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Dark matter - motivation

Observations
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Convincing evidence on various astrophysical and cosmological scales
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leading hypothesis > new, unknown particle
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Dark matter - motivation

2  Dark matter annihgation

Properties of particle dark matter: 5
| | = | DM SM

* electrically neutral (non-luminous), 3

5]
* non-relativistic (cold) (structure formation) =

£ ||DM SM
* stable or long-lived ="

a <€ .
* weakly interacting with ordinary matter Dark matter production

Dark matter interactions:

* annihilation - production in the early universe and indirect
detection (FERMI-LAT, MAGIC, H.E.S.S, ...)

* production - collider searches

* scattering on nucleons - direct detection (LUX, PANDA,
XENON 1T)

__‘Illb <

Bottom PMT Array
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Resonance region
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Breit-Wigner resonance

Breit-Wigner resonance 2Mpm ~ Mg
enhanced annihilation - suppressed coupling
low sensitivity to direct detection

* velocity dependent cross-section - possibility of
enhanced indirect detection signals

e kinetic decoupling Tpm # Tsm

* large self-interaction cross-section constrained by
indirect detection

* proper description of annihilation amplitudes

— gauge-invariance
— unitarity
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Standard freeze-out mechanism

Boltzmann equation for DM phase space density foa (D, ) L|f] = C|f]

d3p dn 5 5 d3p
Q/L[fDM]ﬁ—> £+3H7’L:—<00re1>(n _nEQ) <—Q/C[fDM]ﬁ

DMyield v _ n/s, &=Mpy/T "~ number density, s — entropy density

dY <O-/Urel> 2 2 S(MDM) v ™ r r
— = Y2 -, = 5
= a5 BQ): @ (o) ) (@0 fems)
DM chemical decoupling 12:25
-H]—TL . |
—_ — YEd
nEQ{ovre) ~ H(x) =
.H]—Eh
Approximate solution
10~} Xco _
TCD -
Yoo M
CY<0-vrel> 10 10 100 1000 10°

=m/T

Standard assumption: DM is kinetically coupled to SM during freeze-out,
.e. it has the same temperature as the SM thermal bath < not always the case

MD, Bohdan Grzadkowski 1705.10777, Binder et al 1706.07433
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Breit-Wigner approximation

g ~ 5 21 T2
(s—MZ)2+MZT

tot

relic indirect
density detection

* thermally averaged cross section grows with
falling temperature

—
o
'

o0l * prolonged period of effective annihilation

* strong temperature dependence

RO =<0Vrel>/<UVreI>x=20

0.01 ‘ ‘ ‘ ‘ ‘
10 100 1000 10% 10° 108 107

X=m/T
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Resummed propagator

Dyson resummed propagator g — m% _I_l,i Im I1z(s)
Self-energy HR(S)/HHDH—DNI(S) + HDEQ 2Mpy ~ Mg
other SM or dark sector fields DM contribution
no nearby thresholds II» Breit-Wigner approximation nearby threshold s = 4M3
Im Iyon-pm(s) =~ ImIyon—pm(M7) = ﬂ/\k}ﬂffrnon—DM ImIlpa(s) ~ \/1 —4M3 ., /s
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Beyond Breit-Wigner approximation

Mx=1TeV, |6]=10~*, a=1072, g,=1

_ 107
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Abelian vector dark matter

Additional complex scalar field S

e singlet of U(1)y x SU(2)rL x SU(3)e., charged under U(1)x

L=Lsm — inuV“"” +(D,S)"D"S + 1iﬂ/"(Hr, S)

V(H,S) = —py|HI* + Au|H|* — us|S|® + Xs|S|* + s|S[°|H|*

Vacuum expectation values: (H) = —SA (S) =

Dark U(1)x vector gauge boson X,

e Stability condition - no mixing of U(1)x with U(1l)y  Bm¥<
Zy: Vy — =V, S — S5, S=¢e:¢p— ¢, 00— —0c

@ Higgs mechanism in the hidden sector Mx = g, v,

Higgs couplings — mixing angle «, My, = 125 GeV

“Z

hica + h 7
o B2 TR0 oMy Wi WHT + M2Z,Z" — myff)+ My X, X"

v Ve

o
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Resonance with a Higgs scalars

(0 Vrel) oX Sin v COS @ Small « required by relic abundance
“ SM Resonance with the SM-like Higgs
@ Mx =~ 125/2 GeV
X hy @ decay channel hy — XX, if open
SM suppressed by sin’ o and by phase space

\/1—4M§/M§1=\/3<§1 Ip—xx < 'sm

X SM Resonance with the second Higgs

._..;.__ GM)(F?:MJTE/2GEV
)
° @ h, — SMSM suppressed by sin® «,

h, — XX can dominate
o Fhl_,xx ~ \/1 s 4M§/S
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Resummed propagator - gauge dependence

1
s —m% + 1 ImIIg(s)

Dark vector boson contribution to the Higgs self-energy in R: gauge

_ g2 R Ra;
3272 M/%

I (s)

7 [ (s2 — AM%s + 12M%) Bo(s, M%, M%)

— (s> —=mim?)By (s, Ex My, Ex M)

Problems with self-energy
* Explicit dependence on gauge fixing parameter
* Presence of s"2 term - modification of high-energy behaviour

* Problems with unitarity
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Cross-section for XX->bb process

Mx=500 GeV, |6]=107%, a=107%, gy=v/2 7T
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External gauge invariance

Gauge invariance imposes a relation for the tree-level amplitude an(O) —0
that can be checked using elementary Ward identities: =

=(k+p-m)—(@-m)  @Wl¥yw =@ — My)g"” — (0 — Miy)g"”

Using the resummed propagator that includes only specific contributions from every order in the
perturbative expansion distorts the subtle cancellation that arise order by order in the pertur-
bation theory due to the more complicated Slavnov-Taylor identities, however if we could use

A w(p+) = and QQF%{;W H ( ) - ﬁ%w(p+)

—ig
pi — My + ww(pi)

weget da |\Diiw + Diivw] = A (0-)9" = Ay (pi)gu  and  |gaTreg =0
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Pinch Technique

Reorganization of the sub-amplitudes that have the same kinematical properties

T2 P2 ) P2 o P2

\i Y ¥

0 <

\i A Y

1 P1 Ty P1 1 P1

T(Sata m“&) — f1(3) + fQ(Sami) + TB(Sata m%)

NI -

Individually gauge invariant

We have to look for the propagator-like pieces inside vertex and box diagrams
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Pinching out loop momenta tt-> H*» tt
Employing Ward identites KPr = (}’H— p— mb)PL - PR(]d - mt) + mpPp, — my PR

Starting from the Feynman gauge

Momentum dependent vertices

In general renormalizable gauge

a+ ¢ W ¢ W= G+ ot
v i YR PR RO
n W= 7 Gt G~ ot
W —e AN ——

W The gauge-fixing parameter dependence cancels
I / because the full amplitude is gauge-independent

Momenta in the gauge boson propagator

Alo)(q) = [_ Guw + (1= £) Qv ] 1 Equivalent to calculations in Feynman background
e - YR — MG ¢t — M, field gauge Denner+ 1994, Binosi+ 2002
gaug

Gauge invariance of dark matter annihilation amplitudes Mateusz Duch, Warsaw




Model with scalar mixing and vector dark matter

Contributions to Higgs self-energy X, Z, W, f, h
(mym;)? m? + m3

2
(X X) gz 2i Roj i ang2

I1;; = Bo(s, M%, M) , T gl

hy h;

2
L _ (25 —3M%)

Bo(s, M7, M3),

D) - CRufMG [onmg? | mi +m
Y 3272 Mg, AM% 2

p— 2RRy; [(mamy)2  m2+m? \ fictitious threshold
HEHW)(S) _ g il i)y T i (29—3;’”&;) BU(GA’II%I\’I%;) : NO TICUTIoOUS tnresno
J 3272 AM% 2
- SGQRliRl‘mQ N
it gy — 2 I o am2) Bols.m2.m2) no s"2 terms
L) (9) SQTTQAILQ{; (9 mt) D(gamtamt) 3
- —ViiaVji
Hg”‘hi)(s) = #Bg(s, mi, . my,) -

Resummation of the propagator with scalar mixing

iA = iAg + iAgilliAg + iAo (i1iAg)? + ...
diagonal tree-level propagator  ~ 1 s m% + ﬁQQ(S) _ﬁ12(5)
N D(S) —Hgl(s) S — m% e HII(S)

D(s) = [s—m3 +Tl11(s)] [(s—m3+Tlaa(s)] — Tya(s)Tlz (s)
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Cross-section for XX->bb process

My=1TeV, |8]=107%, a=0.1, gy=A/2 7
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Feynman gauge and PT result are similar Ficticious, unphysical threshold
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Generalized equivalence theorem (GET)

Tree-level like Ward identites are satisfied by the PT self-energies and vertices
PEV X (g, prs pa) +iMx VYO = —g, Ry ILYOX (py)

Ifff']i“'w"x +iMy VhGxGx — _g, {Rz,jﬁ,h(f}g) + Ry, [I6xGx (Pz)],

1 Ph f;f;,““ + M_%;E”“G-“ Gx = jg.Mx {Rﬂljﬁ.ji(qz) + Rm‘(ﬁﬂx “x(p1) + [[GxGx prz))]

Fatl Tl 1 ?IJ.;i_l'.r - et o | T
I_[;: ['_I.x |:p:| — _ -;pji 1[{:_1{ f.r_!{ [:pﬂj
p
One can check they lead to the AXp o) X1 fr = T AGxm)Gx (e fr T W) Gx (e f1

generalized equivalence theorem at tree-level — iAG p)av (o) Ff T A (py)ev (o) T -

-

X A / f o) = () — ¢ subleading part of

Mx  longitudinal polarization

s @@
“ foAANKTIT =N (VX y XN v T

]

Condition that guaranties good high-energy behaviour of the process with resummed propagator
Th; XX - A—1¢ 2 2
pipsT i X (g, p1,p2) = ig-Mx Roy; A5 (¢%) + O[ln(s/M%)]
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Thermally averaged cross-sections

Mx=1TeV, |6)=10"4, a=10"%, g=+/2 77
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Relic density calculation

Mx=1TeV, |6]=107*, a=107*
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prolonged period of effective annihilation Included [1705.10777]
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* resonance region is a viable part of many otherwise strongly constraint
dark matter model

* the Breit-Wigner approximation fails it mediator couples dominantly to
the dark matter state

* relativistic treatment of resonant amplitude requires proper
resummation technigue

* pinch technique provides a method respecting gauge invariance and
unitarity what results in proper behaviour near the resonance and in the
high energy limit
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BACKUP
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Kinetic decoupling - simplified picture

Scatterings on the abundant relativistic SM states - thermal equilibrium

DM DM * relic abundance requires small
= /o coupling between DM and SM
R
DM SM * scattering process is not resonantly

SM  SM enhanced

Comparision of the Hubble rate to scattering rate

max|d, 7]3/2
10—6

4
) — Txp ~1cp

6=-10 7, y=10"°, Mpy=1 TeV

H(Tiq) ~ Uscat (Tha) = Td (

Kinetic and chemical decoupling temperatures 12:
are comparable ool E = E
E jg0] : A — w0 |
TDM p— { TS2M7 fOI' T 2 TKD — TCD 10717 | "; - ---é--K-D-----é- ----- inke
TSM/TKDg for T < TKD — TCD 1072 XC_D_E_ --------:-X;SfT-_ E-XSAT 7
\ 1079 b ‘ : > : 5 6 7
10 100 1000 10* 105 10° 10

non-relativistic expanding gas

X=Mpm/T
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Kinetic decoupling

Second moment of Boltzmann equation

Temperature parameter T'pys o /pr(p)dSp

Coupled set of Boltzmann equations

dY 1_'§§i' 2 2
Tr = _H—xs (Y <Uvrel>:cDM(y) - YEQ<01’1‘61>$>
dy - 35
ar = T e {ZMDMC(T)(:U - yEQ) — 5y (Y ((ovrel)zpa — (TVrel)2|zpar) —
Mow=1 TeV, 6=107%, a=10"*
10—7 — YEaq
1078 .
= Yo=100
_ = Y=o
S 107° "
10719
10—11
1072
10 100 1000  10% 10° 108
X=MD|V|/T
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Background field gauge

In the conventional formalism directly the fields appearing in the classical Lagrangian
are quantized. A gauge-fixing term is added to L£c which breaks the explicit gauge

invariance.
Instead, when going from the classical to the quantized theory in the BFM [1,2], the
fields V of L are split into classical background fields ¥ and quantum fields V,

Lo(V) — Lo(V + V). (14)

Gauge fixing breaks the invariance of only quantum fields

| 2
Cop= 38 [(&ma + ge WD YWk — igrel E(ff’f ol P — 4’30‘;-}@;)]

1

2
sl i f
2§Q[53 +igi6g5 (8- cpcﬁ)]
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Bounds in the parameter space

5>0, r,';=3."1 6

1072

-
q.-h
-
-
]
e

* mixing angle set by relic density
constraint

* maximal dark gauge coupling
satisfying perturbative unitarity

o 10-4L CMB excluded « enhancement of low-velocity cross-
section - strong bounds from
BBN excluded indirect searches
ks
10~ « effects of early kinetic decoupling
modify relic density by up to a
Oser/m>1cm?/g factor of 2 in the allowed region
1073 t
102 10° 10%
Mz [GeV]
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Unitarity

Neglecting the Higgs contribution the amplitude grows as s*1/2 violating the unitarity
1 N 1
s—mi  s—mi + dmll(s)

The s"2 term is proportional to

i Q. 52 ) ) ,
602 (15— 9) o .
Bo(s, MZ,, MZ,) — Bo(s, &w M3, éw MZ,), A
and vanish for s > M2, ands > &y M3,

4ME, By (s, &w My, Ew My, )] .

Unitarity restoration can be arbitraly delayed

Gauge invariance of dark matter annihilation amplitudes Mateusz Duch, Warsaw




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28

