Effective field theory for
electroweak and dark matter phenomenology
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The standard model of particle physics
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Some problems of the standard model

* triviality A(Q) = _
1— % log %/\(fv)
* hierarchy problem
yP mi ~m2._ — %A3A2 + 16%921\2 + #)\21&2

A 2
~ m2.  — (200 — 20 — 10)(125GeV)?
mt’r’ee ( )( € ) IOTGV

* too many parameters

e existence of dark matter

* smallness of neutrino mass

* matter/antimatter asymmetry
e vacuum stability

The SM may be just an effective field theory.



Effective field theory and the rho parameter



Gasser-Leutwyler QCD chiral Lagrangian for pseudoscalar mesons
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£ = FT (D UDMUT + xUT 4+ UxTY + hoD,0D"6

xX=2B(s+1ip), (X)=tr(X)
DU = 90,U —i(vy + ay)U + iU (v, — ay)

Count the external fields as
920(1)7 ”UM,CLM:O(]?), Sap:O(pz)

cw=4a (D UDMU)2 + %(DMUDUU)(D“UD”U)

3, 04
‘|‘4<XU + Ux')? +4

+...

(D, xD"UT 4 D, UD!xT)



Electroweak chiral Lagrangian without the Higgs boson

i T — O 1) . T o T3
[Appelquist, Wu. 1993] DU = 9,U +igz - WU — ig U B,

T = U Ut V., = (D, U)UT
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Another equivalent formulation of electroweak chiral Lagrangian

Building Blocks

Instead of using the SU(2),; covariant & U(1)y invariant [H.H.Zhang, Q.Wang. 06]
building blocks T = Ur3U', V, = (D,U)U", etc., we use the
SU(2), invariant & U(1)y covariant building blocks as follows

7-3 . Xu. = U-‘-(D,u U) . g1 B,u..r/ .
W, =Ulg" “wa U

g
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where the explicit terms are given as
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Electroweak radiative corrections can be categorized into two classes

Direct corrections (vertex, box and bremsstrahlung corrections)

Oblique corrections (gauge boson propagator corrections)

Oblique corrections can be treated in a self-consistent and model-independent
way through an effective lagrangian to incorporate a large class of Feynman
diagrams into a few running couplings [Kennedy & Lynn, NPB 322, 1 (1989)]



Electroweak obliqgue parameters

[Peskin, Takeuchi. 1991]

S = 462155 (0) — 55 (0)],

€ 2

A= I1;1(0) — II33(0
aT chQ?’nZ[ 11(0) 33(0)]

alU = 4e? 113 (0) = 1155 (0)]

N\A.O\N\, Y =ie’llyo(p*)g"” + (p*p” terms)
W\OVW = —I'Ill(pz)g’“ + (p"p” terms)

%) —shTgo(p?)]g"” + (p'p” terms)  Peskin

o a0(p?) + s Mgo(p?)1g"” + (p*p” terms)




Electroweak Chiral Lagrangian & Oblique Corrections

Three most interesting terms:

1 1 —— 1 57
£ = 1BPIEXE . Ly = ta@iBut (W) . Lo = Laoli (W )

2 4
They are related to the oblique electroweak corrections by

d

S = —16m——MN3p(q° = —167a
T P 38(9°) s oy
e? ,
al = Czszm%(nn(o) — M33(0)) = 254
d
U= 167——(M11(q%) — Nas(q?)) = —16mag
dq q2:D

where « i1s the fine structure constant, while ¢ and s are cosine
and sine of Weinberg angle respectively.
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Electroweak chiral Lagrangian with the Higgs boson
and the oblique parameters

p”2 order terms include: O, =a,(H'D,H)(D"H'H)

N 1 .
p 4 order terms include: O,, =a,,(HW*c*H)B"

uv

Oy =ty (H'W,, 0 HYH'W™ c"H)

v
uv

1 1.
%(H*W;VJ“H)B“” — S, F(HTDPH)(D“HTH) — T, F(HTW” c'HYH'W"™c"H) - U
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The Veltman p parameter p =

m%cos26yy
. J7)z,u
measures the relative strength of the neutral and charged currents I
7]

An arbitrary number of Higgs multiplets ®; with isospin I;, third component Il-3,
and vacuum expectation values v; for electroweak symmetry breaking:

il i+ 1) = P v?
2 Zi(lf)zviz [Djouadi, hep-ph/0503172]

p = 1 for an arbitrary number of doublet and singlet Higgs fields

(because the model has a custodial SU(2)y globlal symmetry in this case)

Standard model (SM): p = 1 at tree level



The experimentally measured value for the p parameteris extremely close to 1,
putting stringent constraints on many new physics models

From the electroweak global fit, py = 1.00037 + 0.00023 [PDG 2016]

Here po = m{,/(m%E%p) describes new sources of SU(2),. breaking that cannot
be accounted for by the SM Higgs doublet or m; effects

It has been argued that the p = 1 relation is naturally valid up to electroweak
radiative corrections in a large class of models in which the Higgs sector has an
unbroken SU(2)g globlal symmetry, the so-called custodial symmetry

Therefore, even for strong dynamic models, such as technicolor models, a
custodial symmetry can protect the p = 1 relation to all orders of interactions

[Sikivie, Susskind, Voloshin & Zakharov, NPB 173, 189 (1980)]
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Custodial symmetry in the standard model

SM scalar potential V = —u?HTH + A(HTH)? is a function of HTH

Viewpoint of an SU(2)R globlal symmetry:

e

.l.
(H4);= (?{1 ), Ais and SU(2)g indice

i

tensor language

1 .
H'H = —ESABSU(}[A):'(}[B))'

Viewpoint of an SO(4) global symmetry (isomorphicto SU(2);, X SU(2)R):

T ((91 t i,

FIr — a2 2 2 2
<P3+i<p4)' H'™H = @i + ¢35 + ¢35 + ¢}

The custodial symmetry is explicitly broken by the Yukawa couplings of fermions
at loop level.
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Custodial symmetry in the SM in matrix language




HOETE)] = 2000



Relations among the rho parameter, the oblique parameter T,
and the electroweak chiral Lagrangian

o—1=al =28

Usually it is obtained by the 1-loop Feynman diagrammatic
calculation.

In this work, we propose a simple nondiagrammatic calculation
method.

H.H.Zhang, Eur.Phys.J. C67 (2010) 51-56.



What are used in this method?

exp(i Sew|[U. Wi, B, ])

* path integral _ ;
=fD1/fDl/f exp(i Serr[U, Wi, Bu. ¥, ¥/])

 electroweak chiral Lagrangian Seit[ VL VO e e ]
e MmUY T e

:f(ﬁ,rlj_fg(ifﬂ-i—ﬁ-l—(/f)/s — 5 —m)Ye

* Schwinger proper time method
Re Trin(D + m)

2
——Algnoof(14 f @ p—om? tre, £ {x|e” —TE=VI )

_ g b, A
e Consider the scalar source s as pM0 order  vleEfilEpre
A I, MeETRA A
rather than p”2 order. trf(sa,sa™) b,

E A HifESeely Dewitt B+ 5 H X 7 i) | »
SR, TR rho B tr | (dys)(d"s)]
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Hypothetical heavy fermions:

U
VU = (D)L ~(2,0),

1
DR"‘" (1,—5)

Seit[U. WS By . /|

— f d*x {1,7;,5 (fa — gQ%W”)ﬁfL

+ dfﬁ:(fﬂ - el—ﬁ)ﬁfﬁ

— (VLUM g + @RMU%WL)],

M = diag(my, mp)
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Ux) = Vi(x)U@x)V,(x),

exp(i Sew| U, we, B,.])

_ f DYDY exp(iSe[U. W, By, i, ]).

Chiral decomposition: U(x) = gz (x)ER(X),

£L(x) = h()EL(O) V] (1),

ER(x) = h(x)ER(X)V (),
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Ve (x) = PLEL () YL (x) + PRER(X)YR(x),

¥

] ¢ T Té
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1 7 3 g T—BV{}-)(«’C)E%'
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81

T wa -
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I

tr(sa,sa') —ZA.if;'*:eztr(ﬂ:?‘X:u )tr(rBX‘“‘)

+ %Amztr(XﬂX“),
tr[(dﬂs)(d”.s)] — —tr[sdﬂ (d“s)]
| n.
— EAH’IEU‘(TBX#)H‘(TJX’U)

— Amztr(XHX‘“)
where

dﬂ f= 8# f— E[U,Ua I

¥ l o
:ER(aﬁsF)ER+ER(§X;t +58178,u)F‘§R

1 . T3 -
+ERF(_§XM — fgIEBu)ER

= &g ! (D, F)+ %[XH, F] }ER for any chiral rotated field f = &g Fg;é
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ESEW[U, Wﬂ, BH] = In Det(D + m)
= Trin(D + m)

where D=§J— iy —idys —s

Re TrIn(D + m)
I .
— ETrln[(D' +m)(D + m)]

x dr

_ i
___ lim fdfil f —[I‘f fi (x|e (D +m}{D+m}|1)

2 A—o0

Schwinger proper time method
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(D" +m)(D4+m)=E —V?*+m?

where

L= —=2ms — 2!!?1;?&}/5 —I_ i[}/ﬂ, }/U:IR:(“;

+yPdys +iy*s, auys + %,
V=0, —1v, —tia,ys.
R,, =i[V,,V,]

=V, + dya, —dya,)ys —tla,.ayl.
Viw=1ld, —iv,, 0, —iv,]

= 0, vy — 0V, — 1]y, vy].

d‘uS — 8‘[15 - E[UH’ S].
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Seely-DeWitt expansion

(xle"TE=VIx)
| | E
~ T672 { 2 T
+ (382 2[00 [V B - 5 Rk )
2 12
+ r(—éE" + %([Vﬁ (V¥ EJ|E
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T
__ g4
+ 24

|

(37)
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Re TrIn(D + m)

[ N, 4 , m?
351652 d ,tMﬁIme 4 —y—lnF — 38

X —%&mztr(rSXH]tr(IBX“)]

I 2\ 471,
+ 2(—}/ — lnﬂ) — g]—Amztr(r"Xﬂ)tr(r:%X“)}

A? 2
— Ne Am? ] (!4,thr(r3X )tr(rBX‘“) (50)
2472 : |
/ 1 . 3 2 N 2 3 2
Ly = zﬁ]]‘j[tr(r‘Xﬂ)] — 4}{2&;?1?[&(1' X,u)]
8, N. e (my —mp)? =1+ N, e (my — !?’19)2

967~ s2¢ M A8~ s=¢~ Mi
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Effective field theory and dark matter
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spin-3/2 WIMP can be described by a vector—spinor x4

rank-1 Rarita—Schwinger equations

(ia_M)()XM:Oa V,u,XHJ:O
where the spinor indices have been suppressed

4

-V ) 1 J
ZM?'(P)”; (p) = (p+MX)(Pﬁil . §Pﬁipplaypyg)

s=1

4

1
> P (p) = (p— My) (P“” - gPWP””ypyg)

s=1

PHY — g,uu . p,u,pu/pZ
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Minimal dark matter

42



CEFXAZ BB T
fEm= BE VI B FESPIRES,  “IEWMI” W HEZENNTZ R

Neutrino (excluded), sterile neutrino, right-handed neutrino, neu-
tralino, higgsino, bino, photino, wino, gravitino, sneutrino, pos-
sibly split or anthropic, right-handed sneutrino, scalar singlet,
singlino, Kaluza Klein LKP: gravitony, photony, neutrinoy, Zi,
7', axion, axino, B-balls, Q-balls, odd-balls, inflatino, quintissen-
cino, scalar condensate, Pseudo-Goldstone, ultra light PG, radion,
radino, modulus, modulinos, Planck relicts, quark nugget, encap-
sulated atoms, top bound state, shadow matter, mirror matter,
branon, branino, normal matter on folded brane or on another
brane or membrane or D-brane or p-brane, cosmic string, cos-
mic necklace, mini black hole, soliton, monopole, techni-baryon,
techni-meson, Chaplygin gas, fuzzy DM, WIMPzilla, familion, familin
CP pseudoscalar, preon, dilaton, doubly-charged lepton, degener-
ate fermion, Kination, H dibaryon, crypton, hiddenon, heterotic,
d-quark from Wilson lines, 4th generation, ...

A
B/ NREYIR

REH X PRV RRIERE: B/MNEYRER?
SARE 28 BYUEREM, BFAHEE
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&/ \EEYI B (minimal dark matter) 23!
[Cirelli, et al., hep-ph/0512090]

o 2 FLAN ) L R S R AR DR 1 K T

Add to the SM extra particles X + h.c. Search for assignement of quantum
numbers (gauge charges, spin) that give a as-perfect-as-possible DM candidate:

L

Cosmologically stable

Only one parameter: M
Lightest component is neutral.
Allowed by DM searches

A

A e X(@ip + M)X when X is a spin 1/2 fermionic multiplet
— OSM T |DLX|2 — M2|X|2 when X is a spin 0 bosonic multiplet

Simple because no other term is compatible with gauge/Lorentz invariance

EWSB induces a well-defined and non-trivial phenomenology. M fixed by Qpm. 42



&/ NEBEHIR (minimal dark matter) 23!
[Cirelli, et al., hep-ph/0512090]
o FEARERBIAYELA B gl A—> SU(2), XU(1),ZER
o 22 HAIE AT B E I TR E R T
o SSEEEIEM T ESERRELPHESER
o X ENSITERFEL n BB, HISTEXRRME
SEMZ ESSHERENTRAS, R RiEE
KT n25 PRE: n>7
X & —FEIR G FR M (accidental symmetry), Lt
NG 2, RERR M — 7 AR T E A
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« ZEHASM G AN ESRE A2 g, B, WREK
g, e —EH R A e A A BRI BIEm A, 1T LLgs
Hon B R

Majorana?iK+: n<5 SCkrE: n <8
A, MMEZESHBOKE AT F, IFEZE
fFEZMEMEAER, BLKAS Higgs UM EAER .
o %ﬁﬁﬁﬁﬁmamada, etal., arXiv:1505.01721]i§Eﬁ ’
CESHER YR B LIRS L 10°Gev
REbR AL Bt =18 B BHE R & -
o« TATHE—BHIT T A A IE LT T LR BE R R
RN Phys.Rev. D92 (2015) 115004

el
7y
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CESLIrE (I):%(A(S)’ AP AD A0 AED AR AEINT
2

S HE TR R 70 4 5 T

= (D ®) DrP

w

A(O) +Z A(Q) (D" AD) +Z (QeA* + Qgacw ZM) AL Q)'z,(':) A @)

Q=1

< <
— g, WHH(+/3 A(—% & A® 4+ V/5ACY; & AL 4+ \/EA(_l)j_@}p A©)
—goWH(V3AT?i0, AP + V5ATD9, AP + V6ADig, AW)

3
+(E A A" + gy 2, 2" + 2egaew A ZH) Y QPAD ALY

Q=1

+gaW W H6(AD)?2 + 11IADACY 4 SABIAT2) 4+ 3ABIALD)]
_QZ{W: (sw A" + cWZ“)(\/éA(O)A(_U + 3vBEAMAED 5\/§A(2)A(_3))

+W W HH3(ATY)?2 — VB0AO AT — VISAWATY] - hee.}
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HEET vV = (2HTH + m*®1® + A\(HTH)? + Ao (dTd)?

IV (D) /2t (a2 Tk £
FAa(HTH)(@10) +7 2 (Q1TT*®)? - X

Higgs sk i, 28 A timk 2L E AW KR & L.
A;},’U2
2

Hme>>m, I, —BEG RN ERE Ry

mg —mo = Q*°Am, Am = agmyy sin®(fy /2) ~ 167 MeV

2 2
m(]:m _|_

Az NS, WG 2E # E (relic density) ULIAEL % M. T
m, = 8.8 TeV (& R ERIEM M)
m, = 25 TeV (ERRERIFERMN)
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PRAERE LR 5 5 ) beta BREY

141 1 (19 1
SM _ 3 SM __ 3 SM __ 3
# T 1672107 e T 1672 (_F> 92 Po’ = 15 (105

1 9 9 17
SM 2 2
Y- — 8>
SM 1 2 4 4 2 3 2 . 2 9 2 2
X 24N — 6y, + < |29, + | g5 + = + A =995 — =9 + 12y;

167T2 8
A =25 TeV ALMALESLZIREZ 5] beta BE

1 14 -
ﬁglz 917692_ 92+1623g§’ 93_93’61‘/*_
SM 17

Yt

45
By = B3 o5 2)\3, By, = o ——[30X3 4 25 + > ;51 — 1445 \)]
1 51 153 9
Bry = T [12»\3 + 18X A3 + 435 + 5 Ashs + 3605 — A3 ( 5 g5 + 1091 Gyt)]

1 255
Bri = 16 [28893 + g A1 2400 - 144g§>\4] (REFEHE KR!
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Bt e AT

ST AL >0 X1 A <0
A >0, A >0,
Ao + Ay > 0, A+ 550 > 0,

As + 20/Aa + Ag) > 0. As +24/A (he + ZAg) > 0.

- 151 ,

Ar(AN)=-2 55

A(N)=2 I

10} I

Y E—

IgG—‘:V
= A2(A) = M(A) =0 BHIEM BB  ALp ~ 108 — 10° GeV
i Ao(A) = 2 M(A) = =2 (Rl ETFEN), ALp ~ 1010 GeV



7-3-5 A HY

NTRFFBIENR SRR, SININZEST A TFHALAN
LESHAKATY, '?Jc B SR ES &K E Yukawa FES

ﬁyuk — —V 15y@@jk5man’gklZR,mznfgmmignn’
_(yﬂ)abli L(Zb,R)inkEjk + h.c.

=“ESTHEATYEESE T type-lll seesaw Ll
XT beta pRIETHY 5200 .

895

0B, = _  opa A 2

B = 152 5 = 1o (=96y" +40y°\1)

Y — _ 54yt + 4002\ = Y 2 _ 9442
2002\

5By, = —2 22

1672
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BATRIL. y MBIZ)S g, MBIZNTRTA. 4y (IR
1/2

5 n=(T5") w0 WEH  AD=AR .

y (IERREB 4 7T g, B0 BRM L. 25 Ao VPR

WHYME, 28] HIEN SRR ~ 101 GeV

5 y(0) = 1.001y, = N\ + y(0) = 1.01y, \
-102 M35 p— 057 Gev __10? M35 — 1061 Gev
—lsi— Arp =~ 10 GeV i-”? Arp = 10" GeV t



FAUAT y FIWME, RRE S H B 2 10 Gev (I
(T BEW S RERs) ] H B A Aa e T A i v 2 A
SR s S RS 3

7plet+5plet+3plet (A4(\)=0.4)

7plet+5plet+3plet (A4(/\)=0)

0.06 Non-perturbative Non-perturbative
0.04
< 0.02
< 0.00
-0.02
-0.04 Non-perturbative Non-perturbative
-0.400 -0.399 -0.398 -0.397 -0.396 000 005 010 0.15 020 0.25
A2(N) A (N)
7plet+5plet+3plet (A4(A)=-1)
0.2
0.1 Non-perturbative
0.0
3—0.1
<702 Instable vacuum
-0.3
-0.4
-0.5 Non-perturbative

1.784 1.786 1.788 1.790 1.792 1.794 1.796
53
As(N)



ELRERM LSS LUX,  [R]RARM SE 56 Fermi-LAT. H45
A 8 PE AL 25 A5 15 2 2 2 PR |

30 BEREEAEE e e —
25 i Relic Abundance
: (with SE Effect) Vacuum Stability
20+ and Perturbativity
; N (7-3-5 Model)
@ I
= 15 i
é) : Relic Abundance
10k (without SE Effect) .
w
5F  Lux Fermi;LAT
—B ~1 0 1 2



Composite Higgs and dark matter

55



QCD and spontaneous breaking of chiral symmetry

1 a ~auv | = - u
EQCD :_ZG,UVG ! +W('/D/—m)§”, with W:[dj

Since m«1, the Lagrangian has an approximate SU(2), XSU(2),
global symmetry.

Strong dynamics leads to () =0 = SU(2), xSU(2),/SU(2),,x

L =f7tr[(8ﬂU)(8“U)]+thr(;(U++U;(+)+---



Technicolor

Technicolor is a scaled-up version of QCD (Weinberg 79, Susskind 79)
Tedipuk, U SUQ)  Sley

,\‘/L::(g>1_ ~ (\/ B I
U
& (D>R - 0
NoHiggs!  (TyN+4p = SUQZ_XSUQ)&/SUQ)HK

22 2 2\ 2
ATC ~1O3AQCD; Fﬂ ~ 24ﬁGeV, MV%/ = g F” ’ |\/|Z2 — (g +g )F7Z'

4 4



Techinfermion condensate could be a mixture of its
Goldstone limit and technicolor limit

SU(2)x U(1) breaking

9 su(2)xUl(l)
preserving

Dugan, Georgi, Kaplan 1984



Various symmetry breaking patterns

H C  Ng ry = rsu@)xsu) (Tsu@)xu()) Ref.
S SO(4) v o4 4=(2,2) 11
SU(3) x U(1)  SU(2) x U(1) 5 2112 + 1o @E
L Sp(4) v 5 5=(1,1)+(2,2) 29,47, 6-
[SU@2)?2 x U(1) v* 8 (2,2)10=2-(2,2) 65
SO(6) v 6 6=2-(1.1)+(2.2) —
Go EOT 7=(1.3)+(2.2) 66
SO(5) x U(1)  v* 10 100 = (3,1) + (1.3) + (2,2) —
[SU(2)]3 vEO12 (2.2.3)=3-(2.2) -
Sp(4) xSU(2) v 8 (4,2) =2-(2,2) 65
SUM) x U(1)  v* 8 4 5+4,5=2-(2.2) 67
SO(5) V514 14 =(3,3)+(2,2) + (1,1)
SO(7) v T 7=3-(1,1)+(2,2)
SO(8) v 8 8§=2-(2,2)
SO(5) x SO(4) v* 20 (5,4)=(2,2)+(1+3,1+3)
SU(3) 8 8=1p + 2:|:1/2 + 30
SO(5) v 10 10 = (1,3) + (3,1) + (2,2)
SU(3) x U(1) 7 3_1/3 + 3+1/3 +1p =3 19+ 2:&1/2
Sp(6) V514 14=2-(2,2)+(1,3)+3-(1,1)
SO(6) VI3 15 =(1,1)+2-(2,2) +(3.1) + (1.3)

1401.2457



General model setup

2N; fermions 2! charged under some gauge Group Grc.
Global flavor symmetry Gy = SU(2N;) or SU(N;) x SU(N;),

Non-abelian Gy, asymptotic freedom — )" condense in the IR,
(YY) ~2V#0 = Gp—H

where H is a subgroup of Gy.

e ' real reps. of Gyo — SU(2N;) — SO(2N;),
e )': pseudo-real reps. of Gy — SU(2N;) — Sp(2N;).
e ' complex reps. of Gy — SU(N;) x SU(N;) — SU(N;).

pPNGBs, coset space Gz /H,
U=e"?), H(fb)ZZfﬁfo

EW gauge group SU(2); x U(1), C H, Higgs doublet ¢ pNGBs.



Sp(2N) group: brief introduction

@ Sp(2N) =Sp(2N,C)NSU(2N), 2N x 2N matrices U satisfy

1
UEU' =E, E= ( NXN), (3)
_ﬂNXN
or U=e®" — SE+EE) =0 (4)
@ Choice of E is not unique,

J

B n (0 1 Y, =0EO", S§*=0807!,
g = 7 ‘7_( ) 95, + (S =0 (5)

@ Degree of freedom:
SU(2N) ~ 4N*—1, Sp(2N) ~ 2N?+N, SU(2N)/Sp(2N) ~ (N —1)(2N +1).

@ SU(4)/Sp(4): minimal model [E. Katz (2005), B. Gripaio (2009), M.
Frigerio (2012), G. Cacciapaglia (2014)],

@ SU(6)/Sp(6): 2HDM or Singlet-Doublet-Triplet Model.



—MET R RS B LE AL

B, BARE 1 — g B0 A G B S A AR S O BSR4
SU(6)/Sp(6) ] AL AT ]38 1 i AL i B AR S

» C.F. Cai, H.H. Zhang?*, et al, Higgs Boson Emerging from the Dark, Phys. Rev. Lett.
125 (2020) no.2, 021801.

m/2 (Higgsless)

¢ = 0 (EW sym. preserving)



] DUABREXENONLITSL IG5 5

PAVERITR S Wnbr &R 1, REFHUARE T XENONITSLSS & 1 2L A L) 5E
i S 5

» C.F. Cai, H.H. Zhang*, et al, XENON1T solar axion and the Higgs boson emerging
from the dark, Phys.Rev.D 102 (2020) no.7, 075018.

1073
Excluded (solar v)

10- -
=3
1077} g =
%',cf i g E
— -8 % L 3
1077 ¢ X 2
5 w

109}

0"°-/4 L
0 1 2 3

|Gael [x 10712



pseudo-Nambu-Goldstone dark matter

64



Thermal Dark Matter

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

107 g Raans
Conventionally, dark matter (DM) is ol ERL
i - ; 4 102
assumed to be a thermal relic remaining o9 L
1 “ -10 [ - 1
from the early Universe <10} a0 e
I} _ r ]
' . Ny 10 3 \&____ (ov) = 3 x 1028 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 gy [em?]

Great challenge to the thermal dark

d. 10 II Illllllﬂlz II Illllllﬂlj 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 = ~ELH|? - B3I+ TEH + 7St + 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, = i’

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 T X s

A

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

Let us figure out their coupling constants in this model.

68



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 IS8T 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
et (% ) ()
1
2

—— ()\H3VCH — )\31/5349),71 X2

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

= _ ho\?
2 Vs 2 Vs 2X
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From the interactions we can read off the Feynman rules:

//x
h( "‘~--‘\ = l

\ s
N
Y

%X

2

m

Sy

We have used the relations:
mzs

AHSVCy — AgVsSy = —
S

X

)\HS VSy + /\Svng —

(Cs -%)(/\,,vz
5 G Ay VA

- (C’ ‘SV>(/\HIVZ A V%
A AL S
/4

/\"S'V'Vs) ( G
/\5‘\[: =5

Z): (m'z m:>
2

( * A";‘VVs g "/L'V:zso

*  AeViosy T AN

-y {/\}B'V'%C, ’/\:"ézso = -m"so
AV 5 + A %G = g

——

mscy

Vs
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Considering the Higgs-fermion interactions in the SM

me -
LD —Xf: hif
together with
h\ _ (¢ So\ [ _ |
() . (_39 ) (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 ]c 71



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

1

~ Propagator <(D (h hz>> _ (‘iz_ i 5 :(‘tfmf ;"_)

7-m t-ng
» Vertices
LMy, | mg % %x
iD EEVA l‘!.% 2 H /lz%z \\Q,/ =,L(_mt§s_ "blc’)
=4 (e s (“) b bl
e Ne h,_ t ( l)
h.
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'm.So __m’;Co>
Y Vs

&

Y

)‘;(/“)h
M/\ %) ( )

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

I

iM _/(mis‘) _méscf’) (tm% ,- )(/”Jf) (;) u(pz)u(py)

t—m3
sy M¢Cy Sy m12 mg t—0
s — I — s
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We can also calculate in the interaction basis (i.e., in terms of

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

() (Ss z)(h):o(‘i) b Ch s)=Ch RO

M

0 < (h s)> O< (h hz>>O
» Propagator

O (%z-mz ‘ ) O
=3
» Vertices

L2 -3 hVhat L hy sy K *
\T = (/\HSV Aglvs)
t (h
M
tCh, s
D

|
=—§*’3"§f(k,s><;) ac/"\(;“/ (o)
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‘H - (*Hsv /\541/)

JO (h, 3>

U | M(’f;)

I

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

2
t—m2

1

=0, M g u(pz)u(p1) (Awsv  Asvs) O (m? ) 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 Ap Ve ) (0)
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ts0 My U(p2)u(pr) AsVE  —Auswis) (1
IM > | AysV  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) + %|@1|4 + %@grl
20l P[0 A B[Bal® + ZP[(@]2)? + (Bh1)?
) U(1) symmetric potential terms involving S

, A .
Vo = —m2|S|* + ?S|5|4 + k1| D1]?|S]? + ka|Da|?|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

l



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 cosp )’ 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 = | Asgsviva —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
= m = =
Ly= [mfff -7 (} & hiff+ f;ﬁafw.af)]
f=t;,dj,u; - \i=l
2 7, 5 - U roo—
- £ [H (£ me,7; Prtb; + {f;j ma,; Vijti Prdj + £, ma, Vijui Pudj) + H.c.]

()

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-1 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 KoU2 )«s-vs) O m h2 O
vsin 3 2 _
my,.
0
T 2 . —1 )
= 7 (f-{.ltfl KoU2 /\5*'?_.-'5) (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
F ok T IIIIII| T T IIIIII| T T- IIIIIl: E T T IIIIII| T T IIIIII| T T IIIIIE
[ ™ R L = ]
10% v 0 L am e AT T .
[ s aior . ) ] s / ‘y R 10—24 10—23 - -
102 |or e wis o R e e S E
e s % T TR b:éﬁw“"ﬁ’i - aa [ ©, ! G\C” ,
10 e S e B R 2 e Y] 10 LT EL " S 10
101 L e W e i s b ] . E - . A 3
- e ALY W A S TR g d E w A ]
&4 ‘Ihru’ e 23 ﬁ‘;ﬂ?.?:“w%% #’i\a*;’%#}%l}ﬂf«fﬂgﬁ E = I ~ P .':.' “u . ?e'__,-“' s .
= e g R ’ A e W = = N TN R . . &
T 10% z":‘:uﬁ-:f%é%é?“% :E-‘%f’;%*’-“iii*’f sy 10 5 5107 IR E =
- x o B = B B =] E PEPCI T 1 . E
o s 't”’% ‘,:g-%"}”* f.%&‘*-ﬁhbff = & B E- ST e gl E o
4 B AL 1 g g S e e 1
10! - -.-1—’*-—; ql.;ag—"'\.?s- Hgﬂ-— = e e i~} 3 PR - .
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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 12, > 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 pPNGB 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§

- . i
@@ 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 Vp(7') beyond 1-loop at finite temperatures



Temperature Evolution of Local Minima

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

) At sufficiently high temperatures t’(hp, 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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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
SNRJTianQin

Benchmark Points (BPs)

BP1 BP2
| |
542.40  384.26
117.88  78.191
2.0210 0.015876
2.8616  3.2654
2.1496  2.1882
0.80887 0.85479
2.3925  2.2628
3.0027  1.4715
—6.2187 —4.0567
3.4048  2.5502
—1.4852 1.0295
1.1727 —1.2142
125,11 91.459
282.02 124.77
1014.5  641.83
664.75  496.49
402.96  280.94
1.30 0.368
0.240 0.160
1.33 0.402
55.3 74.9
96.6 37.7
83.3 23.9
5.50 2.39

BP3 BP4
I I
64.987 138.82
134.03 76.678
17.696 15.042
0.91655 1.1732
1.5297  0.87839
1.2074 0.80222
1.5741 2.8002
5.3967 4.4643
—7.8556 —T7.5755
6.0689 4.8644
0.80378 —0.38075
—0.83745 —0.14591
125.38 124.87
158.83 307.56
650.98 582.08
911.87 874.04
655.60 631.66
1.72 0.682
0.181 0.346
0.771 2.15
60.2 47.2
60.1 120
42.3 155
3.07 9.20

107
108
10

10~

107t
= ¥
< 10+

=

© 10+
10t
10+
10+
10
10+
10+

. Gravitational wave spectra, v, =wvgy
10 \I IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII} F T T1TIT

\\\\—51'“\ .'--’-i”, .
~l %7 TianQin

aili]

AT RN RETIRRTLENT RET RNT RET ERT RET::

Ultimate DECIGO

- = ==} =4 =1 L Y o L%
=]

THIT TTIT T T TTII TS T T T TTOf T TOFT T T T 117
AR URRL AN BAURRLRRLRAL LAL AL AL

,_.
o
= E
=
L=1]

10 103 102

~/ 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;

108 SERELLL R R LLL B L NN P AL B B LU B RRRL: 100 108 SELELL BRI B R R L NP 1L B L N R 100

10° E. ">« TianQin 4 3 10° E. "< TianQin / 3
IS SN, / = 90 Y A ] 90

E Taiji T, N7 HSA = = Taifiau, .- LSA 2
101 | N Y 4 | }ao 1011 £ oLt 4 | so

12 | . 12 | .
1072 E ;3 | Lo 1022 £ ) o4 | Lo

o 107 E o, ST < o 107 F ' S
= 1014 L "‘:&_ ’ i — 60 E: <= 1014 C e .r i —60

= sFE v BPL \‘» g E = Zign i BP3 & / E
101 E s = L 50 = 0101 B f = L 50

S 18 E BP2 S/ E % S gL * BP4 * ’ E
1077 | e ERNN 1017 £ q | 40
1018 ;_ Ultimate DECIGO _; 30 1018 ;_ Ultimate DECIGO _; 30

1017 £ - 1017 & =
1020 | W ] 20 1020 £ E 20
102t - Lol vl v vl 1l |l |||||E 10 1021 5 Povl v vl cvold vyl "; |||||E 10

107 10% 1073 10 101 10° 10t 107 10% 107 107 101 10° 10!
[ (Hz) [ (Hz)

«¥ 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

SN H'LTS A
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The standard model of particle physics
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Some problems of the standard model

* triviality

* hierarchy problem 1

3 1
Mh N Miree ~ g AA” + 150" A + 1og A%

A 2
~ m2._ — (200 — 20 — 10)(12 2
M. — (200 — 20 — 10)(125GeV) <10T€V)

* too many parameters

e existence of dark matter

* smallness of neutrino mass

* matter/antimatter asymmetry
e vacuum stability

The SM may NOT be a final theory.
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