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Recent big news (Jun 29, 2023)

Evidence of nano-Hertz gravitational waves

e Evidence for the Gravitational Wave Background | The NAN...

CPTARFFASTESHE

ABIEESIT1I T DUIEIE 4 1 féw
e 72k o \

Il =) 005/56:38 - introduction B & Youlube ]

WY (Ke-Pan Xie) Jb BT 25 ik K2~



Recent big news (Jun 29, 2023)

Evidence of nano-Hertz gravitational waves

CPTABFFASTLSHE

g

LR i

1713 fate MIEIE

w—

Il =) 005/56:38 - Introduction

B & Youluhe ]

Previous: binary mergers

T
Inspiral Merger Ring-
down

A

Now: stochastic GW background
Rough

|

LIGO&YVirgo

PRL 116, 061102 (2016)] comparison

Star light:
Rough e

»

11 1 Il
O NWHM
Separation (Rs)

| "comparison’

B

PRI (Ke-Pan Xie) Jb TR 25 fi R K2



Nano-Hertz stochastic GW background

Previous observations

NANOGray, CPTA, _ _ - Ao ~
EPTA, PPTA; LISA, TianQin, Taiji, ~ LIGO, Virgo,
SKA BBO, DECIGO KAGRA:
ET, CE
: - = a (]
Space-based Stellar mass compact binaries G rou nd-based
I 10’ 1 i 10°? I
ms J
\ . _J Compact object captured by Rotating neutron
Y supermassive black holes stars, supernoave
Recent: nano-Hertz GWs
NANOGrav CPTA EPTA PPTA
[2306.16213] [2306.16216] | [2306.16214] | [2306.16215]
Radio telescope | Arecibo, GBT, VLA FAST LEAP Parkes 64-m
Duration 15 yr 3.4yr 10.3 yr 30 yr
Number of Pulsars 67 57 25 18
HD correlation 3.5-40 4.60 30 20
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Explanations of the GW background

Astrophysical interpretation: supermassive black hole binaries

-6.0

15yr: HD-w/MP+DP+CURN
\ 15yr: HD-DMGP
e y=13/3

-8.5 1 =

.
NANOGray, 2306.16220 13
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Explanations of the GW background

Astrophysical interpretation: supermassive black hole binaries
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New physics interpretation: echoes from the early Universe

Less than 1 s after the Big Bang
e Scalar induced

* Phase transitions [This talk]
e Domain walls

* Cosmic strings, etc

Bayesian analysis favors new physics interpretationNANOGray, 2306.16219]
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First-order phase transitions

Decay of the vacuum g |
1 o
LD Eaugba”qb — V*(qb) |
Early Universe = V (o, T) g
e’

Time evolution (boiling of the Universe) >

Ke-Pan Xie (¥#7H7), Beihang University

Verr(¢,T)

T > TC \/
T=T
T <7,
W
§§§§§§§§§§§ S :
FOPT (vacuum decay)

¢




First-order phase transitions

ET>T,
Decay of the vacuum S| \/
1 ) |
L :)Eaugba ¢ —V(p) . |
) T-T.,
Early Universe = V, ,T) &
y etf (), T) S Y
U S
¢ =0 ® T < T,
®
- 2| .
N S
Time evolution (boiling of the Universe) > L FOPT (vacuum decay)
¢
GW sources: Caprini et al, ICAP 1604 (2016) 001]
‘ N
.. o < |
1. Bubble collision;  See Huai-ke’stalk & Sound
. Ot
2. Sound waves in plasma; Z
3. Turbulence in plasma. & Llistons
|
uc_l Turbulence

fpeak ~ 107z () (%457) (525

Ke-Pan Xie (¥#7H7), Beihang University
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Explaining the nano-Hertz GWs

Relevant parametersl“AP 1604 (2016) 001]
* Phase transition temperature T,
c a= AVeff/( g*T4): FOPT latent heat over radiation energy

[ /H,:Hubble time over FOPT duration
* Bubble expansion velocity v,

Impact of the phase trans1t10n parameters on the GWB spectrum

1076
Brmgmann et al
- 2306.09411 aT

NANOGrav 12.5yr

—
3
oo

N :*_1 \
E 1010 ‘5% < v
o T (
G o S R
Tﬁ : logyo T« /GeV logyg 0 logyo HxRu
10712 NANOGrav fit at
i 959, C.|.[2306.16219]
10_142_ T, € [2.7,93] MeV;
N a > 0.37;
10-2 107 10710 1079 108 107 10~6 10° B/H, € [3.29,63.7];
n . ) . ’

f/He
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Explaining the nano-Hertz GWs

Relevant parametersl“AP 1604 (2016) 001]
* Phase transition temperature T,
c a= AVeff/( g*T4): FOPT latent heat over radiation energy

[ /H,:Hubble time over FOPT duration
* Bubble expansion velocity v,

Impact of the phase trans1t10n parameters on the GWB spectrum

10-C¢
Brmgmann et al
2306.09411 ot NANOGrav 12.5yr
1078
NP
E 10—10
O
] 01 R
C:ld : logyo T« /GeV logyg 0 logyo HxRu
10712 NANOGrav fit at
i 959, C.|.[2306.16219]
o; T, € [2.7,93] MeV;
N a > 0.37;
10-2 107 10710 1079 108 107 10~6 10° B/H, € [3.29,63.7];
n . ) . ’

f/Hz

Question: can we test this explanation with other experiments?
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The Higgs portal dark U(1)" model

Standard Model Dark sector

0 1888 qb + m ,4'

, portal
Higgs doublet

dark photon

(h) = Ve = 246 GeV and (¢) = v;: portal
EW & dark U(1) breaking; dark sector m,» = gxv
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The Higgs portal dark U(1)" model

Standard Model Dark sector
G o 1885 & ¢+m ,4'
. portal —
Higgs doublet dark Higgs dark photon

(h) = Ve = 246 GeV and (¢) = v;: portal
EW & dark U(1) breaking; dark sector m,» = gxv

At MeV-scale: 0-05?““““\“/ﬁ":‘\“'f\““““‘ RN
2 B I} / ]

m
V($) ~ 55 (92— v?)?
vS
In the early Universe

Veff(¢r T) = V(¢) + AVT (¢; T)

&

o

=]
T

C N 1 3
I N ! 3
005" ! =
C N / ]

Veff (¢ ,T)/ ()LSVS4)

-0.10- FOPT & GWs

7\\\ \‘\\\\\\\ \\\\\\\‘\\\\\\\\\‘\\\\\\\\\7
22 0 5 10 15 20 25

. T 3T
A'in the loop ~ £ g2 — £ 3 eV
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The Higgs portal dark U(1)" model

Standard Model Dark sector
G 1888 qb + u, ,4'
. portal
Higgs doublet 1 dark photon
. oom ¢—mh h-b mixing angle
| Ans = 2 Vg Vs SN ZHT Current [6] S 107°
Positively correlated Higgs invisible decay
to GW signal/strength I'(h > ¢ - inv.) o A%

BHTHY (Ke-Pan Xie) b B 2 i K KA
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Dark sector has different temperature!
After EW phase transition (~ 100 GeV) thermal contact
S\ SM
o b AsT® T?
\"_-_ ngT(T) = TlS<O'U>~ 4 H(T)N_
/’ — m M
gt SM h Pl

FSST (T)/H (T) ~ T3 / Defined by FSSJF (Tdec) — H(Tdec)
Two sectors decouple below Tgec

SM sector, temperature T

Decouples Dark sector
‘ > Temperature

T #+= T' at FOPT!

HFTHY (Ke-Pan Xie) AL AT S i R K2
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Dark sector has different temperature!

After EW phase transition (~ 100 GeV) thermal contact

S SM
. h* A2 T T2
;"_'_ ng'l‘(T) — TLS<O'U>~ S4 H(T)NM_
ST/’ SM my Pl
FSST (T)/H (T) ~ T3 / Defined by FSSJF (Tdec) — H(Tdec)

Two sectors decouple below Tgec

Entropy conservation:

«—QCD PT |

SM entropy d.o.f. |

SM sector: a®g,s sm(T)T> = const.  100]

Dark sector: a3g!(T")T'> = const. _ 50

N2+2=4 : N

— T_, _ ( Gxs,sm(T) )1/3 <1 5
T - g*s,SM(Tdec)

Dark sector is “colder” than SM!
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Dark, cold, and weak GWs...

Recall @ parameter: FOPT latent heat over radiation energy

T2 SM sector
4 rr4
a = AVegr/ %(g*,SMTn + 9. Ty*)

Dark sector
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Dark, cold, and weak GWs...

Recall &« parameter: FOPT latent heat over radiation energy
2 SM sector

~ 4 14
a = AVeff/ (g* smIn + g*T )
~ 144 Dark sector
n 10-6 Impact Iof the pha‘se transmlon param?ters on th‘e GWB sllaectrum
T ! NANOGrav 12.5yr 3
n_a<1:a“€n’ o a L)“/
GW spectrum at production S 1} T _
* 1 dpgw 2 8 10-12F
Pc d lng ) - BKngmann et al,]
Sound wave scaling bod o o N\2306.094115
10 10 10 10 10 10 10 10
. — . f/Hz
« &, ~1/2yields a 1073 suppression
AT (Ke-Pan Xie) AL HTAT 2 AR K27
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Dark, cold, and weak GWs...

Recall @ parameter: FOPT latent heat over radiation energy

T2 SM sectoi .
a = AVeff/ (g* smln + g*T, )

~ 142 Dark sector
10-6 Impact Iof the pha‘se transmlon param?ters on th‘e GWB sllaectrum
T ! 3 a NANOGrav 12.5yr 3
n_T_<1:>aOC€n' 107 M
n L ]
GW spectrum at production S 1} T _
* —_— 1 dpgw 2 8 10-12F
= X a® o« ¢
sW dlog f " - |
Pc 8 1 oot Bringmann et al,

2306.09411]

10712 10-11 1010 10*9 10*8 107 10 6 105

Sound wave scaling

« &, ~1/2yields a 1073 suppression

T gec én
= =
Increasing

portal = enhanced!
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Our main result

1. Select the parameters of the dark sector: {m, v, gx}.

2. Vary the mixing angle 8 and consequently 4; =

m?,—m?

6.

* Benchmark: my = 8.46 MeV; vy = 42.5 MeV; gy = 1.01

Decoupling temperature of SM & dark sectors

er—

\ 104?_},..

Vo
|| >\,.._4
3 da
> 102
S 5 /5
. 7 5
o 12k 7
< 5=

N

A

0.0 0.2 04 0.6 0.8

Mixing angle 6/107>

$n too small and hence (g, < &8 weak

AT (Ke-Pan Xie) Jb 50 AT 25 Wit R K2
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Temperature ratio
TI
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Our main result

1. Select the parameters of the dark sector: {m, v, gx}.

m¢,—mh

2. Vary the mixing angle 8 and consequently 4; = 6.

* Benchmark: my = 8.46 MeV; vy = 42.5 MeV; gy = 1.01

Br(h — inv.) < 16%; at 13 TeV & 139 fb~! LHC
ATLAS-CONF-2021-053

104= TTTT[TITT TT TTTITTT ! 1 _‘1.0
: / S ' :
> 1 =
% T2 /g’-r/ IS
= 10 i 2 il 203
é) E 5 2 : :z‘ :
= o B B ] W
8 ek BT B i = oo
SZ S e
- o 1 :LTJ
< 1
- SARN i -
101‘ 1 1 H0.4
0.0 0.2 0.4 : 1.0

Mixing angle 9/10 -3 \Allowed by all constraints

(including BBN) and explains
L I f SN1987A (NN — NN
ngrwﬂlg?qu)salttglar!m:'lgr% JgAP og E(;)oa zgzo ~ 2 the nano-Hertz GWs
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Our main result

1. Select the parameters of the dark sector: {m, v, gx}.

. . md,—mh
2. Vary the mixing angle 8 and consequently A, & ———

* Benchmark: my = 8.46 MeV; vy = 42.5 MeV; gy = 1.01

Projection: HL-LHC: Br(h — inv.) < 1.9%lde Blas et al, JHEP 01, 139 (2020)]
CEPC: Br(h N inV.) < 0_26%[Tan et al, CPC 44, 123001 (2020)]

1 71.0
> < 3
tHL-LHC > .
1 () ES -
i < 3
,-/Br/i T3
: = = 0.8
1 ) > .
i > = . =
. : - SR
1 1 o) o) .
= = = = 06
7 s G =
- ‘crpc i < ]
o - .
10! : 0.4

0.0 0.2 04 0.6 0.8 1.0
Mixing angle 6/107°

Could be reached by future particle experiments!

T (Ke-Pan Xie) b Bt i s fiii KoK
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Summary of benchmarks

mg [MeV] | v5 [MeV] Jx Ormax/107> a f/H, | T, [MeV]
BP1 8.46 42.5 1.01 0.849 0.309 11.2 9.56
BP2 9.16 47.9 0.981 0.955 0.269 9.17 11.2
BP3 23.0 147 0.892 2.93 0.523 12.3 24.3
BP4 31.6 133 1.13 2.66 0.684 16.8 23.9
104 g 55 i WM | RAARLRALN T 1§l.0 10*grrrrrmeem g vid s ik T T E1.0
> 107 \ :fz/ 2 ﬁ; Jos % 103 \ B Jos
D 102 b7 —_ 151 = J0. 2102 0.
S C \-_5\%_;06 AP e
e F] 5 s o :
10" Mot b lovnnn, TP Mo H0 4 10" et viienns Livwvbiuns P AT T 10.4
00 02 04 06 08 10 00 02 04 06 08 10
Mixing angle /107> Mixing angle /107>
10" grrereeyes R reverr reverr reverr g1.0 10 gy e revr revr rrT A1.0
2 10° % 40.8 2 10} 408
3 —~ 3 g g :
2 102 Ve \50.6 = 102 T \30.6
10" Hatuny i ---mmmim 10 Hasue SR T L T TP g0.4
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Mixing angle 6/107 Mixing angle /107
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Closing remarks

A boiling Universe explains the recent reported nano-Hertz GWs

NANOGrav
15 yr data

.,\

Data Release 1
(estimate)

If the dark sector couples to SM
via Higgs portal,

Then the FOPT explanation can
be tested by h = ¢ — inv.

at the LHC and future CEPC, ILC

and FCC-ee! Th@[k{ Mlg

HFTHY (Ke-Pan Xie) AL AT S i R K2 22




Backup: gravitational waves

Gravitational waves Electromagnetic waves
General relativity Maxwell equations
' 1 81 W — _Ju.
Physics Ry — ngR -7, avaFFW - JH;
Mp, v —
Source Mass & energy Electric charge
Property Tensor hy,, = gy — Ny Vector 4,
Transverse wave, propagationin c
Polarization "M
Multipole Quadrupole
Astronomy 277

AR (Ke-Pan Xie) Jb BT S Wi R KA~
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Backup: potential

Joint potential
V(S,H) = pp|HI* + p2ISI1> + A HI* + AlS|* + Ans|HI?|S|?
The mass coefficients

1 _ _ [V
Ui o = -2 [m,zl +m3 F (mj —mp) (cos 20 F ( : )sin 20)]

er
The quartic coefficients
Ay = 41]1§W |my + m§ — (m§ —mj;) cos 26|
Ay = 411252 |mp + m§ + (m§ —mj;) cos 26|
Aps = Zv:,\,vs (m% —mp)sin 26

Input parameters:
* Higgs mass my = 125 GeV and VEV v, = 246 GeV
* light scalar mass my and VEV v, and h-s mixing angle 6



Backup: thermal potential

One-loop thermal potential

Vert(9, T') = Vo(@) + Vew(@) + Vr (o, T')

Coleman-Weinberg

M M¢
Vew(@) = Y P <log #(4’) Ci>+VCT
i=¢,A, R

One-loop thermal correction

4 2
Vr(p,T') = Z el ]B(Ml (9)

2772 T'2
i=¢p,n,A’

Thermal integral Jz(y) = fooo x2dx log (1 — e‘\/x2+y)

2 2
Field-dependent masses Mé () = —% (1 — 3%), M7 (@) =

m
—7 (1 — ¢_) and M, (¢p) = gx¢
Coefﬂuents Ngna' =1,1,3and Cy 4o = 3/2,5/6.



Backup: calculation of FOPT & GWs

3/2
21tT

FOPT criterion I'(T) ~ H*(T) [Bubble nucleation]

S5 21 1 45  Mp 190
T, %%\ an |mg. (T T, | T

GW spectrum at production

Kewa\2 [ B
Qewn(f) = 1.59x10 1 x, (1:V_Va) (—)

7/2

3
% (fsiw) (4 n 3(;/fsw)2)
GW spectrum today

1
0 2 =
gw(f)h p.dlog f

4/3
x ( g*s,SM(TO) ) / Q (@ f)
g*S,SM(Tn) + gi,s (T,»'L)fﬁ sWIt\ a

ST (Ke-Pan Xie) db BT 2SR K2
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1.238x1075(g, sm(T) + gL (TER)
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Backup: NANOGrav fit for new physics

10716
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