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Dark matter - motivation
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leading hypothesis = new, unknown particle




Resonance region
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Breit-Wigner resonance

Breit-Wigner resonance  2Mpyn = Mg . ;

enhanced annihilation = suppressed coupling > R <

DM f

* low sensitivity to direct detection DM DM
* velocity dependent cross-section = possibility of

enhanced indirect detection signals I
* kinetic decoupling Tpom # TsMm f f
* large self-interaction cross-section constrained by DM DM

indirect detection
* proper description of annihilation amplitudes >T<

s Breit-Wigner approximation applicable? DM DM
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Breit-Wigner resonance

Resonant cross-section
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Resummed propagator

1

Dyson resummed propagator

s — M3 + {Imllg(s)

In the resonant region: s > AMEy ~ M%
Hr(s) = Hpon—pMm(s) + Hpm(s) DM
,\\“‘“\\\\\\\\ %/""/\ DM
other SM or dark sector fields DM contribution
no nearby thresholds II» Breit-Wigner approximation nearby threshold s 2 4Mp
Im Ihon—pm(8) =~ ImIpon—pM(M7E) = MpaThnon—DuM ImIIpar(s) ~ \/1 — 4M3,, /s

problem with Breit-Wigner approximation
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Abelian vector dark matter

Additional complex scalar field S

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

L= Lon— iv;,.,,,,v““ +(D.S)*D"S + V(H, S)
V(H,S) = —ugn|HI® + Au|H|* — p3|S|? + Xs|S|* + &|S|*|H|*

Vacuum expectation values: (H) = '”ST;’I, (S) = %

Dark U(1)x vector gauge boson X,
e Stability condition - no mixing of U(1)x with U(l)y  Bm¥
ZZin%'—V#, S—}-S*! S:Qjeig:qﬁ’—}’(}b,(f—:»—g

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

Higgs couplings — mixing angle a, Mp, = 125 GeV

My W,FWH™ + ML Z, 2" —my ff)+
v

My X, X*H
Uz

o
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Problems with resummation in R, gauge

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

2
XX gz Roi Roj
N (s) = 32W2M§ [(52 — AMZs + 12M%) By(s, M%, M%)

~ (s = m¥m3) Bo(s, éx ME, Ex M3)|

Problems with self-energy: ImBy(s, My, Mx) ~ \/1 — 4M% /s

* explicit dependence on gauge fixing parameter

* presence of s?term - modification of high-energy behavior

* unphysical threshold at § = SXMg(
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Pinch Technique

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

) P2 ) P2 T2 D2

Y Y Y

Y Y Y

1y P1 8] P1 T P

T(S:ta m%) — TI(S) + fQ(Sami) + TB(Sata m%)

I I

Individually gauge invariant

We have to look for the propagator-like pieces inside vertex and box diagrams

Cornwall 1989
* PT algorithm: employ Ward identities Denner+ 1994,

P lliou,
» equivalent to calculation in Background Field Method (§,=1) Pilaftsis 1995

Binosi+ 2002
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Model with mixed scalars

Contributions to Higgs self-energy X, Z, W, f, h
2
L _ (25— 3M%)

(mymy)* N m; +m
M2 2

OO0 ) g3 R Ry,

g2 Bo(s, M%, M%), - - B

2 2 2 2 2
N g R1i R ;M7 | (mim; m; + m;
) = 32;2111;31;2 l(amﬁi) t g~ (25— 3Mz)| Bols, Mz, Mz)
2R Ry [(mam )2 m2+m? NS fictitious thresholds
~(WW g“Ri;iR m;m m; +m NO TICTI
M) = S | Dyl T (20— 30 | Bl M M)
X
2 2
=(tt) 39 Rl'Rl'm
H%’j (s) = 321T;M§v t (5—4m§) Bn(s,mfgmf)} \
no s? terms

h yh
ViV

3272

By (s, mik, mii) .

Resummation of the propagator with scalar mixing
iA = iAg + iAgilliAg + iAo (i1iAg)? + ...

/

diagonal tree-level propagator Als) = 1 (Sm%Jr(H)zz(S) —12112(5) ( ))
—1l21 (S s —m7 + (s

D(s) = [s—m3+1111(s)] [(s—m3 +Tlaa(s)] — T12(s)Ilz (s)
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Born-improved amplitude

Pinch technique self-energy and one-loop corrected vertices:

Ve O < A = S TR

)

Tree-level like Ward P VXX (g p1 o) + iMy VYO = —g Ry, I 9% (py)
identities are satisfied P VY0¥ +iMy ViOxOx = g, [Rz,;ll,;:-(q ) + Ry 11%x Cx (P23]~
by the PT SGlf‘@ﬂergles pjli i!-"i”il;\"t 4+ ﬂ_{r% L;h,ﬂf:x (= _ igrﬂ-{.\- [szﬁ”(qﬂ) 4+ RQ;’(H(;X (o fﬂl) 4+ ﬁf:'_!{ (T Epﬂ))]
and vertices - MNPy oo
L “x(p) = —— LI (p?)
p
Generalized equivalence theorem satisfied Proper high-energy behaviour

as required by unitarity

PosT N (q.p1p2) = igeMx RojAGN (%) + O[In(s/M3)]
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Cross-section for XX->bb process

standard Breit-Wigner approximation fails
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Results in PT and Feynman
gauge are similar

amplitude distorted by unphysical threshold
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Energy dependent width

No SM thresholds near the resonance - BW approximation applicable

[pssmsm = Im oMM (42 )/

11

For DM contribution, we cannot be use constant width, but

1 —aM% /s ImIIG) (m?) ;
Chimxx = {[72 07 jm? - 0(s — 4M%)

N %,

leading energy—depende\nt contribution gauge—iﬁdependent guantity
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Relic density calculation

Landau and unitary gauge

Mx=500 GeV, 6=-107%, a=10"*, g=A/2 71
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effects of early kinetic decoupling
standard Breit-Wigner approximation included [1705.10777]
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standard Breit-Wigner vs. PT resummation

underestimated indirect overestimated annihilation rate
detection signal
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e resonance region is a viable part of many otherwise
strongly constraint dark matter model

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

e relativistic treatment of resonant amplitude requires
proper resummation technigue

* pinch technique provides a method respecting the gauge
invariance and unitarity what results in the proper
behavior near the resonance and in the high energy IIimit

* In the phenomenological analyses one can use properly
approximated energy-dependent width
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