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Motivation

Two important unsolved problems in the Standard Model

origin of neutrino masses matter-antimatter asymmetry

Can we accommodate both in a unified framework?

A successful attempt: thermal leptogenesis, SM + 3 singlet fermions

(naturally, new physics @ GUT scale)  Fukugita, Yanagida, 1986
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Motivation
Higgs triplet model (HTM)

Alternatives: extend the SM by one complex triplet scalar A~ (1,3,-1)

Konetschny et al, 1977

1—
LD~ YAAM +he. = M, =Yav - pegg eah 18
9 LA L+ v AYA typeh” s.eesaw Schechter et al, 1980
mechanism Cheng et a/, 1980

(naturally, new physics @ TeV scale) Lazarides et al. 1981
Mohapatra et al., 1981

Can the HTM explain the baryon asymmetry of the Universe?

triplet leptogenesis Affleck-Dine mechanism electroweak baryogenesis
M:meé aé,er}eae_%};/g_g(f/%ég7237 Barrie, Han, Murayama, 2106.03381 O The pattern of EW phase
y » hep-p " transition is modified by the
7 A 2 triplet
- =01

O New sources of CP violation
come from the leptonic sector

¥ %
<> e
A7, N Ar.

H I

At least two triplet | | Prerequisite: working out the
scalars are needed! R e sphaleron configuration in the
Log[ma/GeV] presence of the triplet scalar

Logylp/GeV]

Can a successful EW baryogenesis
be fulfilled in the HTM?

O

100 TeV 50
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Q Sphaleron in the SM



Topology in non-Abelian gauge theories

O Vacuum structure of non-Abelian gauge theories is characterized by
integer numbers (Chern-Simons numbers N ) oot 1076

2 9 Callan et al, 1976;

NCS: — 1gﬂ-2/d3$ 2 ¢ Uk Tr[(aiwj)wk_ §igW¢WjWk] Jackiw et al, 1976

O Chiral anomaly: AB= AL = N; x ANcs
Manton, 1983;
Klinkhammer and Manton, 1984

. 2/ 2 —160
O Instanton rate: exp (—167°/g°) ~ 10 soateron (s =12,
O Sphaleron configuration: saddle-point
solution of the energy functional

O Sphaleron rate (B-violating rate):

Espn ~ 4mv/g ~ 5 TeV  zero temperature

Lspn ~ exp (= Espn/T) , T <Trw
Fsph ~ Oé%VT4 , T > Tew

vacuum
(NCS = 0’19“')

_ 9
(8% = 47'('
w = g°/(4m) figure taken from 2003.02070
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Sphaleron Configu ration sphaleron = opalepos

= unstable, ready to fall

O Definition of the sphaleron configuration

M = configuration space of static fields with finite energies

fields defined on M : {A(x), ®(x), ...}
energy functional defined on M : F [A(x), (%), ...]

sphaleron configuration: saddle-point solution of energy functional

O Searching for saddle points: minmax procedure Manton, 1983;
Klinkhammer and Manton, 1984
Manton, 1903.11573

(1) contruct non-contractible loops {C;} connecting different vacua Py

b2 T HEIGHT

(2) on each loop, find configuration with maximum energy: C;"**

PI
(3) minimize the maximum values over all paths: inf {C"**} R /

Z(minima) — g(saddle points) + f(maxima)
= Euler number of M = 2(1 — genus)
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A little topology

® Homotopy

Two paths are called homotopic if one path can be changed to another one

continuously. Suppose
a: [0,1] =M, B: [0,1] =M, a(0)=8(0)=2, a()=001)=z

are two paths defined on manifold M. These two paths are called homotopic
if there exist a continuous map F:[0,1]x[0,1] — M such that

F(Oat>:x0 ) F(l,t):ﬂj‘l y \V/tEI:O,]_]
F(s,0)=al(s), F(s,1)=8(s) , Vs€[0,1]

In particular, the path is called a loop if (0)=a(1)




A little topology

® Homotopy group

Loops homotopic to each other form a homotopy class. These homotopy
classes form a group on M, called the fundamental group (or the first

homotopy group) 7 (M)

For example

m (R?)=0

(S
N

m (R*—{0})=17Z

Higher ordered homotopy groups: homotopy
classes of n- dimensional loops on M : S™ -» M,
form a group: m,(M)




e Sphaleron in the HTM



Theoretical setup

Assumptions: 4 — (¢+)
— 0
O Neglect the contributions from fermion fields ¢
. . . B A~ _\/§AO
O Neglect the effects from the finite Weinberg angle A= <\/§A“ A )

Lagrangian in the HTM:

£ = —3 T (Fu ) + (D) (D46) + 3Tr [(D*8)! (D,8)] -V (6,)

(6) = ve/ V2, (A) =va, V3 + 208 = v~ 246 GeV

Energy functional:

H[W,,6,A] = %gikgler (F,;F) + 97 (D,;9)7 (D;0) + %gijTr (D,8) (D,;A)] +V (6,4)

2m ™ (o9)
E[WM,(b,A] :/0 dgp/o d@sin@/o drr?H [Wu,gb,A] gi; = diag (1,r2,r2sin9)



Non-contractible loops

Vacuum configuration: U_ (6.¢) € SU(2),,

i

Wi = —20iUs (0,0 Us' (B:0) 5 =09,

J o’e)
1 0 pure gauge
2 v
f ¢ fundamental rep.
- =g i
A> = Uoo (97 90) 0 0 Uoo (97 90) )

adjoint rep.

W, = 0 (gauge fixing)

Us (0, ¢) defines a map: S? — S3
contractible loops since o (53) =1

fields at infinity can be continuously
transformed to the vacuum configuration

Non-contractible loops: U/ (1,6, ¢) = e (cos p — isin pcos 0) e'¥ sin y1sin ¢
o —e ¥ sin y sin § e (cos ju + isin p cos )
U(p,0=0,0) =U(n=0,0,p) =U(p=m,0,¢) =1 p € [0, 7

Uy, 0, 0) defines a map: S° — S° m3(S?)

Sphaleron in the HTM
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Non-contractible loops

Sphaleron ansatz:

I/I/j(/JJ,T,Q,C,D) __f( )aU[,L,H(,O U 1 ?(70)

Qb(uaT:Q?(:D) = %h( (?)

A (7,0, 0) = vaha(r)U (1,0, )(0 0) ", 0,)

J=0,0,

Minmax procedure:

boundary conditions:

f(0) = h(0) = ha(0) =0
f(oo) = h(o0) = ha(o0) =1

OE(w)|  _0EW)| _ 0E(u _0
51“ ©n=0 5M U=T 51“ pw=m/2
2 2
0°F (2“) 0 <2 ) > () =0 or p = m: vacuum configuration (minimal energy)
5:“ pn=0 5:“ u=r
2
0 (i (2“) <0 (1 = 7/2: sphaleron configuration (maximal energy)
u=m/2




Field configuration

Kinematic terms:

%gikgler (F,Fy) = 924T4 sin? [2f2 (1— f)sin? pu+ r2f’2] spherically symmetric
g (Did))T (D,6) = % {2 (1= f)? h2sin® p + T2h/2} spherically symmetric
LT (D) (D,8)] = 25 [(5— con20) (1= 1) W sin® o+ 122 o sphencall
Scalar potential:
V (6,A) =) (610)” — 266 + %MiTr (ATA) — (AaMp0"eAd + h.c.) 8 real parameters

A 2 A 2 3 . . but not all of them are
+ = [Tr (ATA)]” + 22T [ATA }+/\ M) Tr (ATA) + N\, 0T AAT¢
4 [ 1( )] 4 . ( ) 3(Q Q) r( ) 19 4 relevant to the

VEVs determined from: sphaleron configuration
0
8—%‘/ <U¢,UA> — (_52 + )\U; — QAAMAUA + >\3U2A) 'Ud) = O
0
87‘/ (vgva) = —AAMAU(% + Mava + (A + X))V + )\371(2va =0
A
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Sphaleron equations of motion

. — ~ r N
Sphaleron energy: ¢ =gur~8.1x (o) 8=l =1+ 20
_Amv [ o 8 L9 2 1 2,0, L1 o0 — 2
Esph_70 df{‘lf +£—2f (1—f)+5(1—f)h+%§h 0, = Mg
L& [(g —0,) (1 =12 40, (> — )2] % [35%’2 +16h2 (1 — f)2] 0 = 2a/9
432 1 2 2 A 63 A A 03 = Ui/vé
2
+4% [2 (04 — 01 + 02) (1 = h%) — (20305 — 02) (1 — hA)] o1 = K/ (9%F)
2 2 0s = M3x/(g*v3
+2§? (\/ 20,0305 — QQ) (1 - hZhA) + 25? (91 — 04—V 2929395> (1 - hzth) i 2 ( ¢)
52
Ti3 <@1 T 047 0305~ 929395/2) (1- hi)} : sphaleron configuration in the
HTM is determined by 5
Equations of motion: independent parameters
2
e = 2= H-2) - - PEE - TBE -
, . e boundary conditions:
(Er) = 20-0"h=F [(er =) h (1 =1%) = o1 (h* = ha) F(0) = h(0) = ha(0) =0
T(os—01+0)h+ (\/m - 92> hha + <Q1 — 04— \/M) thA} f(00) = hoo) = ha(oo) = 1
)\ 16 2 2
03 (E°ha) = 5 0s(1- F)ha - % (7 = ha) + g—ﬁ [(203@5 — 02) ha — (\/292@,@5 - Qz) h? solved using

=2 (01 — 04— /20,0505 ) h*ha +2 (91 — 04 — 0305 — \/929395/2> hi] spectral method
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° 01 = /\/92
Constraints on parameters 0 = V4[5
03 = UZ/U;
O EW precision measurements on triplet VEV: o1 = K/ (g%0F)
1 20 05 = MA/ (9 v )
Q3—UA/U <1073 04 01 — 50305 <2+ 2) ¢
0305
O Bounded-from-below conditions and unitarity A_S ~ 922@5 o
g 03
A A7 0505 4
0<01<—, —y/ 30 < —05< —5 5 01— 0305 — \/020305/2 >0
01 g2 g2 1 20, 5 g2 1 3¢5 2€385
Mg+, 4
9* g g
O Higgs mass i, ~ 125 GeV
A\, 1 m3 \/205m3
S R0 E =m0~ 535 ] | Vo — 57—
P2 95 (2g3)3/4 ( 1 2921@) < 285 ggvé
O Collider constraints  my+« > 350 GeV O Charged lepton flavor violation

A A > 102 . > 24
mHii s g U¢ Q2Q5 ;l - QQQS ;l Z 4.8 MAUA = 10 GeV eV = Q3Q5 10~
203 g 203 g



Collider production of an
EW sphaleron? (enhanced
by strong magnetic fields

Sphaleron field configuration
or at high temperatures)

,
£=gor 81 ({5 o)

V(6.8) = A(6'6)" ~ w16+ JMAT (ATA) — (A Ma6TeAd + hic)

1.0 — 1.0 = e
I;i:;.‘..- //,/"/_/' e
08 G 08 ’/'/,/' sphaleron configuration scale:
| - ;=01 | i == =01 . - .
_ 06 il —— 0,=0.25 o H —— =025 | restricted within a narrow region
= 1 _ = 1o _ —
l:. _— 0= 0.28 == f_f:- 2] =0.28 15
0.4+ ,":.-' ........ 0, =0.3 0.4 ,l,.l.:-' ........ 05 =0.3 § 5 10 <= r g 10 cm
7 il
J'.‘ ;:.'
021 £ 021§ sphaleron energy density:
10
0.0 : . . ‘ : : 0.0 . : : - . \ : Psph ™~ 10 Pproton
0.0 25 5.0 7.5 10.0 125 15.0 17.5 20.0 0.0 2.5 5.0 7.5 10.0 125 15.0 17.5  20.0
3 3
1o e 10 a2 /.2
//”,.’./ ------------------- 02 — 2>\A/g
081 / s ‘ 081 - .
e PN larger trilinear coupling:
0.6 LI/ === =01 e 06 ;"l.—-s,{\\ === 02=01
< s —— 0,=0.25 5P ! —— 0, =0.25 . .
= 1l ZZ 008 = /A ZZ 125 | Otend to vacuum configuration
= 1 I I N - 2 = ET A4 | '_ "‘ - 2 — U,
0.4 ,'I' ........ 0,=0.3 51704 ']'[ ; U 0:=0.3 more SIOle
r-" _f 1: \‘\
021 ¢ 027 Y O diffuse the distribution of the
i N sphaleron energy density,
0.0 - - . - - , ; 0.0 . S !
00 25 50 75 100 125 150 175 200 0 2 4 g 10 12 14 decrease the sphaleron energy
£ 3
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Sphaleron energy

allowed parameter space in the HTM:

Esph /4%

20.0
1.917
175 01 =0.306 Lote
15.0 1915
1.914
12.5 1 1.913
é‘j 10,0 1.912
1.911
7.5 1 1.910
1.909
>0 1.908
25 4 1.907
1.906

0.0

Sphaleron Solution

In the SM:
M =m3/ (2g2vé) ~ 0.306

4
ESN ~1.92 x = ~ 9 TeV
g

In the HTM:
larger trilinear coupling or
heavier triplet scalar <=

smaller sphaleron energy
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Sphaleron energy

Fgn [ 3¢
200
1945
1751 o =04 1940
1504 1935
1930
125 1925
- 1920
& 100 1915
251 1910
1905
504 1.900
2 1895
1890
o . 1.885
00 02 04 06 08 10
22
Eqn [ 2°
ph / 5
200 1,940
175 4 0 =05 1935
1.930
1307 1925
125 1.920
- ' 1915
S 1001 1910
754 1905
1900
50
1895
25 4 1890
1.885
%50 o 04 06 08 10
22
Eqn / 5°
ph /
200 Loto
1754 0, =06 1935
1930
1509 1925
125 1920
1915
S 1o 1910
75 1905
1900
1 1895
25 4 1890
1883
0 :
00 0.2 0.4 06 038 10
02
Region A

Sphaleron Solution

&

Esph
L0 1.948
01=0.4
084
0.6 4
0.4
024
0.0 T
0.01 002 0.03 004 0.05
02
Fopn
+1.975
10 1.975
0 =05
084
|
06 1
0.4 4
02
0.0 T
0.01 002 0.03 004 0.05
02
Fai
10 +1.998
o =0.6
038
0.6
0.4 4
0.2
0.0 :
0.01 002 0.03 0.04 0.03
02
Region B

/ dmv
I

J dmv
T

0.0007

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

0.0010

0.0009

0.0008

0.0007

0.0006

0.0005

/ 4
1/ g

0.0009

0.0008

0.0007

0.0006

0.0005

00004

0.0003

ot =mj/ (29°v3) ~ 0.306

EJN ~ 1.92 x 47v/g

parameter space starts to split

into two parts as 01 > 0.306

Region A: large trilinear coupling
and heavy triplet scalar Ma 2 1 TeV

Region B: small trilinear coupling
and light triplet scalar Ma <1 TeV
(narrow band, testable by future
collider searches)

sphaleron energy in Region A:
1.88 x 4mv/g S By, S 1.97 X 47w/ g

sphaleron energy in Region B:
1.92 x dmv/g S B S 248 X 4mu/g

enhanced up to 30% compared with
the SM case (more difficult to wash
out the baryon asymmetry)
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Summary o = Mg
02 = 2)\A/¢°
03 = Ui/vg
O The HTM provides a unified framework to explain both the neutrino | % = 5/ (97v5)
masses and the baryon asymmetry of the Universe. 05 = M3/ (g°v;)

O To carry out a consistent EW baryogenesis in the HTM, we calculate the
sphaleron configuration in the presence of a triplet.

O The sphaleron configuration in the HTM only depends on 5 parameters:
the quartic coupling parameter g, would increase the sphaleron energy;
the trilinear coupling parameter g, , the VEV ratio parameter ¢, , and the
triplet mass parameter o would decrease the sphaleron energy.

O Basically, the difference of the sphaleron energy between the SM and
the HTM is suppressed by the small triplet VEV. Interestingly, there still
exists some narrow parameter space where the sphaleron energy could
be enhanced by 30% compared with the SM case. Such narrow space
can be tested by future collider searches.



Future extensions

O Finite temperature effects:

E

sph

(T)=E

sph

u(T) = \/Ué(T) + 203 (T)

03 = vi / ’03) is not suppressed by
experiments at finite temperature

two-step phase transition: va > vy

O Effects of leptonic CP violation on EW baryogenesis:

The triplet coupling EAEE violates the lepton number and brings
new sources of CP violation from leptonic sector.

Collision between the triplet and the bubble wall will propagate

new CP asymmetries during the baryogenesis. <0>%0 <>=0

Bubble Wall —*

figure taken from 1206.2942
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Thank you!

Q&A
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