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Introduction

%  The gravitational wave (GW) are produced by the first-order phase transition.
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% GW observations can be used to explore the new physics (NP) effects for the first-order
phase transition.



Introduction

%  We can quantitatively discuss how precisely obtain the NP parameter at the GW observation by

the FiSheI‘ matriX 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]

We can precisely measure the NP effects by GW observation.
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Theoretical uncertainties

% However, the GW spectra have some theoretical uncertainties...
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1 (RG scale dependence is the

10-10} largest theoretical uncertainty.)

10712} [D. Croon, O. Gould, P. Schicho, T. V. I. Tenkanen

and G. White,JHEP 04 (2021), 055]
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% How precisely can we measure the NP effects via the GW observation by taking
into account the theoretical uncertainty?
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SMEFT

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

LsmerT = LsM + Y CiO;
i

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

e Oy = (H'H),
Ono = (H'H)O(H'H),
Oup = (H'D*H) (H'D,H),

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

\/EHT = (07 99)



SMEFT

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

LsmerT = LsM + Y CiO;
i

In this time, we consider the SMEFT operators
involving Higgs and top-quarks.
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One = (HTH)O(HH),
Oup = (H'D*H) (H'D,H),
(Ounr)ij = (H'H)(giu; H),

\/§HT = (07 ‘70)

It is a dominant effects to realize the first-order phase transition.

[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.]



SMEFT

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

s Oy = (H"H)3

LSMEFT = LsMm + Z Cili | 2 acmm—mmSo oo -

In this time, we consider the SMEFT operators I OH p=(H "D*H ) (H fD H )

involving Higgs and top-quarks.

1
ALSMEFT = ZC'HD<P2((9;L%0)2 _CHD992(8;L<7‘9)2

These effects contribute to the Higgs potential by the wave function
renormalization.



SMEFT

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

e Oy = (H'H)?,

LSMEFT = L£sM + Z CiO; Ono = (H'H)O(H'H),

- t gt
In this time, we consider the SMEFT operators Oup =(H D"H ) (H D.H );
involving Higgs and top-quarks. | ¢7- """ """ ---------2-
' (Ourr)ij = (H' H)(QIUJH) i

T

VEHT — (0,0)
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ALsverT = Cun - th (14 —61In %) : 5902(3;190)2 - AV, , AVeun=—Cun - 32 5 ( 1+In=ts )

It contributes to the Higgs potential by the top-quark one-loop effects.
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First-order EWPT
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%  The results of ve/Tc for normalized (C,,C,) (C,,C,)and (C,, C, ).
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CuH 1s insensitive as a
source for the first-order
EWPT.

CH and C could be a source for
the first- order EWPT.

[K. H., Daiki Ueda, Phys.Rev.D 107 (2023)9, 095022 ]
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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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Results of the last work

% Example of the expected constraints for (C,,, C,, ) atthe GW observation
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[K. H., Daiki Ueda, Phys.Rev.D 107 (2023) 9, 095022 ]



Results of the last work

% Expected constraints 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. [K. H., Daiki Ueda, Phys.Rev.D 107 (2023) 9, 095022 ]



Results with theoretical uncertainty

% Results of C.

10*F
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Red line: Q =2xnT

[K. H., Daiki Ueda, Ongoing work]
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% Although the uncertainties show up in the soo;
GW spectra, we may be able to obtain the
precise value of NP parameter.
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Summary

% In this time, we consider the SMEFT and discuss the

dimension-six operator effects on the spectrum of GWs.

% DECIGO and the BBO experiments may be sensitive to
the SMEFT effects, once the SFO-EWPT arises.

% Although the theoretical uncertainties show up in the
potential, we may be able to obtain the precise value of
parameter at the GW observation.
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Theoretical uncertainties

AQaw/Qcw | 4d approach 3d approach
RG scale dependence | ©(10% —10%) | O(10° — 10')
Gauge dependence o(10') 0(1073)
High-T" approximation [ ©(10~! —10°) | ©(10° — 10%)
Higher loop orders unknown 0(10° — 10%)
Nucleation corrections unknown O(10~! — 10%)
Nonperturbative corrections unknown unknown
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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).)
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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]

(avn(f) = 9

SWD(f) —

((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),
(20/3)(f/1 Hz) 88 x 10628 Hz! <3> () (1027 Hz < f < 1024 Hz),
| (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)




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.)



SMEFT

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

1 1 & ¢ i 1/ 3 . g
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Cin = §CUH 2 Wyt (’U_2) 2

3 Y22
AV::uH = —Cun - 32,”2}/;3996 (_1 +1In ;’Uﬁ )



%  SNR results with respect

to CH and CuH
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ABATNCA: .

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

to CH and CHO
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Efficiency factors

[J. R. Espinosa, T. Konstandin, J. M. No and G.
Servant, JCAP 1006, 028 (2010)]
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