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In praise of the Standard Model

FERMIONS (matter)
®Quarks @ Leptons

BOSONS (force carriers)
Gauge bosons @ Higgs boson

Current formulation finalised
in the 70's predicted:

o the W & Z (1983)

e the top quark (1995)

@ the tau neutrino (2000)
e “a" Higgs boson (2012)
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What is missing:

Femion mass hierarchy
EW vacuum stability
Dark Matter
CP-Violation

Muon anomalous magnetic moment a, = (g —2),/2
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Introduction 2HDM Bounds
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Two birds with one stone!
@ What's up with the muon?
Aa, = a2 — a2M = (287 +:80) x 107 (3.60)
@ Observation % ~107° > 10729 provided by SM

= new sources of CPV are needed

Who is stopping them? EDMs
de < 10.25 x 1072 e cm

[Science 343, 269 (2014)], [Phys. Rev. D 73, 072003 (2006)]
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4

a, = 7:; Re(cL + cg),

e m,

5
The important couplings are:

hi h; h; h;
Y Yeds Ywws Ye
[arXiv:1511.05225], [Phys.Rev. D64 (2001) 111301] (D> <Fr <Er <Er 3= D0



The 2 Higgs doublet model (2HDM)
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Bounds Summary
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2HDM with explicit CP-violation

Two scalar doublets

+ +
1 2

q>1 - <v1+h(1)+ia(l)> ; q>2 - <v2+hg+iag> ;
V2 V2

The scalar potential:

Vo= —u(o]er) - B(@5e:) - (8]0 + b
FAL(P]O1)% + Aa(®502)% + A3(®]01)(P1P2) + Aa(P]02)(P] 1)
| A (@T )2 4 A6 (D] 1) (DT ds) + A (PId) (D] ) + h.c} :
Imposing a Zo symmetry to avoid FCNCs:
b1 > 4P, P> —Py = Ng=A7=0
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Bounds Summary
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The three CP-mixed mass eigenstates

Rotating to the Higgs basis

<T>1 _ cosfB sinf P,
d, |\ —sinB cosp o,
~ G+ ~ H+
P1=| vip+ic® |, P2=| gotios
V2 V2

Rotation matrix R (assuming all angles are small):

with

¢1 1 0o 013 hy
¢i = Rjjhj, ¢ | = -0z 1 O hy
¢3 —013 —03 1 hs

Venus Keus (Helsinki) (g —2), & CPV 22.05.18 10/29
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What constrains the parameter space?

Bounded from below potential: ¢; w0 = V >0
e Vacuum stability: E,., < E,, or 7., > age of the universe

@ Perturbative unitarity: |[\;| <4n, |A;] <8x

h; being SM-like: sin(f12) < 0.3

Electroweak precision data: my+ ~ mp,

Venus Keus (Helsinki) (g —2), & CPV 22.05.18 11/29



Introduction 2HDM Bounds Summary
00000 000080000000 000000 000 o

The couplings

The Yuakwa couplings
~Ly = Y,Qica®lug + YyQ[bydi + YL ®)lg + h.c.

3
my :

[ ELVURZ (Ruii + &u(Roi — i R3i)) hi

ve =d Mg i (Rii + &4(Roi + i R3))) hi
v i

y, = éLm’eRi (Rii + &(Rai + i Rsj)) h
v i

The gauge couplings

2m? m> 2m? m>
Lyin D <;51< VW WMW“—i—VZZuZ“) = Rujh; < VW W, W + VZZMZ“>
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Introduction 2HDM Bounds
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Different types of 2HDM

Summary

O | Py | up | dp | ep | Qu Lt §d Su &
Type-l || + | — | — | — | — + cotf | cotfB | cotp
Typell || + | — | — | + | + + —tanp | cotf | —tanp
Type-X || + | — | — | — | + + cotf | cotf | —tanf
Type-Y | + | — | — | + | — + —tanf | cot | cotf
Recall the couplings contributing to a, and d.:
hi h; hi hi
Y Year Ywwr Y
With &4 playing a sub-dominant role:
Type-1 = Type-Y Type-1l = Type-X
Venus Keus (Helsinki) (g —2), & CPV 22.05.18 13/29



Heavy scalars

mh,, = 200,300 GeV
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Scalars close in mass

M, = 145,105 GeV

«4O0>» «Fr «E» «E)»

it
ut
S
¥l
e



107 107
1078
N 107 N 10-° — Typel
© 10-10 © — Type Y
101 10-1 — Typelll
10-12 — Type X
1013 10-13
0.001 0.010 0.100 1 10 100 0.001 0.010 0.100 1 10 100
cotp  (612=0.1, 623=613=0) cotB (612=0.1, 623=613=0.5)
10-11
10-13 — Typel
8 | e
— Type ll
-15
10 Y — Typex
~—— Experimental upper limit
10717
0.001 0.010 0.100 1 10 100
cotB (612=0.1, 623=613=0.5)
«Or «Fr «=>» «=» El= DA



107
2.2x10"M
108
2.0x10™"
& & 1070
1.8x107" —\ 160
1.6x10"" 101
0.01 002 005 010 020 0.50 0.001 0.0050.010 0.0500.100
cotB (Type I) cotB (Type X)
1.x10° 1072
5.x1071%
101
8 1.x10°18 2
5.x107"8 1071
1.x1071 10°%°
0.01 0.05 0.10 050 1 0.01 0.050.10 0.50 1 5

cotB (Type l)

cotf (Type X)

— 012=0.1, 623=613=0

612=0.1, 623=613=0.1
—— 612=0.1, 623=013=0.3
— 612=0.1, 623=013=0.5

612=0.1, 623=613=0.1
—— 612=0.1, 623=613=0.3
— 612=0.1, 623=613=0.5
~— Experimental upper limit




0.20]

0.15,

2 010

0.05]

g 010 g 010

0.05 Type | 0.05| Type Y
mh; 3=150,140 mh; 3=150,140
mh;3=130,120 mhy3=130,120
0.00
0 2 4 6 8 10 0 2 4 6 8 10
cotf (612=623=0.1) cotf (612=623=0.1)
0.20]
ay

Type ll, X
0.15]

mhy3=135,115

mh; 3=145,105 . a,
0.10] o

3 3 010 Type II, X
de
0.05| Type Il, X 0.05,
mh;5=135,115
mh; 5=145,105
0.00| 0.00
0.008 0.010 0.012 0.014 0.016 0 2 4 6 8 10000 12000 14000 16000 18000
cotB (612=623=0.1) cotB (612=623=0.1) cotB (612=623=0.1)
«O» «F»r « <4 »




Light scalars
my,, = 200,50 GeV
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tan 3 dependant couplings

Bounds
@00

Summary

Type I Type 11 Type X Type Y
2| cosbia/sin B cos 012/ sin 3 cos 012/ sin 3 cos 012/ sin 3
4] cos 012/ sin B —sinfy/ cos cos b2/ sin 3 —sinfy/ cos
7

4 | cosfip/sin 3

—sinfyy/ cos 3

—sinfy/ cos §

cos 012/ sin 3

| sinbha/sin 8

sin 65/ sin 3

sin 6,/ sin 3

sin 65/ sin 3

&L | sin6o/sin B

cos B,/ cos 3

sin 65/ sin 3

cos B,/ cos B

4 | sinfpy/sin g

cos 012/ cos 3

cos 012/ cos 3

sin 02/ sin 8

4 | cot S cot 3 cot B cot 3
@ | —cot B tan 8 —cot 8 tan 3
f ] —cotp tan 3 tan 3 —cot 8

Venus Keus (Helsinki)

our analysis: sinf1> = 0.1

(g — 2)u & CPV

for most H masses: sin 12 < |0.3]
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2HDM Bounds
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Flavour constraints

Summary
o

100 200 300 400 500 600 700 800
m, (GeV)

1 1 1 1 1 1 3
100 200 300 400 500 600 700 800
my (GeV)

100 200 300 400 500 600 700 800
m,; (GeV)

100 200 300 400 500 600 700 800

m, (GeV)
Exluded by BR(B — Xs7), B® — B° mixing, Ds — 7v,, Ds — pv,,
[Phys. Rev. D 81 (2010) 035016
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The general picture!

Bounds
ooe

| tan 8 | 2HDM-Type || de | a, | Flavour+Collider Exp.
0.01-0.1 I X |/ X
Y X |/ X
0.01-0.1 [l X | X X
X X | X X
0(1) I ARV X
Y NARYA X
0(1) Il V| % X
X V| X X
10 — 100 I V| % Vv
Y X | X X
10 — 100 [l X |/ X
X x| v v
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Summary

@ When it comes to a, and d. calculations:

Type-1 = Type-Y Type-ll = Type-X
@ When it comes to flavour and collider bounds:
Type-1 = Type-X Type-Il = Type-Y
@ Only when scalars are close in mass, the a, and d. regions overlap in
Type l & Y.
@ For large a,:

@ For small de:

Venus Keus (Helsinki) (g —2), & CPV 22.05.18  29/29



BACKUP SLIDES



Aa, = a

exp

m

( SM (without scalars)
9

+ a,sfa’ars) o
= a5 — (2.88+0.8) x 107°
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SM + singlet scalar
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SM + real singlet

SM-Higgs doublet ©® and the scalar singlet S:
_ G+ - S— <W + g/52>
= v+ \/—%—IG ) - \@

V= 20T — 1352 + A (0TD)2 + Ao S* + \3(TD)S? + 41 S + 1 S(PTD) + #3S3

The scalar potential:

Rotation matrix R:

R _ cosf sinf hi
0i = Rijhj <¢2>_<—sin9 c059><h2>
Constrained by experimental and theoretical bounds:

|sinf [< 0.3

Venus Keus (Helsinki) (g —2), & CPV 22.05.18  33/29



SM + real singlet

No CPV at the potential level =-  Higher order operators
N . =
Lcpy = A SQLdtg+ h.c.

n = Ren+ i Imn
The couplings of hy, ho:

Y = R (%)
v
2 2
y|2/W = R ( mW)
v
h o (Mt ( v(Ren + iTmn)
i () (0

Venus Keus (Helsinki) (g —2), & CPV 22.05.18
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Contours of a,

sin@

Venus Keus (Helsinki)
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Contours of d.

sin@
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SM + complex singlet

SM-Higgs doublet ® and the scalar singlet S:

B Gt s W+ ¢ + id3
- %(v—i— +iG%) ) 2T 2

Rotation matrix R:

cosf) sinf O hy
¢i = Rjjhj, ¢ | =| —sinf cosf O h
¢3 0 0 1 h3

Venus Keus (Helsinki) (g —2), & CPV 22.05.18  37/29



SM + complex singlet

No CPV at the potential level =-  Higher order operators
n =
Lcpy = K SQLbtg+ h.c.

n = Ren + i Imn
The couplings of hy, ho, hs:

. m
S’Zg = R ( vf )

. 2m?
Yow = Rii ( VW)

. m v(Ren + iIm
Y =Ry (f) + Rai <( n2A 77))

= Results identical to SM-+RS

Venus Keus (Helsinki) (g —2), & CPV 22.05.18
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What constrains the parameter space?

|sinf)|

02}
00|
50 100 150 200 250 300 400 500 600 700 00 900 1000
mp,[GeV] mpy,[GeV]

Excluded by direct searches, precision tests, and preferred by

potential stability.

[JHEP 05, 057 (2015)]
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2HDM + singlet scalar
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Electroweak precision observables:

Flavour observables:

«O>r «Fr <
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