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Hitoshi, particle, and cosmos

“Mystery of missing antimatter”

Oct. 25th, 2008
at the University of Tokyo
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https://www.ipmu.jp/ja/story/7534
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Reading club

Hitoshi organized a weekly reading club for first-year Ph.D students

Robert Cahn and Gerson Goldhaber

The Experimental Foundations of We learned the use of symmetry;

Particle Physics the Standard Model (except for Higgs),

SECOND EDITION
ctcC.




Berkeley and Kavli IPMU
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20137 at Kyoto 2016 Berkeley-IPMU week
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Working with Lawrence

Development in QCD axion
cosmology with Lawrence,
Raymond Co, Aaron Pierce, ...

Raymond Co’s talk




Outhine

¥ Z2 symmetry of Higgs and its spontaneous breaking, how it is correlated
with Standard Model parameters

* Parity, SO(10), and dark matter



Z, symmetry of Higgs
/Z, symmetry

Standard Model Higgs H
SUQ2), doubletgg i o

¥ If Z, introduces the mirror copy of the SM, dark matter candidates
Mirror baryons, electrons, atoms, ...

SU(3)C XSUQR2); X U(1l)y X (SU(3)C X SU2); X U(l)Y)’ Goldberg and Hall (1986)

Its Z, partner H’
SU(2); doublet

¥ It Z, involves space-time parity, the strong CP problem can be solved

Babu and Mohapatra (1989), Barr, Chang and Senjanovic (1991),

Hall and KH Go18,
SUB), . X SUR2); X SU2)p X U(1)y = all an (2018,2019)
SU3), x SUQ), x U(l), x SUQ); x U(1), yar— ¢l



Z, needs to be broken

¥ For mirror Z,, there would be too much extra radiation in the universe. Also,

mirror atom dark matter would be too strongly self-interesting 1
Oatom ™ mezlaz
* For space-time parity, there would too light particles that has O(1) coupling
to SM particles
SU@B). X SUR2); X SUR2)p X U(1)y My, = My,

SUB3), x SU2); x U(1)y x SUQ); x U(ly, Mgy = m,



Higgs quartic coupling A

Z, and vanishing SM Higgs quartic

0.10
0.08 __ 30 bands 1n 3
- M, =173.3 £ 0.8 GeV (gray)
R a3(M,) = 0.1184 + 0.0007(red) _
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Buttazzo et.al (2013)



Higgs potential

=R

V = (/I\H\“—mz\mz) +</1\H’\4—m2\H’\2)

2
=2 (IHP+ | HP =) +y | HP |HP

Can we find the minimum with

(H) < (H') >



y > 0
V=AH|*+ |H|* =v*?+y|H|*|H'|*
H
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y <0

V=AH|*+ |H|* =v>*>+y|H|*|H|?




y =0
V=A(H"+ |H'" = v*)” + yTHE

H
degenerated minima




y =0
V=A(H"+ |H'" = v*)” + yTHE

H

degenerated minima

This point can become a minimum by quantum corrections



Prediction on the quartic coupling

V~A|H ‘2 + |H’ ‘2 = V/Z)z + small corrections Hall, KH (z018)

symmetry rotating the vector (H, H')

Standard Model Higgs is a (pseudo) Nambu-Goldstone boson
associated with symmetry breaking by (H') = v’

/ (up to calculable
'
&S_M(V ) - q threshold correction)




Vanishing quartic couphng
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Fine-tuning

\H\ +|H'|? —v’2 +y\H\ |H'|?

//

Despite the intermediate scale v/,

same as that of standard model



(seneric Z,

The scheme is applicable to generic models
with the SM Higgs H and its Z2 partner H’

0.10 —Y T T T T T T T T T T T T T T
008 - 30 bands in
- M; =173.3 £ 0.8 GeV (gray)
I az;(Mz) =0.1184 + 0.0007(red)
= 0.06 - M, =125.1 £0.2 GeV (blue) . =
- , Higos P
= 004 <H > lggs arlty
§ 0.02
U* L
2 i |
T 000 N Mirror Z2, Left-Right symmetry
. oo with or without space-time parity; ....
0041 |

102 10 10° 10%® 1019 10'%2 10' 10'¢ 10!8 1020
RGE scale u in GeV



Precise measurement and 7,

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019, 2020, 2022)
Carrasco-Martinez, Dunsky, Hall and KH (2023)

top quark mass
Higgs mass 0107

strong coupling constant 008l 3 bands in

M; =173.3 £ 0.8 GeV (gray)
_ as(My) = 0.1184 + 0.0007(red) _
006 '\ M, = 125.1 + 0.2 GeV (blue) -

0.04 -

0.02 -

Higgs quartic coupling A

0.00 L
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breaking scale
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Precise measurement and new physics

top quark mass
Higgs mass
strong coupling constant

1/

/2 symmetry
breaking scale

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019, 2020, 2022)

Carrasco-Martinez, Dunsky, Hall and KH (2023)

Dark matter and its detection,
gauge coupling unification
and proton decay, baryogenesis, ...



Precise measurement and new physics

2023 at Flatiron Institute

Hall and KH (2018, 2019)
Dunsky, Hall and KH (2019, 2020, 2022)

Carrasco-Martinez, Dunsky, Hall and KH (2023)

Dark matter and its detection,
gauge coupling unification
and proton decay, baryogenesis, ...



/.2 symmetries

* Mirror Z2

¢’ dark matter, dark radiation,

SUB) X SUR), X U(1)y X (SUQ), X SUR), X U(l)y)"  GWs from mirror QCD PT

* Left-Right symmetry

SO(10) unification, leptogenesis,

SU),. X SU2), X SU(2)p X U(1)y right-handed neutrino DM

* Left-Right Parity

SUQ). X SUQR2); X SUR2)r X U(1)y above + solving strong CP problem

* Mirror Parity

SUQB). X SUR2); X U(l)y x SUQR2); X U(1)y ¢’ dark matter, solving strong CP problem



/.2 symmetries

* Mirror Z2

¢’ dark matter, dark radiation,

SUB) X SUR), X U(1)y X (SUQ), X SUR), X U(l)y)"  GWs from mirror QCD PT

* Left-Right symmetry

SO(10) unification, leptogenesis,

SU),. X SU2), X SU(2)p X U(1)y right-handed neutrino DM

* Left-Right Parity

SUQ). X SUQR2); X SUR2)r X U(1)y above + solving strong CP problem

* Mirror Parity

SUQB). X SUR2); X U(l)y x SUQR2); X U(1)y ¢’ dark matter, solving strong CP problem



Outhine

¥ Z2 symmetry of Higgs and its spontaneous breaking

* Parity, SO(10), and dark matter h



T'he strong CP problem

Neutron Electric Dipole Moment

—

\ 43 H:dnE-S
4 d,/e ~0.1fm~ 107" cm ?

wN

dn/e < 2.9 x 1()_26 cin Baker et.al (2006)

Suggests CP symmetry

— (P =
d, -5 — —d,E-S

da—t



CP 1s not preserved in SM

0
et - YQCD , x
Z = y;H'qi; + y;Hgd; + 372 00

/ CP violation

observed Ocxkm = O(1) -} " must have O@) complex phases
-> CP is violated

dn / e~5x 10 166_ cinn  Crewther, Vecchia and Witten (1979)

0 = argdet(m“m?) + Oocp < 10~1Y

The strong CP problem



Parity solution

++++++++++

Space inversion

++++++++++

q

Parity symmetry can forbid the neutron electric dipole moment



Lett-Right Parity

SU3), X SU2), X SUQR)p X U(1)y X P;

g = (u,d) Parity g = (u,d)
62,116  S— (.12~ 1/6)
£ = (v, ¢) 7 = (N.2)
H; H
82, 1.—1/2) (1,1,2,,1/2)

q(t,x) < 10,q*(t, — X)



Lett-Right Parity

SU3), X SU2), X SUQR)p X U(1)y X P;

g = (u,d) Parity g = (u,d)

(2,.1.16) Ly (3.1.2. - 1/6)
z?z@é)

HR
(1,1,24,1/2)

. B 4

r 5 e
i 25 5T i N T

Mystery of missing
antimatter (2008)

/

Carrasco-Martinez, Dunsky, Hall and KH (2023)




Lett-Right Parity

SU3), X SU2), X SUQR)p X U(1)y X P;

g = (u,d) q = (u,d)
(3,2;,1,1/6) (3,1,2,, — 1/6)
= (v,e) £ = (N, e)
H; H
(1,2,,1, — 1/2) (1,1,2,1/2)

SUB3). X SUR2); x U(l)y
HLl
SU@),. X U(1)ppm



Left-Right in SO(10)

SO(10) contains left-right symmetry without space-time inversion

lljl6 - (fagaQ9g)
H,c = (H, Hg, Hy, Hp)

Cir: q© G ¢

S0(10) =i SU(3), X SUQ), X SUQ)g x U(Dx
Hys

C| g 1s spontaneously broken



Left-Right Parity in SO(10)

Add CP: y,(t,x) — iyt (1, — x)

Cr: g g,
(CP and C; ) = P : q(t,x) < io,g*(t, — x), (1, x) < io,L*(t, — x)
SO(10)x CP i SU(3), X SU2), X SUQ)p X U(l)x X Pig

Hys

assuming H,s is CP odd



Coupling unification
Hall, KH (2018, 2019)
energy-dependent couplings

1.2¢ 5 mp=125.18 GeV
1 ot E as(mz)=0.1181
! g3 ; m=173.0 GeV
7 [ :
S 0.8 :
S | :
O 06' :
D : e —————
| o\ 1_2 1 31
0.2} . N7 59% 5 563
0.0F =

102 105 108 10'" 10'* 10V
RGE scale u/ GeV



mass of new gauge boson

mediating proton decay

Quantity unification

10"
> E
D E
@) E
T E
> T O A=10\ 5 . \
§>< Hyper-K N\ \ e
10 IS T —_—
10 5r’(p—>eﬁn’°)s1 .6x10§m‘ye‘ *********
10151'—_4] I.LIIILI| ¥ I,IIII4I| 8V I,IIILII| iVl L,III,III|
10° 1070 10" 1072 10

v' [/ GeV

Hall, KH (2019)

There can be quantum
corrections from
heavy particles around

the GUT scale
A = max ; 8722 - 8][22
8i 8;
typically
A = few — 10
(smaller than SUSY GUT)



mass of new gauge boson
mediating proton decay

A4xy»/(36A/

Quantity unification

10"
e A=10\5 .\
Hyper-K N\ \ e
16 ISP ST —
107°¢ tlpelm)<16x10%yedg N\
10154. s o Pl i Ve __,'I-‘Ii-I.IILII| | A|,|||.||||
10° g 1< 17

v' [/ GeV

Hall, KH (2019)

0.15F

as(mz)=0.1184
mp=125.18 GeV

0.10}
3
=
(0]
g |

0.05}

0.00

- ] ] ] ]
1072 10° 108 107" 1014
u !l GeV



Dark Matter?

* One of the right-handed neutrinos?

Difhicult because of the up-neutrino unification

* Dark sector?
* Free massive scalar?

* A new particle with non-trivial electroweak charge?



DM 1n 10

Let us add a fermion y in 10 of SO(10)

AD XD XL XL
SUQ3) 3 3
SU(2) 2 2
uay —1/3 173 172 172
A — |

Higgsino-like DM



Higgsino-like DM

Freeze-out mechanism : m; ~ 1 TeV

It should not remain a Dirac fermion
in order to avoid direct detection bound

XL AL

Add a mixing with a singlet
that has a Majorana mass

Nucleon Natkbn



Colored partner

XD XD AL AL

SUB) 3 3

SU(2) 2 2
ucl) —-1/3  1/3 —-1/2  1/2
L |
AL The lifetime is longer
than the age of the universe

XY



Exotic stable relic

xp annihilation freezes-out around 7 ~ 0.1m,,

They re-annihilate around the QCD PT
XpXp4 + Xpit = XpXpXp + SM

Majority of them end up in ypxpxp, as ypi etc has large radius

2
m
Q, . h*~0.1 -
ADXDAD ( 10 TeV ) De Luca et.al (2018)

Charged particles with such large abundance is
excluded by heavy isotope searches



Splitting by missing VEV

09 0 0
, 0 02 0  Oixe
<H45> — —1Uy5 X 0 0 oo
O6><4 O4><4
" SU(2)p symmetry
1-6 . ~ 7—10 . _
X - XD,D> X - ALL See Dimopoulos and Wilczek (1981)

for models with SUSY protection

By giving mass to y by H,;; maybe large mass splitting can be achieved
Baldwin and KH (2024)

(Models with small enough quantum corrections need one more ro-plet )



L.ower bound on the mass

AL
£
£ DM overproduction
XY M
3
0.05 GeV
DM 04 eV [ —= -
S 100 GeV T iec

mxy )4/5( mr )6/5

3 % 10° GeV (
b = 1016GeV 100GeV



(Gauge coupling unification

Afxylx}e\q

1018,

TXY:IIQI
mLleOO GeV |
va7D'=1012 GeV |

1017}
e A
1016 —
e 10° '
e 101
----- Tt in® < 22103 VT
=~
T Tt <2.4x10% yr
10° 1019 1011 1012 1015
ve [GeV]

Baldwin and KH (2024)



1015

10

Constraints

3

| 0 < 2.11 1034 ‘yrl

Tp—> e+

0 < 2 1035 yr

Tpset+n

Mp<my
XYy =2
- m;=1000 GeV
| ngszl()l2 GeV

A

o .
012345 6 7 89 10LEI2Z 51415

Baldwin and KH (2024)



SM parameters

0.120}

0.119|

a3(myz)

0.118!

0.117}

0.116}

1725 1730

m; |GeV]

1720



Summary

¥ Z2 symmetry of Higgs is phenomenologically interesting

¥ The breaking scale of a class of Z2 symmetry, Higgs Parity, is correlated with
the SM parameters

¥ Combined with space-time parity, the strong CP problem can be solved

* Implications to SO(10) unification, dark matter detections, etc.
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Fermion masses

1
xXH, 616X + meXz

X : 10 for down and electron, 45 or 54 for up and neutrino



CKM phase

1
xXH, 616X + meXz

CP requires that x and my are real

M 2



Setup

2“2"He 1dentically vanishes

a.,bryacrybc a.,arybcrybc
XX HysHys XX H s H s
quantum
correction

So let us introduce two fermions : y, and »,



Setup

1
A HiS + =

For example, for v, < M.,

Mzﬂffﬂ(ﬁl




Corrections

1
M HyE + MK

The first term preserve z, under which y, (1), Hy2)

Ignoring the second terms,
corrections always involve odd number of H,;

Two of the indices of H,.;s must be contracted with y

Correction to y, mass vanishes



Corrections

1
M HyE + MK

Using the second term,

A2 X
X1 A1

Hys

M,

1012 GeV

= =
5m ~ ——22m, = 100 GeV
1672 10—



Corrections

09 0 0
. 0 09 0O Osgxg
(Hys) = —ivys X 0 0 o
O6x4 {O4x4 }

SU(2)p symmetry
The vev should be non-zero after sv), symmetry breaking
Indeed, H,sH,sH, (HE gives

p)
OV Vi

_N_

2
Va5  Vis



