Effective field theoryfor
electroweakanddark matter phenomenology



The standard modeof particle physics
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Someproblemsof the standard model
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Atoo many parameters
Aexistence of dark matter
Asmallness of neutrino mass
Amatter/antimatter asymmetry
Avacuum stability
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The SM may be just aifective field theory.



Effective field theoryandthe rho parameter



GasseileutwylerQCDchiral Lagrangiarior pseudoscalamesons
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ElectroweakchiralLagrangianvithout the Higgs boson
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Anotherequivalentformulation of electrowealkhiralLagrangian

Building Blocks

Instead of using the SU(2); covariant & U(1)y invariant [H.H.ZhangQ.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

™ X = U"'(D,UU) . 1B .
W, = UIgg Wa U .

g

1 _— _
Sefr /d x{Lo+ L + Z Li— Z1 (B,uu §Z2tr( Ww/)z}

where the explicit terms are given as

Lo | —1fuw(X,X") Ly | agftr(X,X,)]? Ly | fagtr(T° W )u(r° X" X")

cho| 18P X,)]2 Ls | as[tr(X,X"))? Lo | paqoltr(78X,)u(r2 X))

,, L a1 e PM (3 X, ) r( X, W
a1G1Butr(BW'™) | Lo | agtr(X, X, ) (73 XMt X") n | o ( ‘)_(W )
Lo CE12[I'(7'3)(H)[I'()(VW )

[
— —
m|—~ A

Lo | iaogy ,{u/tr(TSX“‘X”) L7 a'7tr(XMX'“')tr(73X,,)tr(T3X”) L1

—
a13€,uupag1 B,u_,/[l"(T ng)

L3 2:"CE3tI’(WH_VX'“'XV) Lg %Oﬁg ['[I"(TSWMV)F L14 | 2lci4€eP? gy BH,,H‘(TBXPXJ)

7



Electrowealtadiativecorrections can be categorized into two classes

Direct correctiongvertex, box and bremsstrahlung corrections)

Oblique correctionggauge boson propagator corrections)

Oblique corrections can be treated in a sedhsistent and modahdependent
way through an effectivéagrangiarto incorporate a large class of Feynman
diagrams into a few running couplingi&ennedy & Lynn, NPB 322, 1 (1989)]



Electrowealoblique parameters

[Peskin Takeuchi. 1991]
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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
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where « i1s the fine structure constant, while ¢ and s are cosine
and sine of Weinberg angle respectively.
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Electroweakchiral Lagrangianvith the Higgs boson
and theoblique parameters

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

m%cos26yy
)z
measures the relative strength of the neutral and charged currents —]iﬂ'f
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%,(I3)2vf [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 Susskindyoloshin& ZakharoyNPB 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);= (}Z; ), Ais and SU(2)g indice

i

tensor language

1 y
H'H = _ESABSU(HA)i(HB)j

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

T (§01 t i,

FIr — a2 2 2 2
903+i904)' H'™H = @i + ¢35 + ¢35 + ¢}

The custodial symmetry is explicitly broken by the Yukawa couplings of fermion:
at loop level.
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Custodial symmetry in the SMmmatrix language
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Relations among the rho parameter, the oblique parameter T,
and the electrowealchiralLagrangian

o—1=al =28

Usually it is obtained by thelbop Feynman diagrammatic
calculation.

In this work, we propose a simpi®ndiagrammaticalculation
method.

H.H.ZhangEur.Phys.JC67 (2010) 556.



What are used in this method?

exp(iSew U, Wi, B,])

Apath integral
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Hypothetical heavy fermions:

U
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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, ]).

Chiraldecomposition: U(x) = gz (X)ER(x),

£L(x) = h()EL(O) V] (1),

ER(x) = h(x)ER(X)V (),
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I
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ESEW[U, Wﬂ, BH] = In Det(D + m)
= Trin(D + m)

where D=gd—iy—igdys —s
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Schwinger proper time method
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(D" +m)(D4+m)=E —V?*+m?
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SeelxDeWitt expansion
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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

27



Effective field theoryanddark matter
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(right diagram) production at hadron collider
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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
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H U
SPIRESI L \

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, ...

s Wa R '
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(0)) %0

W T

(minimal dark matter)
[Cirell} et al., hep-ph/0512090]

Sr T Wae SUR)! U@

No R

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:

A

Cosmologically stable

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

P = Loy Ao XD+ MX 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.
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%00

(minimal dark matter)
[Cirell} et al., hep-ph/0512090]
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Ty 0, A
W W b | STy
n s: A
Majorana ‘' nU S5 ‘' nU 8
’ H YA
eb ~ Y1 b Higgs ebh A
[Hamadagt al., arXiv:1505.01721]
eD 108 GeV
| A
W v . H "Wy %
s A Phys.RevD92 (2015) 115004 .



# o= L (AG A® AL A0 ACD ACD AT

2

= (D,®)'D"*®

3 3
1
= 5(3#A(0))2 + Z(G#A(Q))((?”A(_Q)) 4+ Z(QQA# + ngcWZ”)A(_Q)izA(Q)
Q=1 Q=1
—gWHH(/BACI G AD £ BACD 9 AD 4 BACD . A©)

< 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)]

—ga {WH(swA* + e Z") (VAP AT + 3/EAWAT? 4 5/3AB A3
+W:W+’”[3(A(_1))2 — V30AOAE2) _ \/EA(UA(_?))] 1+ h.c.} N



H V = PH'H + m?®'® + A(H H)? + \y(01 D)
g (HTH)(@10) + %(@TTGT@)? v

Higgs W | # s

my>>m = W v oy

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

A4

A3 Y (relic density) v G

m, = 8.8TeV( )
my = 25TeV ( )
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SM _
g1

SM _
Yt

SM _
A

ﬁgl —
By =

%00

betaf

L4l 5 o 1 191 5 sm_ L 3
162 1091; g2 1672 ( 6 ) 92, g3 1671'2( 7)93

1 9 9 17
ToLL (531? — 1%~ 59 893>

1 3 3.,\° 9
=5 {24)\2 6y; + 3 |29: + (g% + ggf) + A (—993 — ot 12%2) }

A=25TeV &  # H, beta P
1 14 , AN
Ql ) 692 - gg _|_ 16 2 3 927 gs — Mgz » Byt Py
1 7 45
o550 Bu = o500+ 2X 5 + A 4 510 — 14490

1 51 153 9
1672 [12/\)\3 + 18)\2A3 + 4)\% + ?/\3)\4 + 369% — )\3 ( 9 92 + logl Gyt)]

255 ~
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P
G \>0

A >0,
Ao+ Ay >0,

G )\4‘(0

A >0,
)\Q—I— )\4>0

A3—|—2\/)\ )\Q—I— )\4)_0.

151

A2(N\)=-2 EE
As(N)=2 :'.'

-
-
______________

=
-
-
-
-

-
........................

ALP ~ 108 — 109 GeV
)V ALP ~ 1010 G%y



7-3-5

) ~ lesth 1@
d b ¥ 0 Yukawa |

£yuk — —V 15y(bijklmnlp?gklZR’m’n,’gmm'Snn’
—(ys)avll, 1 (Eo,r)i Hee?* + h.c.

) U type-lll seesaw L
betaP ‘
_ 89 |
5/892 o 167.[.2 56)\4 = 167{_2 (_96y4 + 40y2)\4)
1
0B, = —54y* + 40y )\ _ Y 2 942

1672 .
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[ ~ 10 GeV
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_'10? M35 = 106°1 GeV
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A3(N)

y Av- . _ 10 GeV

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 -0.396 000 005 010 015 020 0.25
Az(A) A(N)

7plet+5plet+3plet (A4(A)=-1)
0.2

0.1 Non-perturbative
0.0 ;

-0.1
-0.2
-0.3
-0.4
-0.5 Non-perturbative

1.784 1.786 1.788 1.790 1.792 1.794 1.796
As(N)

As(N)

Instable vacuum




LU>a FermiLAB

P 0 L
¥ Relic Abundance {
: (with SE Effect) Vacuum Stability i
= and Perturbativity -
(7-3-5 Model) I

Relic Abundance

N (without SE Effect) N
w

[ LuX Fermi;LAT i
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Composite Higganddark matter
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QCD and spontaneous breakingcafralsymmetry

1 a ann -/ - é'u
Loco = —=G,,G (D my, with y =
4 ad

Sincem«1 |, thagrangiamas an approximate SU(R)SU(2)
global symmetry.

Strong dynamics leads %)), 0 Y SU(2) 3SU(2) / SU(2),

f?, . f 2 R R
Lo = T W) ) thr(cU U ¢)



Technicolor

Technicolor is a scalagp version of QCIweinberg 79, Susskind 79)
ek, SUNy  SU@)  Slley

)~ 2
W=~y 2

No Higgs! (Tyv+) = SL(Q)LXSUQ)&/SU@)H&

22 24 4'2) E2
LTC~103 LQCD1 Fp~246GeV,MV%/ _-gT‘If:p_ ,|\/|ZZ (—_g E)Fp



Techinfermioncondensate could be a mixture of its
Goldstone limiandtechnicolorlimit

SU(2)x U(1) breaking

9 su(2)xUl(l)
preserving

Dugan,Georgj Kaplan 1984



Various symmetry breaking patterns

H ¢ Ng Iy = rsu)xsu) (Fsu@)xum) Ref.
. SO(4) v o4 4= (2 2) 11
J(1)  SU(2) x U(1) 5 2112 + 1o @E
, 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 EOOT 7=(1,3)+(2.2) 66
SO(B) 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) VIO14 14 =(3.3) +(2,2) + (1,1)
SO(7) v T 7=3-(1.1)+(2.2)
SO(8) v 8 8 =12.(2,2)
SO(5) x SO(4) v* 20 (5.4) = (2.2) + (1 +3.1+3)
2 SU(3) 8 8 =10+ 211/2+ 30
5)]2 SO(5) v 10 10 = (1,3) + (3,1) + (2,2)
J(1) SU(3) x U(1) 7 3_1/3 + 3+1/3 +19g=3-19 + 2:&1/2
Sp(6) VEO14 14=2-(2,2)+(1.3) +3-(1,1)
[SO(6)]? SO(6) V¥ 15 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

UEU" =E, E= ( _ 1““‘”), (3)
_ﬂNxN
or U=¢el?" SE+ESYH'=0 (4)
@ Choice of E is not unique,
’ 0 1\ Xz=0E0", s*=0S0"
p = =7 ! ‘7:(—1 0)’ ’ sisy 43,5y =0 O

@ 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.



W QP L

w —— Qo

O F W b ) L~ W @
SU(6)/Sp(6). e’ S A

u C.FCajH.H. Zhant), et al,Higgs Boson Emerging from the Dd?kys. Re\Lett.
125 (2020) no.2, 021801.

m/2 (Higgsless)

¢ = 0 (EW sym. preserving)



Y XENONI1T H”

| ! - L XENONIT _ b 0

~

3 FH™ A
U C.FCajH.H. Zhany, et al, XENONI1T solaxionand the Higgs boson emerging
from the dark,Phys.Rev.[102 (2020) no.7, 075018.
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pseudoNambu-Goldstone dark matter
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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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pseudeNambuGoldstone 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=—F(vs+s+i
_}\/ﬁ(v—kh) \/ﬁ(b + s+ iy)
’("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 h1 9 1 2 2 Asv? — Agv?
(.s) - ( sinf cos 9) (hg) r o Mhashy = 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
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