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SU(2) Two Higgs Doublet model — Motivation

SU(2) gauge theory with 2 fundamental Higgs in 4D
= Single Higgs — simplest way to generate EWSB

= Minimal SM extension — possible new features
== New source of CP violation
== Phase structure — Baryogenesis

= Mimics the SM at low energies
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SU(2) Two Higgs Doublet model — Motivation

SU(2) gauge theory with 2 fundamental Higgs in 4D
= Single Higgs — simplest way to generate EWSB
= Minimal SM extension — possible new features

== New source of CP violation
== Phase structure — Baryogenesis

= Mimics the SM at low energies

Fundamental Representation and Gauge Fields

¢*(m)) ,
O(z) = (% — 1,2,
@ = (%)
Ay = —igAjoa/2,
D, =8, +A,,
G = Dby — Byl + [Ay )
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SU(2) Two Higgs Doublet model — Scalar Potential

Lonpy = (D, 1)1 (D, 1) + (D, ®s)" (D, ®2)

1
+ Voupm — 2_92 Tr[G,uVG,uu]

VaupMm =

M§1(‘I’J{‘I)1) + Mgz(‘i’gqb) + 1o Re(<I>J{<I>2)

+ 11 (B]21)% + 12(2] Do) + 13 (B]D1) (BLD2) + ma (@] P2) (2] 21)
+ 15 Re(®]@3)* + Re (@] ®2) [Tle(q’J{‘I’l) + 777(4%‘1)2)]
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SU(2) Two Higgs Doublet model — Scalar Potential

Lonpm = (Du®1)" (Du@1) + (D, ®2) (D, 22)

1
+ Voupm — 2_92 Tr[G,uZ/G,uu]

Voupm =
2 ot 2 [xt 2 4
P11 (P1P1) + po2(P3P2) + pii2 Re(PP2)
+ 71 (B1@1)? + n2(®I o) + 73 (2] 01) (DI D) + 7a (B B2) (2] 1)
+ 75 Re(®]®2)” + Re(®] @) [Tle(q’J{‘I’I) + 777(4%‘1)2)]

= Explore phase space — physically realizable scenarios
= Tune bare couplings to match physical conditions
mp/mwy ~ 1.6, ¢*(p=mw)~ 0.5

= Continuum extrapolation 3/13



Global Symmetries

Voupm =

2 (pld 2 (®l o 2 Re(dl®

p11 (@ P1) + po(PyP2) + pyy Re(PqP2)

+ (@] ®1)2 + 02 (@5 D) + 3(B]@1) (D] o) + 0a (@] D) (P11)
+ 115 Re(®] 02)” + Re(®] ®2) |ns(2]21) + nr(25 Do)

= Most general case: SU(2) global symmetry
= Previous lattice studies:

e [Lewis and Woloshyn 2010]

e [Wurtz, Lewis, and Steele 2009)]
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Global Symmetries

Voupm =

2 (pla 2 (dlo 2 Re(dld

p11 (@1 P1) + pa(Py®2) + pis Re(P)®2)
i,

+ 71 (@] @1)? + 12 (PLPB) + 73(D] D1 ) (R5B2) + 1 (B] Bo) (D] Dy
+(15 Re(® @) + Re (D! ®g) |n6(®1®1) + 07 (@5 d,)
= 0(4) ~SU(2)p x SU(2)g custodial symmetry

“* [Haber and O’Neil 2011]

T Ne=Ts
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Global Symmetries

Vornpum =

2 (pld 2 (®l o 2 Re(®l®

p11 (@ P1) + pao(PyP2) + pirRet@rdo)

+ (@] ®1)2 + 02 (@5 D) + 3(B]@1) (D] o) + 0a (@] D) (P11)
+ 75 Re(®] ®2)? + Re(@]® ) ts{ D] &1) + 7 (8182 )

= Discrete Zo symmetries: 12 =16 =17 =0
- o — P
= Py — —Py
= Inert Model: Zy X Z5 symmetric [Deshpande and Ma 1978]
= 79 and FNCF [Hou and Kikuchi 2018]
<= Dark matter model [Honorez et al. 2007]
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Lattice action & Simulation details

P, (z) = Ze o ()

0o = laxz2, 6; =io;

Quaternion representation:

—2kn Tr (@LUp‘i’n(x + ﬂ))

2
S2HDM = Swilson + Z Z {
=il

Tr (8,8, ) — 1 ’ } + 242 Tr (],

=[]

= HMC code for GPU — [igit.ific.uv.es/alramos/latticegpu.jl]
= 24* Lattice
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igit.ific.uv.es/alramos/latticegpu.jl

Observables

= Phase Diagram
= Gauge invariant link L, =1/8V Y,  Tr [a;r(x)Uu(w)ai(a: + ;1)}
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Observables

= Phase Diagram
<+ Gauge invariant link Lo, =1/8V,  Tr [a;r(x)Uu(w)ai(a: + ;1)}

= Spectrum of the theory (Higgs, W-boson, Goldstone bosons, ...)

JPC = 0tt = Hi(z,1) ZTr( Uu(z)cbk(m—l-,u))

JPC =177 5 W (&) = Tr (<I>k(x)U,L(1:)<I>l(w + ﬂ)T“)

<= Gradient flow and Laplacian smearing for U, (z), ®(z)
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Observables

= Phase Diagram
= Gauge invariant link L, =1/8V Y,  Tr [a;r(a:)Uu(w)ai(a: + ;1)}

= Spectrum of the theory (Higgs, W-boson, Goldstone bosons, ...)
JPC = 0tt = Hi(z,1) ZTr( Uu(m)cbk(m—l-,u))

JPC =177 5 W (&) = Tr (@k(x)Uu(w)él(w + ;z)ra)

<= Gradient flow and Laplacian smearing for U, (z), ®(z)

= Non perturbative gauge running coupling — Gradient Flow

== Flow gauge action density (E(z,t)) = —% (G2, (2,t)G%, (z,t))
= Perturbation theory [arxiv:1101.0963]
9
2 (B(t)) = ——g2; 1 B
(E(t) 1287r29M5(u)( +0(g%)) .
= Gradient flow gauge running coupling
2 _ 12872 ,
ger(p) = —5 ¢ (E(®))
t=1/8u?
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O(4) ~ SU(2); x SU(2)g custodial symmetry — Iner

K2
[Branco et al. 2012]
m2, = g?v?/4
m,% = nv?
ma + nsv?

2 _
m2, =
m2 = p2, +n1v?/2

2

(B)  0(3)xz,

- massive vector gauge bosons
- ligh scalar state (Physical Higgs)
- heavy scalar state
- quasi-degenerate scalar triplet

0(2)

(D)

- 2 'pseudo-Goldstone' bosons

(@1) = (@1) #0
(@2) #0 (@2) #0
O(4)xZ,xZ, O(3)xZ,

(symmetric phase)
(QCD-like behavior)
(@1)=0

(A) (@) =0

(similar to (B))

(C)

1

Tree Level:
1_ 12

8 4
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Exploring phase transitions — O(4) Inert Model

(A): O(4) x Zs x Zs —» (B): O(3) x Z3

K2 1(B) (D)
= B8=6.0
=k =0.127
T = M =0.003, 7 =0.001
K. = 3 = 0.0001
= 7y = 0.00005

| ‘
(A) ©
Ke, Ky

8/13



Exploring phase transitions — O(4) Inert Model

(A): O(4) x Zs x Zs —» (B): O(3) x Z3

Global VEVs Vector Bosons
°
L4 Vector — @,
° Vector — @)
20 ° 2.0 Vector — &,

Lo} (A) (8) IS f
. P s i i

0.5 :
.=
05722824 2 & a & a & P (A) * | (B) | |
0.130 0.131 0.132 0.13: 0.1300 0.1305 0.1310 0.1315
Koy Koy
Higgs/W Ratio Scalars
1o (A) (B) N
175 @ ™u
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Exploring phase transitions — O(4) Inert Model

(C): O(3) x Zy —s (D): O(2)

2 [(B) (D)
= 8=6.0
¥ Kk =0.133
T Ay =0.003, 7 =0.001
= * f3 = 0.0001
Ay = 0.00005

| ‘
(A) (C)
Ke, Ky
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Exploring phase transitions — O(4) Inert Model

(C): O(3) x Zy —s (D): O(2)

Global VEVs Vector Bosons
°
A L. o © 1.5
20( [ © P =
°
°
° . 1
° &
150, . aaanabgiAtt ® 1.0 } (A) } } l (B)
° ; i
10 w ® 05 et
i : . I
*
05te ° ooo “o..‘uo.._,‘ :
0.129 0.130 0.131 0.132 0.13: o'00.1290 0.1295 0.1300 0.1305 0.1310 0.1315
Ky iy
Higgs/W Ratio Scalars
R !
[m ] s J @ ®)
100 (A (B) 08 J
0.75 } * ; { 0.6 %
0.50 EHE E 04 ] } %l£}} )\ %} }
L5 i 3 sis
025 02 _ 4
L] 58 ° "
0.129 0.130 0131 0132 0.13:  0.1290 0.1295 0.1300 0.1305 0.1310 0.1315
Ko L)
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M1z, M6, M7 — Lo breaking terms

(A): O(4) — (B): O(3)
2 |(B) D) - 560
=k =0.127
= ;= 0.003, 7 =0.001
= 4 =0.001
* A3 = 0.0001
Ke =y = 0.00005
= g = 0.0005
* 77 = 0.0001
(A) (C)
Kep Ky
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l12, Ne, M7 — Zo breaking terms

(A): O(4) — (B): O(3)
Global VEVs Vector Bosons

151
°
1.0 {

10F (A) 25 (B) }
Lt 4 o5 £{§= $ s 3 s

° * A Iz B

o5fg 8 g 2 3 MByase ¥ | (‘) | * (‘) | |
0.127 0.128 0.129 0.130 0.131 0.132 0131 0127 0.128 0.129 0.130 0.131 0.132 0.133
Ko iy
Higgs/W Ratio Scalars
m
150 2.0 ‘ s
1.25
15

075 . } HHH by { 1 }ﬂ

L3
i1 1
0.50 (B) 03 Ei i ¢ i
3 (A) s7¢ (B)
o8
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Tuning bare couplings — O(4) Inert Model

2 |(B) (D)
Ke,

(A) (C)

K, K1

(A): O(4) x Zs x Zs —» (B): O(3) x Z3

B =6.0

k1 = 0.1308

i1 = 0.003, 7> = 0.004
f3 = 0.0001

fa = 0.00005
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Tuning bare couplings — O(4) Inert Model

(A): O(4) x Zs x Zs —» (B): O(3) x Z3

Global VEVs Vector Bosons
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12 ° 1.00 { J }
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Running coupling g4 (1) & Phase Structure

» Confinement Phase

28
= 26
%,
M
B
24
o,
*oa,
°
co,
°
2.2 ° e
0025 0.050 0075 0100 0125
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Running coupling ¢2 (1) & Phase Structure
g g daor

= Confinement Phase = Higgs Phase

28

dg bog> 5 11N — ng
/BSU(N)JrScalars = N@ = _@ + O(g )7 bo = T
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Conclusions & Outlook

Explore phase structure for most general 2HDM
Confirmed predictions — symmetry breaking pattern &
spectrum
Find physically realizable scenarios

== Interpret new states
Effect of quartic couplings — larger values [Hou and Kikuchi 2018]
New observables

== Mixed gauge-invariant links

== Interpolators — distinguish scalar states
Physical conditions — tune bare couplings

== ‘Continuum’ extrapolation
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Lagrangian and Phase structure - Single Higgs

S = Syml[U; B8] + Z { Z —2kTr <<§T(m)UM(a:)<i>(x + ,&))

I T T T T T

> B=4/g o ]
2,2 = 1208k : -
o 9 ® 0.6 A=t i
= A=n/k 5
» Confinement & 04 2con 1
Higgs °‘Z'M'
= Analytically R T
connected tanh(B/4)

[M. Wurtz et al, Phys.Rev.D 79 (2009) 074501]



Physical conditions & Continuum limit — Single Higgs theory

= myg/mw ~ 1.5 = gip(p=mw) =05 mwy/u=10



16

++ 1 ——

14 |
Q my,/my,
13 | © my/p
1.2
1.1
1.0
A . . . . .
0.005 0.010 0.015 0.020 0.025 0.030

(my /M)



Running

0.54

0.45

0.42

coupling g4 (1) —

Single Higgs theory

9.1, K = 012966, A = 0.00291
8.8, 1 = 012995, A = 0.0031
8.6, £ = 01302, A = 0.00317
8.4, 1 = 013065, A = 0.00325

W™
([l

3 4



Bare couplings

B K
o e
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88 © 01302 ot
0.1300
86 i o
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8.4 [ L L L L n L L L L L L
0.005 0.010 0.015 0.020 0.025 0.030 0.005 0.010 0.015 0.020 0.025 0.030
2 2
(myy/Ac) (my /A
————
0.0032
[
0.0031 o
0.0030
0.0029
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Gauge fields on the Lattice — Wilson Action

Group value fields/links U, (x) = exp(iA,(z))

n+ av U;ﬂ(n—&-aﬁ) n+afi + av

Ultn) + 4 U,(n+ap) Wilson Action — 3 = 4/¢°
> Sym[U; 8] = ﬂZZ{l——ReTrUW( )
n Uu(n) n+ ajfi T p>v



Scale setting and the Continuum Limit

= All observables in the lattice are dimensionless

Lattice spacing a is undetermined

Choose Bare couplings — obtain dimensionless predictions
o =amy, pig =ama,. ..
= Scale setting:

== Choose reference quantity my
= Determine lattice spacing/inverse cutoff a = pq/my

« Continuum Limit a — 0
== Repeat simulations — Tune bare couplings such that u; — 0
== Keep physics constant — dimensionless ratios <+ couplings

mpg

mv g2(l“l’)/t=mwv ..

= Continuum extrapolation



Fields & Couplings — Lattice action

a2:u%2 = ﬂ%27 M = ];‘772 y = 37 47 5
1/h2
6 7
UG 4 7 u




Lattice interpolators

c(t) = (0o’ () = 3|06 |n>‘26_mn

* Choose O(t) with the correct quantum numbers —
non-unique choices (may use this to improve the signal)

JPC = 0+ & H(Z,t) = ZTr(@T W(@)®(z + )

JPC =177 o Wi (@) = Tr (2} (@)U (@)2(x + )

= Apply Smearing — improve overlap with ground state

¢ (@) = (1 +7,V)¢™ (2)
3
= 60(a) + 7, Y (u(@)6 (@ + ) - 26() + T — )6 (@ — 1))
p=1

= Effective mass m.f = —log C(t(Jr )1)




RGEs for the Inert Model

d\ 3(N? - 3(N —1)(N2+2N -2
87r27dt = (N+9AF + NA2+ 2230 + A2+ 22 — ~ )/\1924- al )(4N2 ) gt
dA 3(N2-1) 3(N —1)(N2+2N —2)

2 2 2 2 2 2 2 4
8r2 2 = (N + N+ NAJ +2Xah + A + 2 - =——hag + e g
d\ 3(N? -1 N2 +2
B2 = (N + DA + A3 (M +22) + 205 + 0] + 8 — ( ¥ ) rag? 3(4]\; ) gt
d,\ 3(N2-1) 3(N? +2)
2 2 2 2 4
87 Tl )\4()\1 + )\2) +4X3\g + NAT + (N -+ 2))\5 - N Ag” + N2
dx 3(N? -1
8ﬂ2d7‘” = As[(M 4 A2) + 4h3 + 2(N + 1Ay — -1 " )/\5g2

O(4) condition:

d(na —ns
SWQ% =2(nj + 20 — 3mams)

+ (2 — 1) [2m1 + 2m2 + 43 — 9/24%] .



Gradient Flow

= Diffusion equation for Gauge Fields — Flow time [t] = —2

dB,

¥ = WDy G B (N0 = VAV ()
* Smoothing property — radius = /8t
Gauge invariant observables at ¢t > 0 require no extra
renormalization
<= Gauge action density (E(z,t)) = —3 (G%,G%,)
<= t? (E(t)) is renormalized and dimensionless
= Define scale tg by t3 (E(to)) = ¢
== Perturbation theory

£ (B(1) = 1503 03s()(1+0(s?))

u:l/\/g

= Renormalized Coupling

() = 22 (B ()
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