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MOTIVATION AND INTRODUCTION

DARK MATTER FREEZE-OUT

T > M, T < M,

.
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M, = 0.5TeV

THERMAL FREEZE-OUT GoNDoLO AND GELMINI ( 10-¢

- a =001
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@ relevant processes xx <+ SMSM, xx < x'x’ .
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@ decoupling occurs at H ~ ny oq{TannViel)
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MOTIVATION AND INTRODUCTION

DM MODELS WITH LONG-RANGE INTERACTIONS

@ DM and/or coannihilating partners interact with gauge bosons and scalars J

Near-threshold effects

rJJ\J BSF 1
AYAYAY]

Xesw

Sommerfeld enhancement
Hisano, Matsumoto, Nojiri [hep-ph/0212022]

A% Bound-state effects
BSF 2 BSF 3 B. von Harling and K. Petraki [1407.7874]
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MOTIVATION AND INTRODUCTION

DM MODELS WITH LONG-RANGE INTERACTIONS

@ DM and/or coannihilating partners interact with gauge bosons and scalars J

Near-threshold effects

rJJ\J BSF 1
AYAYAY]

X oyt ———ot

X ——— AN
BSF 2 LL\< BSF 3

E~ Mo, Mo?.T.qT...

dnx 2 2
at + 3Hnx = —(0ett Vre1) (N — nx,eq) ,
r"
(Oetf Vrel) = (Tann Vrel) + Z(oﬂsf Vrel) ﬁ
B ann bsd

J. Ellis, F. Luo and K. A. Olive 1503.07142; T. Binder et al 2112.00042;
M. Garny and J. Heisig 2112.01499

= large phenomenological impact for various models

see many talks at this workshop!

Sommerfeld enhancement
Hisano, Matsumoto, Nojiri [hep-ph/0212022]

Bound-state effects
B. von Harling and K. Petraki [1407.7874]
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MOTIVATION AND INTRODUCTION

DM MODELS WITH LONG-RANGE INTERACTIONS

@ DM and/or coannihilating partners interact with gauge bosons and scalars J

Near-threshold effects

PIJJ BSF 1
Xiss —— A

Sommerfeld enhancement
Hisano, Matsumoto, Nojiri [hep-ph/0212022]

Bound-state effects
BSF 2 BSF 3 B. von Harling and K. Petraki [1407.7874]

E~Ma,Ma?.T.gT...
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1) Effective Field Theories (EFTs) for non-relativistic dark

matter pairs

2) Transfer and adapt techniques that are used for heavy

quarkonium to dark matter
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ABELIAN DARK MATTER MODEL

ABELIAN DM MODEL AND NRQEDpy

1 — QED
e M> Ma> Mda?>2 T M QEDpy
@ Relativistic model Lagrangian -+ Ma —+ NRQEDpy,
oo 1
L=X(ip - M)X — ZFWFW + Lportal 1 v L pNRQEDp,,
1

@ Non-relativistic EFT: integrate out the scale M = NRQED (Casweel, Lepage 1986)
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ABELIAN DARK MATTER MODEL

ABELIAN DM MODEL AND NRQEDpy

M —+ QED,
o M> Ma> I\/Ia2 Z T QEDpy
@ Relativistic model Lagrangian -+ Ma —+ NRQEDpy,

— 1
L= X(ID — M)X - ZF;LVFNV +£portal

- Ma? — PNRQEDpy

@ Non-relativistic EFT: integrate out the scale M = NRQED (Casweel, Lepage 1986)

D? o-gB V -gE oc-(DxgE—-gExD
i (- g g ) gE—g
LNRQED ¥ <'Do Mt Syt E s T i oMz > ¥
D? o-gB V - gE o-(DxgE—gExD
(D M — _ g g .
+ X <l o + M CF M + oo M2 + ics Ve X
1 v > v d. d,
= PRt oY DZFM+r/lsz¢fxxf¢+fM2wTUx-xfaw
+  Lportal
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ABELIAN DARK MATTER MODEL

ABELIAN DM MODEL AND NRQEDpy

o M>> Ma> Mo*> 2 T TM - QEDp
@ Relativistic model Lagrangian -+ Ma —+ NRQEDpy,
o/ 1 v
L=X(ip - M)X — ZFWF“ + Lportal 1 v L pNRQEDp,,
1
@ LNRQEDp, O %dﬁx X' + %QN ox-xloy
+ Ky 3 . >< ) ><

- , 7
Im(ds) = 7a? {1+% (7 5)} » Im(d,) = (x 9a’, P, do = F(*Sy) and d, — F(3Sy)
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ABELIAN DARK MATTER MODEL

PNRQEDDM

@ potential non-relativistic EFT: integrating out the scale Ma. = pNRQED [Pienda and Soto hep-ph/9707481]

. 1 y
LpNRQEDpy = /daf @' (t,r,R) [ido — H(r,p, P,S1,5:) + gr- E(t,R)] o(t,r,R) — 2 FuF”

@ EFT for DM pairs and ultrasoft dark photons, where

P P2 ot
H(r,p,P,S1,S)=2M+ 2 4 = P v(r p, P S1,S)+...
(r,p 1,S2) +M+4M 4M3+ (r,p 1,52) +
v v
_ vy _
V(r,p,P,S1,8:)=V" + m + e
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ABELIAN DARK MATTER MODEL

PNRQEDDM

@ potential non-relativistic EFT: integrating out the scale Ma. = pNRQED [Pienda and Soto hep-ph/9707481]

. 1 y
LpNRQEDpy = /daf @' (t,r,R) [ido — H(r,p, P,S1,5:) + gr- E(t,R)] o(t,r,R) — 2 FuF”

@ EFT for DM pairs and ultrasoft dark photons, where

P P2 ot
H(r,p,P,S1,S)=2M+ 2 4 = P v(r p, P S1,S)+...
(r,p 1,S2) +M+4M 4M3+ (r,p 1,52) +
v v
_ vy _
V(r,p,P,S1,8:)=V" + m + e

@ account for above-threshold and below-threshold states (for heavy quakonium X. Yao and T. Mehen [1811.07027])

d*pP
wterm = [ 28

Gry S e T E PR (r) S 0n(P)

n

d3P — il iP-
+ [ e R s, mp)}

(2m)?
n p n n' p 4
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ABELIAN DARK MATTE DEL

PNRQEDpy AT WORK: ANNIHILATION AND DECAY

@ unbound-pair annihilations and bound state decay originate from the same set of operators

SV () = — o 8%(r) [2lm(dh) — §° (1m(dk) — Tm(d)] + ...
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ABELIAN DARK MATTER MODEL

PNRQEDpy AT WORK: ANNIHILATION AND DECAY

@ unbound-pair annihilations and bound state decay originate from the same set of operators
nn i
V() = — 5 8°(r) [ZIm(ds) — §? (Im(ds) — Im(dv))] ...

@ projection on scattering states correspond to a cross section (pair at rest P = 0)

1 ann
(cannvpel)(P) = W(p,m/df‘r o' (r, R, t) [~ImSV*>™(r)] ¢(r, R, t)|p,0)
Im(ds) + 3Im(d,) > =0 = 27§
= ST Wpﬂ(o) = (Ugﬁnvrel)sann('\) B Ssng(g) = 1 _ e—2n¢C
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ABELIAN DARK MATTER MODEL

PNRQEDpy AT WORK: ANNIHILATION AND DECAY

@ unbound-pair annihilations and bound state decay originate from the same set of operators
i3 2
SV(r) = — 575 8°(r) [2Im(ds) — S° (Im(dk) — Im(d,))] +
@ projection on scattering states correspond to a cross section (pair at rest P = 0)

(Gannvie)(®) = 5125 (9,01 [ r 6! (r, Rt) [~ImoV™™(1)] 6(r. R,)[p.0)

27¢
1— e—27¢

2M2
_ Im(ds) + 3Im(d,)

2 NR =0 L=
IVE \U,,n(O) = (Uannvrel)sann('\) s Sang(C) =

@ projection on bound states correspond to a decay width

4Im(ds) \RHU(O)\’) Ma?® a [ 72
Mparta=—75—— " = 5 1+; f—5+3|0g2

M2 47 4
r _4Im(d,) [Ro(0)]” _ 2(x* — 9)Ma®
ortho — M2 an = or
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ABELIAN DARK MATTER MODEL

PNRQEDpy AT WORK: ANNIHILATION AND DECAY

@ unbound-pair annihilations and bound state decay originate from the same set of operators
i3 2
SV(r) = — 575 8°(r) [2Im(ds) — S° (Im(dk) — Im(d,))] +
@ projection on scattering states correspond to a cross section (pair at rest P = 0)

(Gannvie)(®) = 5125 (9,01 [ r 6! (r, Rt) [~ImoV™™(1)] 6(r. R,)[p.0)

2M2
_ Im(ds) + 3Im(d,)
- M

27¢

2 NR =0 £=0
V50(0)]" = (Uannvrel)sann('\) » Sann(Q) = 1_e-2nC

@ projection on bound states correspond to a decay width

4Im(ds) \RHU(O)\’) Ma?® a [ 72
Mparta=—75—— " = 5 1+; f—5+3|0g2

M2 47 4
r _4Im(d,) [Ro(0)]” _ 2(x* — 9)Ma®
ortho — M2 an = or

@ orhto-darkonium is an O(a?) effect = (o3R, VyeINLO = 7(7.122 142 (8Br*—17)]
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ABELIAN DARK MAT’ YDEL

PNRQEDpy AT WORK: BOUND-STATE FORMATION

o (XX)p = 7+ (XX)n, ot vt = ~2( pIIm[Z(E,)] ) Ty

bd—2 ‘“dr"/ a9k i
P d—1

sU_ 2972
(2m)d p® — kO — H +ie

x K -+ 200(K3 — [k)ns(lbol)] 7

1
=
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ABELIAN DARK MATTER MODEL

PNRQEDpy AT WORK: BOUND-STATE FORMATION

o (XX)p = 7+ (XX)n, ot vt = ~2( pIIm[Z(E,)] ) Ty

si_ 2972 ema [ Lk i
P d—1 (2m)d p® — kO — H +ie

, |
X kg | g +2m8(k; — [kI*)ne(kol)| ¢’
e + 2006 — WPt

(Tbsf vie)(P) = (st Veel)(P) = % D[+ ms(AED] [(nlrlp)*(AE])?

@ Our work: matrix elements in a closed form for any bound-state see also M.Garny and J.Heisig [2112.01499]

Q272 210 ¢S e—4carccot ¢

Mv? o?
(Thapve)(P) [1+ne(aE)] AR = = <1+—2)

T3MZ (142 1—e2nC

agreement with B. von Harling and K. Petraki [1407.7874], T. Binder, B. Blobel, J. Harz and K. Mukaida [2002.07145]
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BOUND-STATE DISSOCIATION AND TRANSITIONS

o (XX)p+7 = (XX)n, "= =2(n[Im[Z"(E,)]|n) AIMH}

— photo dissociation

2 3
g d’p
V1] M= 3w @ ng( r|pt) AE5)3
R d3k
[V2]: Fbsd:2/|k‘>‘Eb e ne(lk|) oion(Ik]) s Pl =/ M(|k| + EP)
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ABELIAN DARK MATTER MODEL

BOUND-STATE DISSOCIATION AND TRANSITIONS

o (XX)p+7 = (XX)n, "= =2(n[Im[Z"(E,)]|n) AIMH}

— photo dissociation

gz d3 3
[V1]: Theq = 3 ) @n AED) Z(nlr\pf (AED)
R d3k
[V2]: Fbsd:2/|k‘>‘Eb @y ne(|k|) ofon (1K), |p| = \/M(lk| + EP)

o excitation v + (XX)1s — (XX)2p and reverse process (de-excitation)
2
roem = n/};,m, % |AED [P ng (|AEL ) [(n'¢'m’ |¢| nem)|?

2
Ml = . 5= (BER)’ [L4 e (AE))] [(n'¢'m |r| ntm) |
n’ <n, e’ m’

Note: processes mediated by the electric-dipole operator = |A¢| =1
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ABELIAN DARK MATTER MODEL

EFFECTIVE CROSS SECTION AND RELIC DENSITY

L

1 ME

radiative corrections

velocity corrections

radiative corrections

velocity corrections
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ABELIAN DARK MATTER MODEL

EFFECTIVE CROSS SECTION AND RELIC DENSITY

1 ME

radiative corrections

radiative corrections

@ What is the interplay of different improvements for
M =1TeV
(oetr Vrel> and QDMhz?

I—n
n a
(Tett Vrel) = (TannVrel) + E (opst Vrel) ﬁ
n ann T Mpsa
@ velocity versus « corrections -

V2 —
(Fann Vee1) = (7ann el Lo [(1 - T) Samn(0)

1

7 o =1
+15 YeerSann (©) 005 010 020 050
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ABELIAN DARK MATTER MODEL

EFFECTIVE CROSS SECTION AND RELIC DENSITY

1
R i
Mk

velocity corrections

radiative corrections

velocity corrections

radiative corrections

m
v

18 a=01
1,00 100

095 e 1 095 O(a?), n <2 (no trans.)

- 0(®), n<2

& 090 — 0@, n=1
085
0.80 = e e e
0.1 0.5 1 5 10
M (TeV) M (TeV)
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AN DARK MAT DEL

A DARK NON-ABELIAN GAUGE GROUP

@ Dark matter fermion coupled to SU(N) gauge bosons
. 1
L= X(Iw — M)X — ZGZVGBNU + [rportal
@ prototype for the low-energy theory us pNRQCD (Brambila, Pineda, Soto and Vairo hep-ph/9907240]
M > Ma > VMT > Ma® > T > A
LoNREFTpy = /d3r {Tr [ST (i — Hy)S + O (iDy — HO)O]

Vi 1
+ Tr [VA(r)g(STr‘ EO+0O'r ES)+ #g(OTr -EO+O'or- E)] } —GLGE
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AN DARK MAT DEL

A DARK NON-ABELIAN GAUGE GROUP

@ Dark matter fermion coupled to SU(N) gauge bosons

L= )?(Iw — M)X — %GZVGBNU + [rportal

@ prototype for the low-energy theory us pNRQCD (Brambila, Pineda, Soto and Vairo hep-ph/9907240]
M > Ma > VMT > Ma® > T > A
LoNREFTpy = /d3r {Tr {ST (i@ — Hs)S + O (iDo — Ho) O]
Vi(r)

1
+ Tr [VA(r)g(STr‘ EO+0O'r ES)+ Tg(ofr -EO+O'or- E)] } —GLGE

@ this theory features an attractive and a repulsive potential

«

0) _ _C o (0) _
VS F r ’ Vo 2Nr

@ also relevant for many DM models with co-annihilating partners
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NON-ABELIAN DARK MATTER MODEL

QUALITATIVE DIFFERENCES WITH U(1)

@ two annihilation channels: singlet and adjoint scattering states
i

L NREF Ty = 35 /d%ﬁ{ﬁ"»’"(m N {2|m(m(lsu)) _s? (\1,,.(@—(15,)) — Im(f; ("’51))\” S

+ 018 (r) e [21m(fay (' 50)) — ” (1m(faay (o)) — I (faay °51)) ) | o}
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NON-ABELIAN DARK MATTER MODEL

QUALITATIVE DIFFERENCES WITH U(1)

@ two annihilation channels: singlet and adjoint scattering states

L ﬁ /d3rTr{.\f SN [20m(fiy(*S0)) — 8 (Im(fiy (') — Im(fy (1)) | S

+ 018 (r) e [21m(fay (' 50)) — ” (1m(faay (o)) — I (faay °51)) ) | o}

@ singlet and adjoint with Sommerfeld factors \JJ,[,”(O)\2 and |\IJ£§’dj](0)|2

(o3nn e (P) + (V* — 1)(o30n we) " (P)
N2 '

(3nnYrel)(P) =

Note: Im(f(****L,)) are known at higher order! hep-ph/9707223, hep-ph/9407339
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QUALITATIVE DIFFERENCES WITH U(1)

@ two annihilation channels: singlet and adjoint scattering states

L /\/’/2 /d3rTr{\ S (r)N {2|m(m(lsu)) _ s ( m(fiy (*So)) — Im(f; (”sl))ﬂ S

+ 018 (r) e [21m(fay (' 50)) — ” (1m(faay (o)) — I (faay °51)) ) | o}

@ singlet and adjoint with Sommerfeld factors \JJ,[,”(O)\2 and |\IJ£§’dj](O)|2

(o3nn e (P) + (V* — 1)(o30n we) " (P)
N2 '

(3nnYrel)(P) =

Note: Im(f(****L,)) are known at higher order! hep-ph/9707223, hep-ph/9407339

@ bound states can only be sustained by the color-singlet pair

(oigrvre)(p) = ot alyus) 1+ na(AED)] [(151rlp) ] (A E7)?

agreement with Harz and Petraki 1805.01200
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NON-ABELIAN DARK MATTER MODEL

QUALITATIVE DIFFERENCES WITH U(1) (II)

o there is a running coupling o = LY
@ Because of asymptotic freedom: a(2M) < a(Ma), a(Mvel) < (M)

@ dahsed lines are for constant o and solid lines for running «

SU(3)

100

A
Q

zz
2
v 5
A
£ —— < LO singlet ann >
B
v 010 — <LO adjoint ann >
— <LOam> 1 — su()
= < 1S bsf >
0.01 2 5 0.5 7 5
10 100 1000 10 10 10 100 1000 10 10
M M
T T
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NON-ABELIAN DARK MATTER MODEL

DVLF ANNIHIALTIONS FOR %1 PAIRS

@ DM model with coannihilating particles (x =DM; ¢ = vector-like fermion; ¢ = leptoquark)

LDy pxd+y; Qicapl; + v ug.dlrih.c.

@ Y — ¢¢ [latter only x = x€], antitriplet is attractive!

Y-y
Opap Vrel = Oqfq) Vrel = 167N (mfp+m2 o
(0) as 0) _ s
° V[1] =G V[a] = 2nr &
0) _  N+1las 0) _ N—1 a5
o V' =-%ws, Vg =

10 100 1000 10000
z=my/T

S. Bionbpint (U Y OF ) QMDM 18TH MARCH



NON-ABELIAN DARK MATTER MODEL

BOUND-STATE FORMATION

e ? Wl B

° () — By t+e, (W) — Bl +g

@ use pNRQCD for two heavy quarks N. Brambilla, A. Vairo and T. Rosch hep-ph/0506065

3
YNR,i(t, X1)YNR,j(t, x2) ~ ZTZ(Y, R, t)T + ZZ"(r R, t)EU R
=1

@ relevant dipole interaction

8 3 6
b _ 3 o ot )
LoNRQCD dipole = / Sry> Z (7w =7r g T

—(T5Tisn) T g R

o
II
-
~
I
-
q
H
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NON-ABELIAN DARK MATTER MODEL

TRIPLET-TO-SEXTET TRANSITIONS

R ootiae) [1+ mo(8ED)] |5yl [ (AEY

- My o c2a?
@ where AEP = E, — E,,[3] =7 Via (14 22> ). G =(N+1)/(2N)

rel

my=2 TeV, Am/m,=10"2 my=2 TeV, mg=1TeV, Am/m,=10"2, y=1.0
55 —
—@-m 1ol —E-1
457 -l -~ 61> 13]
35 1
3 5
¥ 25 % 0.100
20
10 0.010-
5
0.001— s .
10 25 100 250 1000 10000 10 25 100 250 1000 10000
z=m,/T z=m,/T

S. Biondini, T. A. Chowdhury and S. Saad 2306.09428
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

NRY FOR SCALAR MEDIATORS

M 1 RY (X,¢)
_ 1 1
L=X(id— MX + 50u0 0”6 — §m2¢2
26— gXX6+ Lpona 1 e

@ no gauge symmetry — massive mediator

ML PNRY (¢, )

€ e
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

NRY FOR SCALAR MEDIATORS

Mt RY (X,0)
. 1 u 1 55
L=X(i - M)X+ 50u00"$p — Sm¢
by — Mo 4+ NRY (¢, x, ¢
“m 4*gXX‘Z&+£portal T B
|
@ no gauge symmetry — massive mediator Mol i PNRY (i, )
v

@ Non-relativistic EFT: integrate out the scale M = NRY Luke, Manohar hep-ph/9610534; Luke, Savage hep-ph/9707313

v? ¢’ ¢ g{V.{V,¢}} go'*vigvk v
2M M M2 8M?2 4 M2

Lnry = wT (i80+clg¢+cz—+C3—+C4—+cD + ics

. v?2 ¢* ¢ g{V.{V.,¢}} , ., go'*Vigv*
o ("9‘]“@“5%“%“4@“5 sz ST e )X
+ ['4-fermions

d, m’ d d, d:
+ 5 0u0 0”9 — b ¢ e+ 5 (0"9)0%(049) + 45 (60" 9)($9u)
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

NRY FOR SCALAR MEDIATORS

M1 RY (X, )
S 1 m 1 2,2
L=X(i — M)X + Ea#qsa o — 5m ¢
A = Muv 4

4 A NRY (¢, x,¢)
“a _gXX¢+£portal '
1 m
@ no gauge symmetry — massive mediator iy : DNRY (0.6)
v
@ Non-relativistic EFT: integrate out the scale M = NRY
('S S
(La-termions)d=6 = (M 0)¢’ xx'v+ (M l)w ox-x oy
P, fCPo) FCPY) s
L4 fermions)d=s = Py P ———0O(CP;
(La-s )d=s G O P+ == G OCPy) + G (°P1)
fCP2) P2) g(*%0) g(s1) 3 gC5°Di) a3
P =P S =—P(S = P(S5,” D
+ o oCP) + o (*So) + e (°51) + G (°S1,” D)
@ at O(a?) for the annihilation XX — ¢¢: Im[f(3Py)] = % 5ra? and Im[f(3P,)] = & 7a?
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PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

PNREFT FOR SCALAR MEDIATORS

@ potential non-relativistic EFT: integrating out the scale Ma ~ m = pNRY [2106.06472]

VZ VZ V4
EPNRv:/d3r¢T(r, R, f){i80+ i

VIR TYIREYTYE = V(p,r,o1,02)

)

) o v
—2g9(R, t)—g - [ViVk 6(R.1)| ~£0(R. 1) ¢ } (1, R, 1) + Locatar (B(R, 1)

@ leading order potential V(® = —2e™™, additional parameter £ = Ma/(2m)

@ Ultrasoft vertices: monopole, quadrupole and derivative interactions

(for scalar meditors see also R. Oncala and K. Petraki 1808.04854, 1911.02605)

S. Bronbpint (U Y OF ) QMDM 18TH MARCH



PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

PNREFT FOR SCALAR MEDIATORS

@ potential non-relativistic EFT: integrating out the scale Ma ~ m = pNRY [2106.06472]

v vy Vi
Lovry = | dref(r,R, 1) 4 i0 r —R .
PNRY / ro'(r ){'0+ YTV IR

- V(p,r,o1,02)

iJ . . v,‘
—2g9(R, t)—g - [ViVk 6(R.1)| ~£0(R. 1) ¢ } o(r, R, ) + Locatar ($(R, 1))

@ leading order potential V(® = —2e” ™, additional parameter { = Ma/(2m)

@ Ultrasoft vertices: monopole, quadrupole and derivative interactions

(for scalar meditors see also R. Oncala and K. Petraki 1808.04854, 1911.02605)

EXAMPLE APPLICATION OF PNRY: ANNIHILATION CROSS SECTION

(ramnvee)(8) = 337z (901 [ &/ (r,R,2) [~1mdV*"(1)] (e, R.1) |p.0)

_ Im[f(*Po)] + 5Im[f (*P,)]
- 3M4

2
rel /=1 \
Sann“» €)

w0 -

pl
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ULTRASOFT TRANSITIONS

PLE APPLI

a2y = )2 [1plr21n) 2 + 21l ) ]
Ol
ﬁwwmﬁ,

ObsfVrel | T—0 — E
n
1 v2
+20 3" [(AaEP)? — m?] 2 ( p’—'
5 [ - ] (o]

-5 5 ey - o] re (s

v;
M2

@ finite temperature absfvml{T = absfvre]}T:O [1+ ne(AEP)]

18TH MARCH
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ULTRASOFT TRANSITIONS

gy~ m)®

ObsfVrel | T—0 E
n
1 v2
+2a 3" [(AED) — m?] 2 (<p’W
n

R (o

@ finite temperature absfvml{T = ObstViel | 7o [L 4 nB(AED)]

[1(pIFIm) 2 + 21 ¢plr I} ]

)l

2
V'@@Mmﬁ,

M2

SCALAR DISSOCIATION

3
- /\k\>\s | % ns([k|) opea(lkl)




PNREFT FOR SCALAR AND PSEUDOSCALAR MEDIATORS

PNRY WITH PSEUDOSCALAR INTERACTIONS

. 1 1 A - )
L£=X(id— MX + 50ud 0”6 — 5m2¢2 = E¢4 — X(g + igs5)X ¢ + Lportal

@ M>> Ma > 7T > Ma? >, Ma > mand &€ = Ma/(2m)

@ gs interactions trigger S-wave annihilations/decay however gs-induced ultrasoft sector is subleading

2maas Ry (0 2
GannVrel = o S )+, T, = 2”‘*5% ‘e

M=2 TeV, as/a=10"2 M=2 TeV, a=0.15

"
2
2
T
=
z
é :
& 085 ~ asasi0”
T .
) C? ..... as/a=10""
! 0.80f . asiio

=== ag/a=10"*

0.08
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CONCLUSIONS

@ Dark matter thermal freeze-out in the early universe

— non-relativistic particles in a thermal environment

@ Many dark matter models feature vector or scalar force carriers between dark particles

— similarities with heavy quarkonia, interacting non-relativistic pairs

@ NREFTSs and pNREFTSs techniques for DM models
— systematic scheme to assess possible improvements

— handling of zero and finite temperature observables

@ NRQED/QCD and pNRQED/QCD and developed
pNRY for (pseudo)scalar mediators

@ Inspect the thermal scale VVMT and Debye mass [see talks by G. Qerimi and A. Dashko]

@ Derive evolution equations from pNREFTs: connection with Open-Quantum Systems

[see talks X. Yao, M. Escobedo, P. Vander Griend]
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THERMAL AVERAGE

M

<Uann Vre|> = T
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NON-ABELIAN DM MODELS

m(fy(*So)) = %w a(2M)? {1 + 2 [ziv <5 %2) N (%7 - %#)H ,

m(fy('5) = 2(a* ) =D Z9) 5

N2 — 4 all 2 199 7
1 _ 2 = _ T _ 22
Im(ffagg (*S0)) = =, 7= 7 (2M) {1+ — [2,\, (5 2 ) +N<18 2" )H

5( 73 67
I (fla (°$1)) = ¢ (** t 37 2) o’
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NON-ABELIAN DM MODEL

(UannVreI)NLo*( )= (UannVreI)r[uIHo ‘VEl](O)| )

NR
(Uannvrel NLO T Ty M2

1 Crma(2M)? e 400N? + 1044 — 37?(2N? + 35)
s 72N '

(O'ann Vrel)y[\fcj;]* ( ) (Uann Vrel)r[\?cjcl;] |w£?dj] (0)|2 s

a N? — 4 o (2M)?
(Uann Vrel)Llfjcj)] = T8N %
796N* — 16144N? — 720 + 7?(—42N* 4 1499N? + 36)
72N(N2 — 4) ’

« et
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NRY aAnND PNRY

@ four-fermion operators

1 3
(La-fermions)d=6 = f(MS;)lPTX xt+ %wf ox x'ow
(La-fermions)d=s = %O(IPO ¢ PO)O( Po) + ¢ Pl)o( P1)
n f(3P2)(’)(3P2) ( )P( o) + gC 51)7)( )
+ 7( SI:/; D1) PCSP D)+

@ matching coefficients
Im[f(*So)] = 2raas, Im[f(3S)] =

Im[f(*Py)] = Im[f(*Py)] =
Im[f(*Po)] = ¢ (50 — ). Im[f(*P)] = (o + as)’,

Imlg('S0)l =~ aas,  Imig(*S)] = mlg(S1,* D) = 0.
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NRY POTENTIAL
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