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Introduction

: o : Potential at high
% The shape of Higgs potential is still undetermined. V() te?n%ré;:tlfre 9

— The new physics (NP) effects can

Potential at critica

contribute to the potential. temperature T

%  The dynamics of electroweak phase transition (EWPT) is T e [
governed by the shape of the Higgs potential.

The EWPT in the SM is crossover.

[Y. Aoki, F. Csikor, Z. Fodor and A. Ukawa, Phys. Rev. D 60, 013001 (1999)]

Strongly first-order EWPT can be realized by NP effects beyond the SM.
(p./T.>1)



Introduction

% However, new particles have not been found by the Large Hadron Collider (LHC) since
the discovery of the Higgs boson...

Energy scale
The NP scale may be larger than the A
electroweak (EW) scale

NP New physics effects

@ scale

Standard Model Effective Field Theory
(SMEFT)

EW SM

— \/

In this talk, we consider this framework. - _ . "
scale + High dimensional operators




Introduction

% If the first-order phase transition occurs in the early Universe, the gravitational waves
(GWs) are produced by collision of bubbles from the phase transition.

16mS3
3Te2

Decay rate of vacuum [' ~ exp [_ ] corresponds to the critical bubble nucleation rate per unit volume and per unit time.

) . [L. D. Landau, E. M. Lifshitz, ”Statistical Physics”]
[S. Coleman , "The uses of instantions”, (1977)]
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The GW spectrum depends on the potential form.



Motivation

% GW observations can be used to explore the NP effects for the first-order phase transition.

We can quantitatively discuss the expected uncertainties in the GW observations for NP effects

by the Fisher Inatl‘ix analysis [K. Hashino, R. Jinno, M. Kakizaki, S. Kanemura, T. Takahashi and M. Takimoto, PRD 99 (2019) no.7, 075011 ]

(The Fisher matrix corresponds to the inverse of the covariance matrix.)
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LISA, White dwarf : [A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003],
DECIGO, BBO : [K. Yagi and N. Seto, Phys. Rev. D83 (2011) 044011]

How precisely can we measure the SMEFT operator effect by GW observation?
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SMEFT

% The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

LsMEFT = LsM + Z C;O; J Og?, = (HY'D ,H)(Gv"q;),

In this time, we consider the SMEFT operators
involving Higgs and top-quarks.

/T

Large Yukawa coupling
compared to others

(O); = (HDLH) @' v 45),
(OHu)i; = (HfiﬁpH)(ﬁi7'”uj)»

On = (H'H)?,
Onn = (HH)O(H'H),
Oup = (H'D*H)*(H'D,H),

(Oun)ij = (H'H)(giu; H),

S~



SMEFT

‘/§HT = (Oa ‘30)

% The Lagrangian of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

LsMEFT = LsM + Z C;O; J @5 )a= (H'D .H) (@7 a5),
i (O); = (HDLH) @' v 45),
(Onu)i; = (HfiﬁpH)(ﬂiW‘"uj),

In this time, we consider the SMEFT operators

- o = = o —
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involving Higgs and top-quarks. N

U The neutral Higgs field in the derivative
Oy = ( H of these operators cancels.
Large Yukawa coupling £
compared to others Opno = (HfH)D(HfH),

Oup = (H'D*H)*(H'D,H),

(Oun)ij = (H'H)(giu; H),

S~



SMEFT

* The Lagrangian Of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

LsSMEFT = LsM + Z C;0; J 0(1) = (H'i'D .H)(@"q;),

In this time, we consider the SMEFT operators
involving Higgs and top-quarks.

1

ALSMEFT = gCH @°

It is a dominant effect on the Higgs potential.
[C. Grojean, G. Servant, and J. D. Wells, Phys. Rev. D 71

(2005) 036001, D. Bodeker, L. Fromme, S. J. Huber, and M.
Seniuch, JHEP 02 (2005) 026 and so on.]

(0(3) )u = (@' DLH)(@r' ),
(Oru)ij = (Htl(ﬁpH)(ui'T u;),

el e L S

Oae= (HfH)m(HfH)
Oup = (H'D*H)*(H'D,H),

(Oun)ij = (H'H)(giu; H),

S~



SMEFT

* The Lagrangian Of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

LsSMEFT = LsM + Z C;0; J 0(1) = (H'i'D .H)(@"q;),

(0533,)0 = (H' DL H) @ v¢),

In this time, we consider the SMEFT operators (Orra)i; = ( Hfl‘ﬁ# H)(u;4"u;),
involving Higgs and top-quarks.
Oy = (H'H)?
1 2,0 12 2 S T - P VI
ALsmerT = ;CHDY (Oup) —CHoy" (9up) |{ Opno = (HfH)El(HfH) ;
! — CHF i '
These effects contribute to the Higgs potential by '\ Onp = (H'D"H)"(H'D,H), !
the wave function renormalization. ( 0_1_1)- _ _—_(-h; _1;;) (Giu; H)
ufd Jay = 1y




SMEFT

* The Lagrangian Of the SMEFT [B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, JHEP 10 (2010) 085]

LsMEFT = LsMm + Z C;O; J (l) (H"l? H)(giv"q;),

(0533,)0 = (H' DL H) @ v¢),

In this time, we consider the SMEFT operators (Orra)i; = ( Hfl‘ﬁ# H)(u;v"u;),
involving Higgs and top-quarks.

3 2\ 1 Oy =(H ;| )3-.
Al = Cun - gygti (14- 60 T2 ) 5 (0u0)" — Ay Ono = (HH)O(H H),
It contributes to the Higgs potential by the Onp = (H'D*H)*(H'D,H),
top-quark one-loop effects. :{(_O_u;{_); '=' Z I}; 1:6 (-Q ,_uj, ;:I_)_ - '\:
AV =—C 32 5 ( 1+lnyiﬁ2> o m e ’



SMEFT

% The Higgs potential up to the first order of the Wilson coefficients

1 1 4 i la 1/ 3 0 6 2
V=ci’+ (A - §C£i3,u2) ¢ — el + (‘ZC” — 206X — o’ | 68+ AV
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A 32?;r2 X (_1 d fvf)

By using this potential, we can evaluate the first-order EWPT.
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First-order EWPT

% The results of ve/Te for normalized (C,,C.) (C

058 060 062 064 066 068 070

Ny Ty [Tev]

vol T

24
2.2
2.0
1.8
1.6
1.4

cgn = cgp = 0.

058 060 062 064 066 068 070
Ny TcaT [TeV]

cug =cgp =10

vel Te

2.6
24
2:2
2.0
1.8
1.6
1.4

, C,)and (C,,, C, ).

Vel Te

13



% The results of ve/Tc for normalized (C
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source for the first-order
EWPT.
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First-order EWPT
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First-order EWPT

% The results of ve/Te for normalized (C,, C ), (C,, Cpp)and (Cp), Cp).

Vo/ Tc VO/ TC
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p5k e

We consider the precise measurements of C ., C,, and C,, at the GW observations
when the first-order EWPT occurs by C,, effect.
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the first-order EWPT.




First-order EWPT

% Example of the expected uncertainty for (C,,, C,, ) atthe GW observation
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First-order EWPT

% Example of the expected uncertainty for (C,,, C,, ) atthe GW observation
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First-order EWPT

% Example of the expected uncertainty for (C,,, C,, ) atthe GW observation
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First-order EWPT

% Expected uncertainties for other effects at the GW observation
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DECIGO and the BBO experiments can be sensitive to the SMEFT effects, such as Cu and C,,.» once the
SFO-EWPT arises.



Summary ol
E i X
% New physics effects are required to realize the strongly E owor—%
first-order EWPT. T oml &
% In this time, we consider the SMEFT and discuss the o B
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dimension-six operator effects on the spectrum of GWs.
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Fisher matrix analysis

% Likelihood function

i ; 3H2 1
X’({p},{p}) = QTobSZ/ df P71 (f) [Sh(f, {QP})‘Sh.(fa {P})]Q_ Sw(f) = o2 f3Qc\\ (f)
(1,I") orp(f)

Noise for detection of GW: o7p(f) = [Si(f) + Trs(£)Sk(f. BV [Sr:(f) + o (£)Su (£ {BD] + T3 () Si (£, {P})

S, (£, {p}) : GW spectrum for parameter set {p}, I'710 is the overlap reduction function
S, : Effective sensitivity of interferometers,

{A} : Fiducial parameter set, T : Observation period
p p obs

Taylor expansion 5,\"2({}"} ,{p}) = Fav(Pa — Pa)(pe — 1) Fab = 2Tobs Z / df L ()%, Sh(cjri";_lff}))apb‘gh(fﬁ tP})
(1.1)

-1/2 [N. Seto, Phys. Rev. D 73, 063001 (2006)]
L3 (f)
Seﬂ(f) Z (null)2
(.11 %I (f)

[E. Thrane and J. D. Romano, Phys. Rev. D 88, no. 12, 124032 (2013)]



Fisher matrix analysis

o . . .
* Likelihood function ey S, (f, {p}) : GW spectrum for parameter set {p},
2P}, {P)) = 2T / df Sh (f; {p}) = Su(f; {P})] S ; : Effective sensitivity of interferometers,
| Sei () + Su(f, {p})])° {P} : Fiducial parameter set, T, : Observation period
Taylor expansion (5X ({p} {p}) ( pa) (pb N pb)
— 9T, / df Opo Sn(/; {P}>6pbsh(fa {P})  The inverse matrix of F, is the covariance matrix.

[Sea(£) + Sa(f, (DI (We assume that we can apply the

< Sample point expression to one detector (LISA).)

0GW.peak Qaw, peak -1

10 contours (LISA)
Point 1

Qcw /'
A 10-6 2

LISA, White dwarf : [A. Klein et al.,
Phys. Rev. D93 no. 2, (2016) 024003]

'peak/?peak‘1

[*=-e. oo ((;C')

-12 v < 770
5 2P y :

a O

2ot A TV . Q;q; DECIGO, BBO : [K. Yagi and N. Seto,
WRe i . Phys. Rev. D83 (2011) 044011]
10718 GVV\spectrum
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-18 L : L H
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% The expected constraints on the GW spectrum propagate to the parameters in the model.



Fisher matrix analysis

% Effective sensitivity

e LISA

Seﬂ'(f) =

20 48, (f) + Sunlf) + Soma(f) fF Y
3 12 [1 it (0.41c/2L) ] i

with L = 5 x 10° m and

—4
Sace(f) =9 x 107 i ) m?Hz !,

1
(2 f/1Hz)’ (1 e
San(f) = 2.96 x 1072 m2Hz !,

Son(f) = 2.65 x 10-2 m2Hz-! [A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003]
omn > &

« DECIGO
Sei(f) = [7.05 x 1078 [1 + (f/£,)%] « BBO
+4.8 x 1075 1(’;/ t?/z}; +5.33 x 107°%(f/1Hz)™*| Hz !, Se(f) = [2.00 x 107*(f/1Hz)® + 4.58 x 107 4+ 1.26 x 107(f/1Hz)™*] Hz".
P
with f, = 7.36 Hz. [K. Yagi and N. Seto, Phys. Rev. D83 (2011) 044011]



Fisher matrix analysis

% Noise for the white dwarf [A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003]

((20/3)(f/1 Hz) ™23 x 107462 Hz~! = S{)(f) (10~° Hz < f < 1072 Hz),
, (20/3)(f/1 Hz)~44 x 105092 Hz! ‘2) H(f) (1072 Hz < f < 1027 Hz),
wol(/f) =1 (20/3)(f/1 Hz)~5® x 107622 Hz ! <3> 5(f) (102" Hz< f <1024 Hy),
| (20/3)(f/1 Hz)200 x 10-%968 Hz~1 = <4> S(f) (10724 Hz < f < 1072 Hz).

1
1/S%p(f) + 1/S%n(f) + 1/SG5(f) + 1/S5h(f)

1 2 3 4
Swp o MAE(S S, 1S Sirns Sarn)

SWD(f) —



Fisher matrix analysis

< The expected uncertainties for LISA at Fiducial point (m, k) = (166.4 GeV, 0.96)
(Blue ellipeses and bands)
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Fisher matrix analysis

Noise for binary neutron stars and binary black holes (Stochastic GW)

[Virgo, LIGO Scientic Collaboration, B. P. Abbott et al., arXiv:1710.05837 [gr-qc]]

Wi

3H0'Lx1_8x10—8( f > 10 Hz < f < 103 Hz

Snspu(f) = o2 f3 25 Hz

— This noise does not affect our analysis, because frequency of the noise is small.

(We tried to extrapolate the noise to 1 Hz, but our result doesn’t change.)



¢ part of the Lagrangian

0 1 2) . 9
kin = Cigs + Cin - P + Cin - 97

. R
L, = Ckinﬁoz(auﬁa)z ¥ _8'CH§06 — AV g5

2
9 = L, TR, TR (14 —6In %‘) :
v

- in 4 2 3272
 _ 1 3 i
Cxin = 5Cul - Y1 (—_ 2
2 3272 v
7 T A 2 : Bl =
P30 P~ 3%n ¥ ~ 5%n P T O(Ckn) “in = 5Cutt* 3 (ﬁ) '
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First-order EWPT

1 1 1 1
Veir (¢, 0) = Saz¢® + Jasp’ + Zasg® + cace”
where
4 (o 9 (1
= b, oy = A 20, o = el
3 ©y 6@ 2 9 3 L
ag = _ZCH — 2640 A — —C BT — 167T2CHHY£ —1+1In 592

O, Vet (9,0) |p=v = agv + asv® + asv* + agv® =0,

02Vett (0, 0) |pmv = a2 + 3asv” + 4azv® + Sagv® = mj.

1 2 3 o 2,1 m?z 3 oy i &, 6
Veff(%o)z—z (m} — asv® — 2a6v") @ +t3 2?_5‘15”—2‘16” ¢+ pasp” + caep

2

— ~ — ~ (685 GeV
%0 + ag Tk (685 GeV)



First-order EWPT [ "
- w_1l, 3 (28
ckin = 2C'u.H ¢ 32'”2}/! ( 5 ) )
. . . @ _ IC 3 v 8
% Potential with finite temperature effects. “in = 3Cull " go e | g7 )
Vil Ty Al — ——— TR 4 S > ; 2
e (¥, g P =g pEEY + A Ay = ag+4a5p/5+2asp /3

where

Yo _ . B E
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%  SNR results with respect

to CH and CuH
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%  SNR results with respect
to CH and CHD
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% SNR results with respect

to CH and CHO
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V.(vep + A) — Vv
OV, (vl = lim oMt 8) = Ver(Vom)

A—0 A

- fita Ves(Vsmerr — OV + A) — Veg(Vsmprr — V)
A—0 A

=0

aV.
Vert(Vsmerr — 0V + A) = Vor(Vsmerr) + eﬁ(;(SpMEFT) (=6v+ A) + O((—dv + A)?)

= Vor(Vsmerr) + O((—6v + A)?)

oV
Visliisiny — 50 = Vealvesnn) & e“(;;MEFT) - (=8v) + O((—=6v)?)

= Voa(vsmerr) + O((—8v))

~
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GW from first-order phase transition

Veri(@,T')

%  The bubble dynamics is determined by the following parameters:
T o, p/H v,

(1) T, : Transition temperature (The temperature of the Universe just
after the phase transition.)

Bubble nucleation rate per unit time and per unit volume: Po, 2dp, Vg

¢, - Bounce > " rdr  dp,

Vg (s, T)] solution

Transition temperature can be obtained by the following equation: o
True — - ¢
4 — vacuum
F / H |T:Tt — 1 — ° O
One bubble nucleates in the (H : Hubble parameter)
causality. \ / 35

Causality at Tt



GW from first-order phase transition

%  The bubble dynamics is determined by the following parameters:
T o, p/H v,

(2) a ~ Normalized latent heat released by EWPT

E(Tt) R NIl (1) = AV, (T) — Taﬂa";ff
P T ) P, - Radiative energy density

o=

(3) p/H ~ 1/ (Duration of EWPT)

8 - Td(SB(T) /T)

T-T,

H, dT

(4) v, : Bubble wall velocity (It is related to the interaction between bubble and plasma.)
In this time, we treat it as constant. 36



GW from first-order phase transition

%  Complicated numerical simulations are necessary to obtain the
GW spectrum from first-order EWPT.

We use approximate fitting formula to evaluate it.

. 100\ ( ka \?(H» 3 :
R Qaw(f) = 8.5 x 1076 ( " ) ( 1’;:10) (7> vy Ssw (f) ESpectrum\

i [ 7 ]7/2 =51 {8 T gn \1/6 1072 T
Ssw(f)=\+—) |73 sw=19x10"°—( — | [ —— ) (= Hz. .
5w ) (fsw) 4+3(f/fsw)? fow X vy \Hn 100 GeV ( 100) z Frequeney [Hz]

K : efficiency factor ] fsw

37



Efficiency factors

[J. R. Espinosa, T. Konstandin, J. M. No and G.
Servant, JCAP 1006, 028 (2010)]
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The black circle is bubble wall.
In green we show the region of non-zero
fluid velocity.




EFT (d1m° 6) J. de Blas, M. Cepeda, J. D'Hondt, R. K. Ellis, C.

Grojean, B. Heinemann, F. Maltoni, A. Nisati, E.
lo Petit and R. Rattazzi, et al., JHEP 01 (2020), 139
[arXiv:1905.03764 [hep-ph]].
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https://project-hl-lhc-industry.web.cern.ch/content/project-schedule

LHC / HL-LHC Plan HiLumi

LARGE HADRON COLLIDER

LHC HL-LHC

L5 13 Tey 1MAR i 13- 14 Tev 1212 14 TeV
e

Diodes Consolidation

energy
splice consolidation

cryolimit LIU Installation A
7 TeV 8 TeV button collimators th:racnon . inner triplet HL-LHC
—— R2E project regions Civil Eng. P1-P5 radiation limit installation

200 | 2015 | 2016 | 2017 | 218 | 2019 | 220 | 2o 205 | 2004 | 2025 | 208 Il
5 to 7.5 x nominal Lumi
ATLAS - CMS /_._———4
experiment upgrade phase 1 ATLAS -CMS

il nominal Lumi _2X nominal Lumi ALICE - LHCb (-2 2 nominel Lum ot
75% nominal Lumi upgrade

- integrated LIRS
30 fb m m luminosity IR

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY 4 PROTOTYPES / CONSTRUCTION INSTALLATION & COMM.”H PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS



% Effective sensitivity

e LISA

2
Sua(f) = 20 8Seeelf) + SinlF) + Soma(f) [1 N ( / ) ] ’

3 7 0.41c/2L

with L = 5 x 10° m and

. 1 10— y
Sace(f) =9 x 10 wm (l+m) m>Hz 1,

Sen(f) = 2.96 x 1072 m?Hz
Somn( f ) — 9265 % 10722 m2Hz!. “other measurement noise”
[A. Klein et al., Phys. Rev. D93 no. 2, (2016) 024003]
e DECIGO

Sei(f) = [7.05 x 1078 [1 + (£/£,)?]

51 (f/1Hz)™*

ENEIIAL +5.33 x 107*%(f/1Hz)™*| Hz!,

+4.8 x 10™

with f, = 7.36 Hz.

[K. Yagi and N. Seto, Phys. Rev. D83 (2011) 044011] 1



GW interferometers

Space-based GWs interferometers (LISA,
DECIGO, TianQin ... )10 - 10° Hz ﬁ

These will launch
into space in 2030s.

Ground-based GWs interfergmeters
(LIGO, KAGRA, Virgo, ...) 10' - 10* Hz
Noises of each experimen cisees
(sensitivity region)
DECIGO
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http://awplotter.com/ GW from first-order EWPT
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http://gwplotter.com/

About HR, (mean bubble separation)

1 dVike . dI(t) > dI(T)
e @ 3H(t) — it =H(T) (3+TT) <0
101 | —

10°

|

/ 100 2 T d
1 [ “
1 E \ .

J. Ellis, M. Lewicki and J. M. No, JCAP 04 (2019), 003,
[arXiv:1809.08242 [hep-ph]]

np = (Ra)™® = (lﬁ)s , (3.4)

vielding a direct relation between /3 and the mean bubble centre separation (in the case of a
fast phase transition) R,gr. This relation is approximately maintained at T = T,.

o \
107! i : R (Strong phase transition)
. I'(T,
O B g = (Re) S VER )
!: g HR.p
S o AR B - HR.y (General case)
107" & ; 545 546 547 548 549 550 : e
i ! ng = (R,) :/ dt’%F(t’)P(t’)
104! ! e alt)
; L1 l PR T T AN SN O R Y S 1 1 1 . == dn
540 580 620 660 700 740 780 s Cnergy distribution: £p(t, R) = R° & B

A[GeV]

The mean bubble separation

Since the energy budget of a bubble scales with its volume R®.

relevant for GW generation: Rmax (solid blue), the size of the bubbles carrying the largest
fraction of energy on completion of the transition, and R, (dashed green), the mean bubble
separation. We also show the approximation to the latter assuming radiation domination
R,p (3.4) (dashed red) and vacuum domination R,y (3.7) (dash-dot yellow). We see that
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About 3

[ x e 42 — oBt—to)+..

J. Ellis, M. Lewicki and J. M. No, JCAP 04 (2019), 003,
[arXiv:1809.08242 [hep-ph]]

For very strong phase transitions, a potential barrier between the symmetric and broken
phases may still be present at T' = 0, which results in S3(7")/T having a minimum at some
finite 7. The linear approximation (3.2) may then break down [45, 79] (see also [80]), as

the first derivative of the bounce action can vanish (the timescale of the transition defined
by (3.3) then yields Sr — 0 and even turns negative). In this case, going to the next order
1000 T m in the Taylor expansion of the bounce action, we obtain a Gaussian approximation
: N Foce 42 = 3R tm) +.
800
’ where t,, corresponds to (d/dt)(S3(T')/T)|t=t,, = 0, and By is given by
600 | &2 (S3(T) 2 (85(T)
| = ale— =H(DT | —
w=\w ()| =ror s (%)
i t=tm T=Tm
400 -
[ | T
200 - S3(T) B(t—t
180 i ‘ ' : - | —tg) + ..
» 20 40 80 Foce b .
(T/H=1 (S3/T ~ 140) % i 7= 3 IR LA 720 Y) @
- N . e . - Sa(T
HEEBAMEIRLE DA (1213 TH=1 052747 0 L5701 | T o= 2 = =3B —tm) + ..

I D Linear approximation’3break down3 % I REMED B 5

> ZOWfiXNext orderlZ: H %

T(T) ~ max [T‘ (%)%exp(—ss/T), Ry (%)zexp(—s4)]



AboutT p

T p&iZP(T)=0.34L725 XD (P(T)iEFalse vacuum spaceNZE I ENIZT HHHIL T
HONEFRT) THY, FHEEENTE T LI EXOREIZRHST 5
%  How to evaluate T p by “Mathematica” ?
1. Fixing benchmark point including temperature

Evaluating minima points (Red points)

3. Obtaining S 3and S 4

ol

, .
Comparing 7° (2%) exp (—S3/T), Rg* (%) exp (—Sj)

dT

. x [Te 'T(T T
5. Integrating 1) [ Hvaf% ( i

6. A condition of percolation temperature I(7},) = 0.34

U

1 dVoabe ) _ g r) (3 +T —dfg)) <0

vfalse dt

=3H(t)

dt

3
Hy /1 +X(T)_1)

/[ HEBOEREAEMEET _n~T_p }

Veff((va )
T < Tc

Veff

1 [‘] O(p

v \o/

= ?/ dt' T'(t') a(t')3 r(t,t')3

te

“Some early works in the context of cosmological first-order phase transitions [78] defined the onset of
bubble coalescence as P(to) = 1/e — I(to) = 1, yielding a slightly lower percolation temperature.



