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The standard model of particle physics
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Some problems of the standard model

)\('v)

* triviality AQ) = 1 o8 ZA(0)
— 3 log

* hierarchy problem | D w0 &
mh%mtree—Sz)\A+629A +~16——2~)\A

2
~m2.., — (200 — 20 — 10)(125GeV)? (mzj}ev)

* too many parameters

* existence of dark matter

* smallness of neutrino mass

* matter/antimatter asymmetry
* vacuum stability

The SM may NOT be a final theory.
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Inferred properties of dark matter

@ Dark (electrically neutral): no light emitted from it

@ Nonbaryonic: BBN & CMB observations

@ Long lived: survived from early eras of the Universe to now
@ Colorless: otherwise, it would bind with nuclei

@ Cold: structure formation theory

@ Abundance: more than 80% of all matter in the Universe

Ppy ~ 0.4 GeV/cm® near the earth
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Standard model (SM) of particle physics

SU(3)s xSU(2); x U(1)y gauge symmetry
Spontaneous symmetry breaking of the Higgs field

= Electroweak symmetry breaking & generating fermion masses

Leptons
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Colorless
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Nonbaryonic
Colorless
Electrically neutral

Long lived
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Nonbaryonic
Colorless
Electrically neutral
Long lived

Massive




Nonbaryonic
Colorless
Electrically neutral
Long lived

Massive

Hot DM: neutrinos
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Nonbaryonic

. Colorless
Electrically neutral
Long lived
Massive

Hot DM: neutrinos
Cold DM: none




WIMP miracle

The relic density of dark matter can be calculated by the Boltzmann

equation: n, +3Hn, = —(0ayv) [ni — (nEQ)Z]
,  IX 10727 cm?® s71
= Qxh ~
<O-annv>
Observed relic density S 1{5 (HS)ImU 1000

U 10~4 my=100GeV 1 g
-6
(Tannv) ~ O(107%%) em? 57 °

dann 10—8
Typical value of weak interactions Y jo-10
U 10—12
10— 14

Weakly interacting massive particles w16 £

10
(WIMPs) are wonderful candidates T (GeV)

[Feng, arXiv:1003.0904]
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Thermal Dark Matter

DM freeze out, m, = 100 GeV, g- =86

107 g Raans
Conventionally, dark matter (DM) is ol E
i - ; 4 102
assumed to be a thermal relic remaining o9 L
1 “ -10 [ - 1
from the early Universe <10} N L YT
I} _ r ]
' . Ny 10 3 \&____ (ov) = 3 x 102 cm¥/s i
DM relic abundance observation o2 | T 1
E 3= 10" 2
r ' = 10
- Particle mass m, ~ O(GeV) —O(TeV) 107 \ Equilibrium 1108

Interaction strength ~ weak strength

“Weakly interacting massive particles”

“WIMPs”

Q Direct detection for WIMPs

No robust signal found so far

—_—

WIMP-nucleon og; [em?]

Great challenge to the thermal dark

d. 10 II Illllllﬂlz II III”IIOS II III”II[]‘!I
matter paradigm WIMP Mass [GeV/c?]

[LZ Coll., 2207.03764]
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pseudo-Nambu-Goldstone Dark Matter

[Gross, Lebedev, Toma, 1708.02253, PRL]

Q\h Standard model (SM) Higgs doublet H, complex scalar S (SM singlet)

'/ Scalar potential respects a softly broken global U(1) symmetry S — ¢'*S

2 2
; N A A
€ V() symmetric: Vo = ~EXH|? - BXIS1P + TEIH + TS+ Aus|H ||

/2
’ Soft breaking: V. = —'uf S? 4+ He.

Veott is special, and it can be justified by a proper ultraviolet (UV) completion

!

Q\M H and S develop vacuum expectation values (VEVs) v and v
1 0 1
H — . S — ——= | Ug 3
—}\/ﬁ(Uth) \/ﬁ(b + s+ 1)
’("p The soft breaking term Vs give a mass to y: m, = s

3¢ The DM candidate Y is a stable pseudo-Nambu-Goldstone boson (pNGB)

Rotate CP-even Higgs bosons /. and s to mass eigenstates /11 and /o

h\ [ cos@ sinf hi 9 1 2 9 Asv? — Agv?
(.s) - ( sin f# cos 9) (:’12) Mk = 2 (AHL T Asvs F cos 26




DM-nucleon Scattering
[Gross, Lebedev, Toma, 1708.02253, PRL]

DM-quark interactions induce DM-nucleon scattering in direct detection

‘§* DM-quark scattering amplitude from Higgs portal interactions

2 2 X X
MgSeCo mj mj, ~. .
q 1 2 ~ -
M(xqg — xq) x ( 5 5 ) ~. -7
I

VU t—m hy t—1m ho
|
hi,hy ] k—=0 =0

_ MgSeCo t(mil — -mig) //'\\
vvs  (t— m%l)(t — ?71;'212)

q q

’gn; Zero momentum transfer limit t = k% — 0, M(xq — xq) = 0
_ DM-nucleon scattering cross section vanishes at tree level

"/ Tree-level interactions of a pNGB are generally momentum-suppressed

One-loop corrections typically lead to rr?x < O(107%9) ecm?

[Azevedo et al., 1810.06105, JHEP; Ishiwata & Toma, 1810.08139, JHEP]

. Beyond capability of current and near future direct detection experiments



The tree-level Feynman diagrams for scattering of the dark

matter y on the SM fermions f involve the t-channel exchange
a single hy or ho:

%‘ ”x %\ Y,

. -
g X s

AN

The interaction operators relevant to this scattering are:
hox?. hiff, hoff

Let us figure out their coupling constants in this model.
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There are only two terms in the potential V' contributing to the
effective operators hjy? (i = 1.2):

AsVs o

AS 4 AHSV
— 1S SY“.
D 5 ISIT D s

2

V > Ays|HI?|S|? D

AgV AV
S SSXQ HS

h2
2 2

= LDOD-VDO-—-

1
5)(2 (AHsV )\sVs)(
15 Co So\ (hi
e e (% 5)(0)
1
2

—— ()\H3VCH — )\31/5349),71 X2

1
E()\HSVSQ + AsVsCp) hox?
1 mss, 2 o 1msc

= _ ho\?
2 Vs 2 Vs 2X




From the interactions we can read off the Feynman rules:

’/?‘C mzs /7( )
h{ "“---.‘\ =i :} &7 hl -*h_-“\ _ Imzclg
\\ § \ VT
X x
We have used the relations:

2 2
AHSVCy — AsVsSy = — J, . AHSVSy + AgVsCy = 5
S S

( S -%)(»\m MW\(a s\ [
SRR VAV PRV | q)‘( m:)
— (Cﬁ ‘Su)()tw" A VAL g m2 & -5
AT Y. ) _( m)( )
74

AL Y,

\
(% f\us‘\"'b&'-’s—)wfs,) 5
x o AV tAYG (ﬁ mice)
—> {Am"""‘éfo-,\‘f% =-ms
AV 5+ AN G = i .




Considering the Higgs-fermion interactions in the SM

me -
LD —Xf: hif
together with
h\ _ (¢ So\ [ _ |
() . (_59 ) (h) ~ h= o)+ hes,
we have

LD — Z %(’H Cop + thQ)?f
f

from which we can read off the Feynman rules:

¥ h f
}‘{ "“‘{‘—“- --i%f-fﬂ ok = 'i-%tsa
f f -



Thus, the tree-level y + f — \ + f scattering amplitude is

IMIx(ki)+ f(p1) = x(k2) + f(p2)]

m; i .m2sy

= U(p2) ( ’VCH) U(P1)q2 2 v
1

U(po) (_,.'mfse) u(pr)—, i (_imgce)

v q- — mg Vs
2 2
_ M¢Cy Sy m; ms
 u(pa)u(pn) " - )
Ws \q?—mi g% —m;
— M¢Cy Sy t(m%’ mg) t—0,
where g = ki — ko = po — p1 and t = g°.
X . /,»PC X - K
oYk e

-



The previous calculation can be written in terms of matrices.
The Feynman rules in matrix language are

» Propagator j - fm-z
(N hl>>:(tK ; =(J° ' .;,\

3 t-ng
» Vertices
NI T s R A X
d,ij < Vo }l'% 2 Y }sz s e ) M G
il G ey
=1 (_”_"L.?E. _mig [ E j : ]
ﬂkfs » 'Va ;11 ' (r)
h
|
ib"%%(hmﬁhsﬁ)ﬁ }(h., hz)\



mLS.a B Mifu)
S ? /v_r.

-

Y

)« )
0/7/‘\ - “ia( 3)

Thus, the tree-level v + f — \ + f scattering amplitude is

iM = (mzfg —méscg) (r}?‘z i ) (—i"") (Zz) u(pz2)u(pr)

t—m3
- M¢Cy Sy m% mg t—0
= iu(p2)u(p1) 2 2 —0
VVs t —mj [ — m3
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We can also calculate in the interaction basis (i.e., in terms of

the states h and s). The Feynman rules in this basis are

B 00

:O(T) Ch $)=Ch +>HO"
N

o < I s)> o< G m>o
» Propagator
o( L)o
=3

l » Vertices
4> ~Z AV hat =L kY sy XX
=3 (b, 1)} Y == Oy, h)
S (},)
iﬁ#%%}'ﬁf :‘(A,s) |
=-ZFF G, o) Skl (0)
Fv BN ¥ f
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‘H - (/\Hsv /\541/)

JO (h, 3>

U | -u('f;)

I

iM=—i(Aysv AsVs)O (tmﬁ j ) O (i) (8) u(pz)u(p1)

2
t—m2

1

=0, M g u(pz)u(p1) (Awsv  Asvs) O (mﬁz ) o' (g})

1
m;
. _1 1
= [—U(p2)u(py) ()\HSV ASVS) (Mezven) (0)
om 1 AsVE  —ApsWs) (1
=i U(p2)u(pr) (AHsY  AsVs) det (M5,en) \—AHSVVs ApVe ) (0)
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o0 My U(p2)u(py) AsVE  —Auswis) (1
IM > AusV  AgV. S
vV det (Megven) ( HS S S) —AHg WWs )\,f_,rV2 o)

_.my u(p2)u(py) 1
="V et (Mn) © 7 (o)

=0

Once again, we see that the tree-level y + f — \ + f scattering
amplitude vanishes in the limit of zero momentum transfer.
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pNBG DM and Two Higgs Doublets
[XM Jiang, CF Cai, ZH Yu, YP Zeng, HH Zhang, 1907.09684, PRD]

%ﬁ Two Higgs doublets ®; and ®, with Y = 1/2, complex scalar singlet 5
./ Scalar potential respects a softly broken global U(1) symmetry S — e'*S
 Scalar potential constructed with ®; and &2
Vi = mi|P1]* + m3a|®a]® — mis (O] Dy + OIDy) + %|(I)1|4 + %@grl
20l P[0 Al B[Pal* + S [(@]2)? + (Bh1)?]
) U(1) symmetric potential terms involving S

: A .
Vo = —mz|S|* + 7S|5|4 + r1|P1%S|? + ra|®2|?|S|?

’ Quadratic term softly breaking the global U(1): Vg = —mTSS + H.c.

/ ®1, @2, and S develop VEVs v1, v2 and ws

oJr c{ L, vs+ 54y
By — Doy — | ). Ss=
(v1 +p1+n;1)/\f (va + p2 +in2)/ V2 V2

Y is a stable pNGB with m, = m/, acting as a DM candidate

N



Physical Scalars

Rotations of charged scalars and (' /’-odd scalars:

¢1\ _ (G m\ _ pya (G o [cosB —sinf L, U2
(ﬁb;) R('lj))(H_" ’ 712 = R(p) a |}’ R(B) = sinf3 cosfp )’ tanlﬁ_vl

‘ G and G are massless Nambu-Goldstone bosons eaten by W+ and Z

3 H=* and a are physical states

; P1
vl - l 2
- Mass terms for (' P-even scalars Lpass O ~3 (,01, 02, S)Mps 02
5
Alv% + -m%g tan 5 Aggsviv9 — m%g K1U1Vs
2 2 2 2 _
Mo = | Asgsvivz —mis Aavs + miscot B rovavs |, Azas = A3+ Ay + As
K1U1 Vg KolUoUg Agv?
P1 h1
— 0| h OY M2.0 = diag(mi,.m3z.,,m3.) < <
p2 | = 10 |, 20 = diag(mp,, Mhy, Mhy ), Mhy < Mhy < Mpy
S ha

/ One of h; should behave like the 125 GeV SM Higgs boson



Four Types of Yukawa Couplings

/ If all fermions with the same quantum numbers just couple to the one same Higgs
doublet, flavor-changing neutral currents (FCNCs) will be absent at tree level

[Glashow & Weinberg, PRD 15, 1958 (1977); Paschos, PRD 15, 1966 (1977)]

%, Yukawa interactions for the fermion mass eigenstates

3
Ly= Y [mfff - (Z & hiFf + f;zfafiw.af)]
f:ej:dj:uj ; =1
2 7 - - U3 —
— £ [HJF(:’;Q me; v, Prt; + {ij md; Vz'j'l_,{.ipﬂdj + Eo My, V;;j'u.iPLdj) + HC}

()

Type | Type |l Lepton specific Flipped
f;i 02/ sin 3 O1i/ cos 3 O1i/ cos 3 02/ sin 3
gfdlj O2;/sin 3 O1;/ cos 3 O2; / sin 3 O1i/ cos B
;:f (Og; / sin 3 s/ sin 3 Os; / sin 3 O2;/ sin 3
fij cot 3 — tan 3 — tan 3 cot 3
& jj cot 3 —tan 3 cot (3 —tan 8
o —cot 3 —cot 3 —cot 3 —cot 3




Vanishing of DM-nucleon Scattering
") Take the type-l Yukawa couplings as an example Py

3
: . : 1 2
.. Higgs portal interactions £, ,2 = 5 2_1 Ghix2 iX

Gh;x2 = —K1v101; — k2v202; — Asvs03i //\\

DM-quark scattering amplitude

e | _ 2 _ 2 _ 2
vsin 3 \ t my,, t —my, t—mj,
mglg
t—0 m _ T
5 - (ﬁ:lvl KoV )«s-vs) O :r’n,h2 O
vsin 3 2 _
my,.
0
T 2 . —1 )
= - (f-{.ltfl KoU2 /\s'?_.-‘s) (M3s) 1| =0
vsin 3 :

Interaction basis expression



DM Relic Abundance and Indirect Detection

DM relic abundance, Type-| Indirect detection, Type-|
10° 10 1042 107
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@ Planck observed DM relic abundance Qpaih? = 0.1186 =+ 0.0020
[Planck coll., 1502.01589, Astron. Astrophys.]

) Colored dots: €, h? is equal or lower than observation
' Colored crosses: v\ is overproduced, contradicting standard cosmology

44’ The parameter points with 1, > 100 GeV and Q, h* ~ 0.1 are not excluded by
Fermi-LAT and MAGIC - ~v-ray observations of dwarf sphermdal galaxies
[MAGIC & Fermi-LAT, 1601.06590, JCAP]



Gravitational Waves from First-order Phase Transition
[Z Zhang, CF Cai, XM lJiang, YL Tang, ZH Yu, HH Zhang, 2102.01588, JHEP]

f»}". The discovery of gravitational waves (GWs)
by LIGO in 2015 opens a new window to new

physics models

ighp Introducing new scalar fields may change the
electroweak phase transition to be a first-order

phase transition (FOPT)

3¢ Cosmological FOPT may induce a stochastic
GW background with f ~ mHz

.~ Potential signals in future space-borne GW
interferometers like TianQin, Taiji, LISA, BBO,
and DECIGO

=) However, the original pNGB DM model can
only result in second-order phase transitions
[Kannike & Raidal, 1901.03333, PRD]

() The situation may be different in the 2HDM extension of pNGB DM



Effective Potential

,j Different local minima in the effective potential V.s of the scalar fields

. Different phases .~ Phase transitions

# We assume that only the C'P-even neutral scalar fields (p1, p2, s) develop VEVs in

the cosmological history

First order phase transitions
10 T I ]

4) As a function of the classical background
fields (p1.p2,5) and the temperature T,

#,T)

Vett(p1, p2. 8, T)=Vo+ V1 +Vor +Vir+ Vb J -

17

D Tree-level potential 1§

- . )
@@ 1-loop zero-temperature corrections V;

@ Counter terms Ve for keeping the VEV positions

and the renormalized mass-squared matrix of the C'P-even neutral scalars
‘ 1-loop finite-temperature corrections Vip(1")

% Daisy diagram contributions V(7') beyond 1-loop at finite temperatures



Temperature Evolution of Local Minima

jl{' T . . P
) We utilize CosmoTransitions to analyze the phase transitions

) At sufficiently high temperatures th the only minimum in the effective potential
is the gauge symmetric minimum (p1, p2,5) = (0,0,0)

( As the Universe cools down 7\, extra minima may appear

‘ Multi-step cosmological phase transitions typically occur in this model

. If there are two coexisted minima separated by a high barrier, a strong FOPT

could take place, resulting in stochastic gravitational waves 4

. At last, the system is trapped at the true vacuum (p1, p2,s) = (v1, v2, vs)

Minima at axis (T} Minima at axis w(T) Minima at axis v.(T)
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E TunT, 7T, ] Ty Ty 1T, ] F 7T, T ]
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Type
vg (GeV)
m, (GeV)

miy (10 GeV?)

tan 3

m g+ (GeV)
(Jﬁnn ”) dwarf
(10726 cm? /s)
v
B~ (1072)
T (GeV)
SI\RLI}:A
SNR Taiji
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Benchmark Points (BPs)
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| |
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. Gravitational wave spectra, v, =wvgy
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~/ For a practical observation time

T, the signal-to-noise ratio is

Ffmax QQ (f)
SNR = / _GW 2
\/ min “v"-l"h f) f
iﬂfl\ Take T
TianQin

= 3 yr for LISA, Taiji,

"8 The detection threshold can be
chosen as SNR,},, = 10



Peak Amplitudes and Signal-to-noise Ratios

Type |, GW peak amplitudes, v, = vc; Type Il, GW peak amplitudes, v, = vc;
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«¥ The colored points leads to SNRysa > 10, promising to be probed by LISA

:i% Based on current information, the sensitivity of Taiji could be similar to LISA,

while TianQin would be less sensitive due to its shorter arm length

@ Far future plans aiming at f ~ ©(0.1) Hz, like BBO and DECIGO, may explore

much more parameter points
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