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MortivaTion THE MODEL PHASE STRUCTURE LINE OF CONSTANT SM PHYSICS PHASE TRANSITION CONCLUSIONS

HiGas secTOR IN THE STANDARD MODEL

The Good

» Mechanism to provide masses » High sensitivity to new physics » Trivial = Non
to fundamental particles. renormalizable

» Validated experimentally m ~ g+ O(Afsy) » No strong first-order phase
transition in the early Universe
(prerequisite for baryogenesis)

» “Higgs physics” will be » Big motivator in model » Needs understanding beyond
precision physics building perturbationb theory

» Challenge the SM » Driven many BMS searches > Lattice simulations
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HiGas secTOR IN THE STANDARD MODEL

The Good

» Mechanism to provide masses » High sensitivity to new physics » Trivial = Non
to fundamental particles. renormalizable
2 2 2 "
» Validated experimentally my & mjy + O(Agspm) » No strong first-order phase

transition in the early Universe
(prerequisite for baryogenesis)

About the Bad

» Triviality in SM = weakly coupled Effective theory (i.e. “Landau Pole” is very far)

» Baryogenesis: Multiple Higgs extensions with A ~ O(1)
» What about triviality with strongly coupled theories?

7 %2 N ,‘ A '.~_ :
E g =

» “Higgs physics” will be » Big motivator in model » Needs understanding beyond
precision physics building perturbationb theory

» Challenge the SM » Driven many BMS searches > Lattice simulations
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BeEYOND PERTURBATION THEORY: LATTICE FIELD THEORY

ae

“Nature does not use perturbation theory, so
what happens order-by-order in perturbation
theory is irrelevant.”

Aneesh Manohar - Les Houches lectures
\

A Lattice formulation

» Gauge invariant formulation of Scalar-Higgs
theories.

» Setup applicable beyond perturbation theory

» Investigate early universe phase transition

\.

4 Limitations

» No chiral gauge theory (conceptual)

» No vector fermions
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BeEYOND PERTURBATION THEORY: LATTICE FIELD THEORY

“Nature does not use perturbation theory, so
what happens order-by-order in perturbation
theory is irrelevant.”

Aneesh Manohar - Les Houches lectures

Aims and scope of this work

» Investigate 2HDM models on the lattice
» Gauge invariant “non-perturbative” formulation

» Investigate thermal phase transitions
» Role of “SSB” in gauge interaction

» Triviality of gauge-Higgs models

Wrder 3: x-X2 4 x5 _
6 5= L0K!

Limitations \

» No chiral gauge theory (conceptual)

» No vector fermions
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2HDM MoDEL

1
Lonpm = — @[GWGM + (Dp®1)" (Dp®1) + (Du®2)" (Du®2) + Varim

Vorpm = 163 (D1 ®1) + 13, (91 @) + p12? R(®] @5)
+ (@] 01)? + 1 (] D2) + 73(D] @1) (@] B2) + 74 (D] B2) (0] 1)
+ 15R(D] ©2)2 + R(D]©2) [16 (] 81) + 17 (2] 22)]

» Choose 7y = 15 and p1p =1 =17 = 0
» SU(2) custodial symmetry =—> Same as SM
» Zp X Zy symmetric: @1 — —P1/Pp; = —Dy
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PHASE TRANSITION

ConcLusions

2HDM MobEL ON THE LATTICE

S | 5 2 (Bt e+ 0) + (856) 4 [ (8180) 1] b+

x n=1

s (]41) (&;@z) o (9]d,)" + 2 IR

vvyVvVyy

v

Gauge field U, (x): link between adjacent lattice points

Scalar field lives at the nodes &;(x)
Scalar masses given by x: a?m? = @

Elitzur theorem: No breaking of gauge symmetries [S. Elitzur. Phys.Rev.D
Vol.12 Num.12 1975]

Gauge invariant characterization of Higgs/Confining phases with
as(x) = ®u(x)/pn and pj; = % > Det[®y(x)]

o = = S Al (U (¥ (x + )6°
S

L =
Qnm 8V £

use (90 = 12><2, 9,‘ = io;

X +av

ub(x)

U (x +ap)

U (x)

X +aj+av

Uy (x + a)

X +ap
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PHASE STRUCTURE AND SPECTRUM OF 2HDM
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2

» Scanning k; separates confinning/Higgs regions

» Three Higgs-like phases, one confinning phase
» Hy(H,) phases of the “inert” models

K2
(H2)
SU(2) x (Z»)?
- Degenerate W-boson
- SM Higgs my,
- BSM scalar my

- 3 degenerate BSM
scalars my = mpy+

SU(2) x (Zs)?

- QCD-like
- my— > mgt

(Ho)

- 3 non-degenerate 1~
- 3 Goldstone Bosons
- 2 scalar states

Mhp, MH

SU(2) x (Z2)?

(similar to Ha)

(Hy)
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PHASE STRUCTURE AND SPECTRUM OF 2HDM

Analysis of spectrum (gauge invariant)

» Study two-point functions of suitable

interpolating operators

(O(x)O(y)) == oMo,

> Extract masses (my,, my, Mpsm )

Gauge-invariant

PT Continuum Lattice

@ Tr[®] @1 (x)] Tr[®] @1 (x)]

we, Tr[awg Dy, @1 ()] Tr[o%g (x + ) Uy (x) 1 (2)]
Dpr(x) TY[GO‘I)% D5 (x)] Tr[6y P P2 (x)]

@A(X) Tr[9i<1>1 @2(3{)} Tr[0,-<I>1 <I>2(x)]

K2
(H2)

SU(2) x (Z2)?

Degenerate W-boson

SM Higgs my,

BSM scalar my

3 degenerate BSM
scalars my = mpy+

SU(2) x (Zs)?

- QCD-like
- my— > mgt

(Hyp)

(Hi2)

- 3 non-degenerate 1~
- 3 Goldstone Bosons
- 2 scalar states

Mhp, MH

SU(2) x (Z2)?

(similar to Ha)

(Hy)
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LiINE oF coNsTANT SM pHYSIcs: How TO EMBED THE SM?

p
Tune lattice parameters ry, 77, to satisfy

R:<ﬂ) :<ﬂ) —15
MW / latt MW / phys

= ()= G)
Ho / 1att Ho / phys

8% (uo) = 0.5

1.0,

» Conditions to be satisfied for several values of the
lattice spacing a

» Gauge invariant, non-perturbative coupling
definition?
» Define cutoff (lattice spacing a) by

amwy

Constant SM physics
R=m,/my,
S = 4 8tymy,
'_&8__‘% _______ T ———w——
0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
amy,
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LiINE oF coNsTANT SM pHYSIcs: How TO EMBED THE SM?

p
Tune lattice parameters ry, 77, to satisfy

R:<ﬂ) :<ﬂ) —15
MW / latt MW / phys

S = (@) — (@) =1.0,
Ho / 1att Ho / phys
8% (uo) = 0.5

» Conditions to be satisfied for several values of the
lattice spacing a

» Gauge invariant, non-perturbative coupling
definition?
» Define cutoff (lattice spacing a) by

amwy
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(GAUGE INVARIANT NON-PERTURBATIVE COUPLING DEFINITIONS

» Add extra (flow) time coordinate (# xj) with
[t] = length® . Define gauge field B, (t, x)

By (x, t) DyGun(x,t); [~ — 8Sym(B]
dt 5B,
Guu(x,t) = DuBu(x,t) — DyB,(x,t),

with initial condition B, (¢, X) [;=0 = A (x)
» Composite gauge invariant operators are

renormalized observables defined at a scale
1 = 1/+/8t [M. Liischer 10; M. Liischer, P. Weisz '11].

» Dimensionless observable that depends on a scale!
t2
2(E() = — 5 TG (3%, )G (3, )

Is a coupling!

1282 2

2 _
g (n) = 5

35000
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Figure: Smearing the world with a resolution ~ v/8t
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(GAUGE INVARIANT NON-PERTURBATIVE COUPLING DEFINITIONS

( )
» Add extra (flow) time coordinate (# xj) with 035
[t] = length® . Define gauge field B, (t, x)
dB‘L (x, t) (SSYM [B] 03 113 | 4
—_— Dy Gyp(x,t); ~——
dt vCuu(® 1) 5B, ol ]
Guu(x7 t) = DuBu(x7 t) —DVBM(X, t), 025 | . Ml 1 1
ML
with initial condition B, (¢, X) [;=0 = A (x) T {1 1
» Composite gauge invariant operators are % 02 [ i ]
renormalized observables defined at a scale r N
= 1/+/8t [M. Liischer 10; M. Liischer, P. Weisz '11]. L |
» Dimensionless observable that depends on a scale! e s w 1
100 1000
2 h i T
BE(H) = = 5 Tr(Gpw (5,1)Gn (x,1) o Py o R |
e T,
_ g = ~
Is a coupling! Colider |+
0.05 10 oo 000 10000
2 1 [GeV]
£ = 2T 2(E() o
9 pu=1//8t Figure: Precision QCD coupling determination [ALPHA "25]
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(GAUGE COUPLING IN THE HiGGS PHASE

» For energies E < My: Yukawa-like screening

1
V —mr
v(r) o 47rre

» For energies E > My : Massless running

_ bg?
Be) = 2%+ ..
with
1IN — ng
b=
3

» Little cutoff dependence (i.e. “continuum limit”)

J

0.60

gZG F(,u,) — Running gauge coupling

A = 628 GeV
A = 548 GeV
A = 388 GeV
A =334 GeV
A =302 GeV
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BSM spECcTRUM

vVvyVvyVvyVvyy

LCP defined with {8, ky, m }
Probe spectrum as a function of x
Light scalar BSM masses

Little cutoff dependence

Pushing k1 — x1: Goldstone

Could there be light (undiscovered) scalars? [A.
Crivellin talk]
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Little cutoff dependence
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HicGs MODELS AT FINITE TEMPERATURE

f ) L, (T)/ L, (0)
» QFT at finite temperature: Euclidean field theory Lot : ) .i‘ - -
with (anti-)periodic BCs in time. ~oﬂﬁ+ ok
» Temperature T given by inverse temporal extent *,
» La,, signals Higgs mechanism T o
®
1 . ®
Lo = 557 an F U (x)om (x + o) 08y
8V < .
p=82
| B=83
» Multiplicative renormalization: Look at 0.7 F & | /ﬁii g- 36
© B-s64
Lo (T)/Lay (0) LI . . . .
05 10 15 20 25
T. ~ 0.5My myy/T
» Or its susceptibility
X(L) =L (L) — (Lax)?)
» x(L) volume independent = CROSSOVER
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HicGs MODELS AT FINITE TEMPERATURE

( h Susceptibility — Ly, (T')/La,(0)
» QFT at finite temperature: Euclidean field theory : !
with (anti-)periodic BCs in time. 8- 8.56, 32°
» Temperature T given by inverse temporal extent o1 B = 8.56, 64;
> La,, signals Hi hani © 5=28064, 48
» signals Higgs mechanism wl é O B— 864 64°
1 2
Lo = g7 Ll (U (om(x-+ ) o
8V £ 20
3
» Multiplicative renormalization: Look at " O o
| @
L i
Loy (T) /Loy, (0) % ‘ ‘ ‘ *
05 10 15 20 25
Te ~ 0.5Mw may /T
» Or its susceptibility
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CONCLUSIONS

,{ Research program: Lattice gauge-scalar models } \

» Fully gauge invariant study of 2HDM on the lattice

> First steps: study at (all) weak couplings
» Constant line of SM physics
» Screening of gauge coupling in Higgs phase
» BSM spectrum

» Thermal phase transition/crossover
. v

,{ Open questions } \

» Role of triviality at large quartic?
» How is a gauge theory “broken” at strong coupling?
» Study of thermal phase transition at large quartic
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,{ Research program: Lattice gauge-scalar models }

» Fully gauge invariant study of 2HDM on the lattice

> First steps: study at (all) weak couplings
» Constant line of SM physics
» Screening of gauge coupling in Higgs phase
» BSM spectrum
» Thermal phase transition/crossover

,{ Open questions }

» Role of triviality at large quartic?
» How is a gauge theory “broken” at strong coupling?
» Study of thermal phase transition at large quartic

MANY THANKS FOR YOUR ATTENTION
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