQx3(10) | (%, %,8) | 7.9
@ DD x 4 (10)




m,=125.09:032 GeV, m,,,=173.34:076 GeV in the SM
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extra SM charged fields — gauge becomes strong
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m,=125.09:032 GeV, m,,,=173.34:076 GeV in the SM
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extra SM charged fields — gauge becomes strong
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m,=125.09:032 GeV, m,,,=173.34:076 GeV in the SM
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B: Higgs potential is stable up to Mp

NH, Ishida, Takahashi, Yamaguchi

(ex) GUT @ Mp model arXiv:1412.8230

naturalness — no intermediate scales such as GUT

— GCU is also realized at Mp
— vector-like fields cause not only GCU but also stable Higgs pot. up to Mp

gauge — large

gauge couplings

100 10° 108 10" 10 107 10%
K [GeV]



B: Higgs potential is stable up to Mp

NH, Ishida, Takahashi, Yamaguchi

(ex) GUT @ Mp model arXiv:1412.8230

naturalness — no intermediate scales such as GUT

— GCU is also realized at Mp
— vector-like fields cause not only GCU but also stable Higgs pot. up to Mp

gauge — large (— Yt — small) = A is lifted |

gauge couplings

100 105 10% 10" 10 107 10% 100 10° 10% 10" 10" 107 10%
1 [GeV] p [GeV]

— vacuum becomes stable



C: Higgs potential vanishes at Mp
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(ex) SM + U(1) model (flatland scenario)

To realize EWSB with m; =125 GeV, consider U(1)’ extension of SSM.
[’09 Iso, Okada, Orikasa], etc.

SUB3).®SU12). @ U1y U(1Y

O (3,2.1/6) (x+1)/3

e (3, 1, —2/3) (—4z —1)/3 i

D¢ (3,1.1/3) (22 —1)/3 r=20: U(l)B—L

L (1,2, —1/2) —r—1

E° (1,1, 1) 2 + 1 4 r=—1": U(]-)R
Ne (1, 1, 0) 1

q (1,2.1/2) T — _9/5-U(1
(o) (1.1, 0) P -t / (Lx

SM singlet scalar



(ex) SM + U(1) model (flatland scenario)

To realize EWSB with m; =125 GeV, consider U(1)’ extension of SSM.
[’09 Iso, Okada, Orikasa], etc.
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O (3,2.1/6) (x+1)/3

e (3,1, —2/3) (—4z —1)/3 i

D¢ (3,1.1/3) (22 —1)/3 r=20: U(l)B—L
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E° (1,1, 1) 2 + 1 4 r=—1": U(]-)R
Ne (1, 1, 0) 1

q (1,2.1/2) T — _9/5-U(1
(o) (1.1, 0) P -t / (Lx

SM singlet scalar

 scalar potential: no dimensionful parameters (scale inv.)
V = Ag|H|* + \a|®|* + Aniz| H|?|D|?




(ex) SM + U(1) model (flatland scenario)

To realize EWSB with m; =125 GeV, consider U(1)’ extension of SSM.

SU(3). ® SUQ)L, @ ULy U(L)
Q (3.2, 1/0) @+1)/3
Ue (3.1, —2/3 (—4z —1)/3
De (3.1.1/3) (22— 1)/3
L (1,2, —1/2 —r—1
o8 (11, 1) 20+ 1
Ne (1. 1, 0) 1
H (1.2.1/2) .
(o) (1. 1. 0) 2

SM singlet scalar

scalar potential:

[’09 Iso, Okada, Orikasa], etc.

ZIZZOZU(I)B_L
r=—1: U(l)R
r=—-2/5:U(1),

A

no dimensionful parameters (scale inv.)

V = Ag|H|* + \a|®|* + Aniz| H|?|D|?

right-handed neutrino:

Ly =-YSLoHN; — Y 2®NEN; + (h.c.)



(ex) SM + U(1) model (flatland scenario)

To realize EWSB with m; =125 GeV, consider U(1)’ extension of SSM.
[’09 Iso, Okada, Orikasa], etc.

SU3). @ SU12) @ U(1)y U(1)
Q (3,2,1/6) (r+1)/3
Ue (3,1, —=2/3) (—4z —1)/3 )
D¢ (3,1, 1/3) (22 —1)/3 r=20: U(l)B—L
L (1,2, —1/2) —r—1
E° (1, 1. 1) 2r + 1 4 r=—1 IU(l)R
N¢ (1, 1, 0) 1
H (1,2, 1/2) x — _9/5-U(1
(o) (1.1, 0) 2 -t / (Lx

SM singlet scalar

scalar potential: no dimensionful parameters (scale inv.)

V = Ag|H[* + X\ |®|* + Aniz|H|? M7
right-handed neutrino:

Ly =-YF'L,HN; — M, NEN; + (h.c.)

dimensionful parameters m,, M, < generated by {®) through CW mech.



(ex) SM + U(1) model (flatland scenario)

m,=125.09:032 GeV, m,,,=173.34:076 GeV in the SM

2 Ay =240 +127y’ —6yt4—3),(g'2+3g2)+§[2g4+(g'2+g2)2] & 9'4
new Higgs & has new gauge's charge — p,~+g'* gﬁ'
= A lift! AP
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(ex) SM + U(1) model (flatland scenario)

m,=125.09:032 GeV, m,,,=173.34:076 GeV in the SM

+ A2

(4m)’ 2 =245 +122y7 - 65! ~3Mg"+ 3g2)+§[2g4 g™+

,7
27 /
new Higgs & has new gauge's charge — // 9'\: jlg'
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(ex) SM + U(1) model (flatland scenario)

m,=125.09:032 GeV, m,,,=173.34:076 GeV in the SM

¥ A
dA,
? 242,2+122,yt —6y' —3A(g"*+3g>)+= [2g +(g'2+g2') ] “* g
/, /7
new Higgs 2 has new gauge’s\charge — By~ - gﬁl
-7= A lift ! ~ g’
\\ @ // 9// \\
Amix \’«/ ,\"‘/\ Amix - ﬁA~+Amix
A TN

) dy, 9, 17 , 9 |
(4r) yt=y( Vi ——8&i — gi—Sgi—Dgz)

27" 20° 4 NN
e N\ v;m,v’ ~
new gauge — large = Yt — small |
= A |If‘|’ !



(ex) SM + U(1)" model (flatland scenario)
V=, | HI'+4,, 19PIH P +2, 11
-SM + U(1) gauge

mix



(ex) SM + U(1) model (flatland scenario)
V=A,IHI

-SM + U(1) gauge

SM

TeV




(ex) SM + U(1) model (flatland scenario)
V=A,IHI
-SM + U(1) gauge

— results

SM

TeV A A




(ex) SM + U(1) model (flatland scenario)
V=A,IHI
-SM + U(1) gauge

— results




(ex) SM + U(1)’ model (flatland scenario)
V=A,HI
-SM + U(1) gauge

— results

TeV




(ex) SM + U(1) model (flatland scenario)

4 2 2 4
V=2, |HI"+2,, 10FIH +2,1¢]
-SM + U(1) gauge
— results Ay
TeV

mix



(ex) SM + U(1)" model (flatland scenario)
V=, | HI'+4,, 19PIH P +2, 11
-SM + U(1) gauge

mix

— results

TeV

ho )( Mp
TN (@) ~TeV

CW mech.
@




@ CW potential for singlet scalar ({®)#0)

q/)4
6472

25
(105 + 48" — 8trYy;) (m ¢—2 - —
(0 6

Va(9) = {had! +
Va(d)
— (®)# 0 VEV

— U(1)" is broken
(new particles become massive)

/| 6
M¢ = ﬁ)\@@@, MZ’ = 2g/’0q>, MN = \/§YMU<I>




(ex) SM + U(1) model (flatland scenario)
V=21, | H " +A |¢|2|H|2 +l¢|¢)|4

mix

SM + U(1)' gauge \me(origin of the Mexican hat (EWSB))

— results




CW potential for singlet scalar ({®)#0)

4

0

6472

1 ‘ 7
Va(¢) = 7he6" + = (10Ag + 48" — 8trYy) <hl = -

— (®)# 0 VEV
— U(1) is broken

(new particles become massive)

/| 6
j\[q) —_— ﬁ)\q)/U(I)? A[Z/ — QQ/U(I), ]\[N — \/in\j/U(I)

Vg (h)
Vg = i)\Hh‘l + %mih2, m; = %)\mm?}?p <0
— (h)# 0 VEV
O~ YH
— EWSB - .
(SM particles become massive) \O/




(ex) SM + U(1) model (flatland scenario)

4 2 2 4
V:AHIHI +lmix|¢|\|H| +l¢|¢|
-SM + U(1) gauge ~ne (origin of the wine-bottle (EWB)
— results

Tev L
Ae — O,

— N\ Mp
\

Aix@ (@)~ TeV

L~{®)vy? — not large Majorana mass of v, (Mayoron -> longitudinal comp.)

— low energy scale seesaw, (resonant) leptogenesis,
(phenomenology can be around TeV)



(ex) SM + U(1) model (flatland scenario)

4 2 2 4
V:AHIHI +lmix|¢|\|H| +l¢|¢|
-SM + U(1) gauge ~ne (origin of the wine-bottle (EWB)
— results A,

Tev L
Ae — O,

— N\ Mp
\

Mix@ 4 (@) ~TeV

Does this scenario really works?
(from view point of vacuum stability)
NH and Y. Yamaguchi, PTEP 2015, no. 9, 093B05 (2015)




V=2, |HI" +A4, 1¢PIH P +2, 191"
Ay
N o
3 M
_— P

Does this scenario really works?
(from view point of vacuum stability)

NH and Y. Yamaguchi, PTEP 2015, no. 9, 093B05 (2015)




vacuum stability of flatland scenario

e vacuum stability conditions:

Vo= Ag|H|* + Xo|®|* + Nz | H|?| @7
Agh* + Xod" + Aninh®¢”]

_(\/Eiﬂ _ \/Eqs?)Q + (2\/>\H>\q> + Amw) h2¢2] >0

Y ¢ 28 28
A >0 Ao >0 Azl < A0

e R N

- check these three conditions
- experimental bounds (such as constraints on M)




vacuum stability of flatland scenario

e vacuum stability conditions:

Vo= Ag|H|* + Xo|®|* + Nz | H|?| @7
Agh* 4+ Ao d” + Anish’¢”]

-(\/Ehz — \/g</52)2 + (2\/ AHAD + )\mia:) h2¢2] >0

Y ¢ 28 28
A >0 Ao >0 Azl < 4AE0

= ] =

- check these three conditic™=

- experimental bounds (suct




A, direction’ s stability

-vacuum stability of H direction: A, =0 = 8,, = 0

A

TeV = BAH(Mp)éo




A, direction’ s stability

-vacuum stability of H direction: A, =0 = ,BAH 0

1 4,3 )54
Prr (Mpi) = (47)? [6% +3 {292 + (92 + 9y + 5F }]
0.0012 e 176,
oootol Mh = 125.00 % 0.32GeV " :
— r . St ? ]
~ 0.0008} e =t i
§ 0.0006 o : > i i
— 0.0004f " : %1735 -
& 0.0002} /V"J. = 7 / ‘;
0.0000 : 171 I £ T prpee™
00002 ol . -
70 171 172 173 174 175 176 001 002 005 010 020 050
M,[GeV] gy (ve)
There are no region of 8,, (M,)= 0




A, direction’ s stability

-vacuum stability of H direction: A, =0 = 8,, = 0

A

There are no region of 8, (M,)= 0




A, direction’ s stability

-vacuum stability of H direction: A, =0 = 8,, = 0

A

There are no region of 8, (M,)= 0

— A,=0 cannot be realized in flatland scenario.
vacuum is meta-stable as in the SM (for H-direction).



N,=1~3, (trYy, = Noynr)
Ly =

scalar quartic couplings

scalar quartic couplings

2.x107% -

runnings of A, A

Ao

mix’

YA LoHN; — YEONEN, + (h.c.)

1.5x1075 f—

1.x10-% \

r—r T

X

1072 X Amix

5.x10°7 |
105 x Az
0

N,=1

100 10° 10° 10" 10" 107 10%

u [GeV]

2.x1075 - - - -
N,=3

1.5x10°%[ Y

—107 X Aix
1.x10-6}

As
5.x1077 | N
0

H [GeV]

100 10° 10° 10" 10" 107 10%

scalar quartic couplings

2.x107° - - -
[ N,=2
1.5x107%}
[T
1.x10-5} 107 X Auix

5.x1077 | .
1075 x Ay
o:—,’ — -

100

105  10° 10" 10" 10 10%
u [GeV]

Ay IS monotonically decreasing
because of 3,,~0 in this case.



runnings of A, A

Ao

mix’
N=1~3, (trYy, = Noyar)

Ly =—-YXL HN; — YIONEN; + (h.c.)

2.)(10_6 T T T _‘, - 2.x10_6 .l - o - ~r
. - Ny=1 5 | N,=2
15x107° —] = 15%10°%F
[
=2 . :
1.x 10-6 '\ 36 x Auux 1.x 10—6 N —10-2 X ‘\mix

scalar quartic couplings

5.x107f |0
0

scalar quartic coupl

5.x1077 | .
0 i W e

_*

105  10° 10" 10" 10 10%
u [GeV]

108 10" 10 10 10% [,
u [GeV] 100
2.x107% - .

— —

N,=3

1.5x10°%[

1.x10°¢ '\
As

sx107F | S \
0 1 ~ Ay seems to become negative!

100 10° 10° 10" 10" 107 10%
u [GeV]

Ay IS monotonically decreasing
because of 3,,~0 in this case.

scalar quartic couplings




' . ? ngs
A ¢ : direction s stability
Below (®), Z’ and v (N) are massive. — Z’ and N decouple,
1
— ﬁ)\q}(,UJ<MZ/,MN):—[20)\%{)—I—2>\2 }20

(471'2) mix

|:> )\cI)(,LL<MZ/7MN)2)\cI)<MZ/>2)\(1)(MN) >O

— A A
N=1 Ao < 0 Ap > 0

_.‘ \ > :' \ N\ >

* N,=1: strongly constrained as g,(~y),)>0.055 -> upper bound of M,’




' ' ” ngn
A ¢ : direction s stability
Below (@), Z’' and vi (N) are massive. — Z’ and N decouple,

— 5)\@(/“L<MZ/7MN):

20M3 +2X7,..] ~0

1
(472)

= Ao(p < Mg, My)~Ae(Mz) ~Xo(My) >0

— A A
N,=1 Ao < 0 Ap > 0

_.‘ \ > :' \ N\ )

* N,=1: strongly constrained as g,(~y),)>0.055 -> upper bound of M,’
* N,=2: not constrained (A,>0 is always satisfied)
* N,=3: almost not constrained (A,>0 even for g,~0.01)




A . :direction’ s stability

MiX

wlocal min. condition, (scalar mass)? >0, restricts A

mix*

|Amicl? < 4 Ay A is almost always satisfied if A, >0. but, it cannot be realized as mentioned
above.

H ®
2 2
M2 M;% )\mzaszUCI)
§Amicvrve 4 (Mg - M;)
60
o 400
% luded -
O 20 exclude
E 0 =TT S ig 107%%
excluded L> : AN | | | |
-20 O.I()l 0.;)2 0. (]i 0. 10 0.2 0.50 10 0.01 0.02 0.05 0.10 0.20 0.50
[95% (U<I) ) 9x (UCI’ )

g,~>0.2 is excluded.

larger g, ~ larger A, (shown as right figure.)

-> lower bound of M,’



allowed parameter regions from vacuum stability

For N,=1: =10 % <0 e
D (for M,:l) . M‘v < 0'
O Allowed region
2 10°} 110 __
-
E M¢ L
- 104} 10 O
) =
E 10° 11
g
10 == ' ' ' ' 0.1
0.01 0.02 0.05 0.10 0.20 \ 0.50
9x (va)
excluded by excluded by local
A >0 condition minimum condition
‘\;/ =1 j\‘rl, =2 j\’vl , = 3
O 0.055 < g, < 0.25 g < 0.16 g9, <0.23

ve | 1.3TeV <wg <33 x10°GeV  3.8TeV < vg 20TeV < vg

M, 2.8GeV < My < 12GeV My <42GeV My S 7.7GeV
Mz | 650GeV S My <3.7TeV. 1.2TeV < My 860 GeV < My
My 720GeV < My < 4.1TeV 1.1TeV < My  T720GeV < My




naturalness in SM + U(1)’ model

Amj; should be lower than Higgs mass: Am? < (125GeV)?
* Neutrino Yukawa contribution (one-loop)

o . un @ A2 YVQYJ@U% N m,,M]?{, -
h 1672 16202, my, ~ Y v /My ~ 0.1eV

, \ > My < 107GeV |:> ve < (107 V) GeV

H I HT
« U(1) gauge contributions (one-loop)

IO /’,(I)T xg/ 2 29/ 2,02
LT Am% ~ ( ) ( 2)
167

1 £0.01
|:> Vo S x 10* GeV for z # 0
x| \ ag

(x=0 corresponds to U(1);,)
« U(1) gauge contributions (two-loop including top loop)

o of P B ) ot 2

- 2. .14,.2
\ 2 ) S ) S ytg ’U(p yt /U‘I)
\ @ / A 2 ~ ~
-, ﬁ A T (16m2)2 1672

) Tgtomo tr T gomo qi T gt
|:> ve < (0.01/ay) x 108 GeV

=4da’o, vy agy = g?/(4m)




naturalness in SM + U(1)’ model

Amj; should be lower than Higgs mass: Am? < (125GeV)?
* Neutrino Yukawa contribution (one-loop)

ot oo A2 YVQYJ@U% N m,,M]?{, -
h 1672 16202, my, ~ Y v /My ~ 0.1eV

, \ > My < 107GeV |:> ve < (107 V) GeV
' e ot
« U(1) gauge contributions (one-loop)

IO /’,qﬁ xg/ 2 2g/ 2U2
LT Ami ~ ( ) ( 2)
167

1 £0.01
|:>vq>,§||( )><104Gerorm7é0
L\ Qg

->upper bound of M,’< O(10) TeV
« U(1) gauge contributions (two-loop inciuaing top 100p)

P Pt P Pt P il 2

=4da’o, vy agy = g?/(4m)

- 2 14,2
\ / ) Bl ytg ’U(p yt /U‘I)
\\ (."» Il A 2 v )
, A TR 16r2)2 T 16m2
|

/’ ~ /’ ~
o “"’ TgtoH tR i gtoH a i ot 6




constraint from 0 —parameter

p-parameter derivates from U(1) mixing (Z-Z’) (we set g,,,=0 @Mp)

2
Uy

(s0se = 300
Imixz — Z9x

2

1[(M3 + 3 (gmia — 20)"v%) — M3] 5

| 1/ ~ 1 7 4
]\[Z — 5 g%/’ + g% VH, ]\'[Z’ — 2ng(I)D 6]\[2 — i g%/ + g% <gm1’w - 5g><> U%{

op=py— 1=

MZ’ [TGV]
20 10 1 0.5 0.2
0.001F excluded 'T‘/ 40.0003
op 107 1 10 bounds in PDG2012]
1077 ¢
0.I01 0.102 0.105 0.I10 0.I20 0.50
9x(”®)

— M. > 820 GeV



Z’ mass bounds by collider

From direct Z’ production experiments by ATLAS (CMS).

LEP-Il bound
MZ’/gx 2 4.8 TeV

9x (va)

200 500 1000 2000 5000 1x10%2x 10*

MZ’ [GGV]

constraint on Z’ mass:

2.24 (2.59) TeV < MZ, < 0O(10) TeV < naturalness

< 3.7 TeV (N, =1 case) < vacuum stability



summary




125 GeV Higgs mass with current top mass may suggests
Higgs pot. =0 at 0(101°) GeV

— above the scale as M, M;, Higgs pot. is unbounded.

What is 101° GeV? not Mp?

BSM must exist

Naturalness

= \'\ \ = \‘\ s = \‘\ ; . \1\ _ - \‘\ : ' ‘..-'.i ‘-1



125 GeV Higgs mass with current top mass may suggests
Higgs pot. =0 at 0(101°) GeV

— above the scale as M, M;, Higgs pot. is unbounded.

What is 101° GeV? not Mp?
{BSM must exist (exstraD)

Naturalness (?)

—— | A: completely new physics at 101° GeV
(GH)
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125 GeV Higgs mass with current top mass may suggests
Higgs pot. =0 at 0(101°) GeV

— above the scale as M, M;, Higgs pot. is unbounded.

Higgs pot. becomes stable up to M
{BSM must exist (GUT)

Naturalness (no intermediate scale)

——> | A: completely new physics at 101° GeV
(GH)

B: Higgs potential is stable up to Mp

new particles effects which do not be contained in SM
(GCU)

e //T\\



125 GeV Higgs mass with current top mass may suggests
Higgs pot. =0 at 0(101°) GeV

— above the scale as M, M;, Higgs pot. is unbounded.

Higgs pot. vanishes at M

{BSM must exist (origin of EWSB)

Naturalness (no intermediate scale)

——> | A: completely new physics at 101° GeV
(GH)

B: Higgs potential is stable up to Mp

new particles effects which do not be contained in SM
(GCU)

C: Higgs potential vanishes at Mp
(flatland scenario: Z' mass < 3.7 TeV in N =1 case, or 0(10) TeV)
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