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Mmed Z M7 >\B Z m;lid Mped K M, )\B < m;lid
Non-perturbative effects
S Sommerfeld effect
distortion of scattering-state wavefunctions
) alters the cross-sections
l Dark Matter J. Hisano, S. Matsumoto, M. M. Nojiri (2003)
l phenomenology > Bound States

unstable BS = DM interaction rate,
DM abundance, indirect detection signals
B. von Harling, K. Petraki (2014)
stable BS = elastic scattering, novel indirect
detection signals, inelastic DM-nucleon scattering
K. Petraki, R. R. Volkas (2013)
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generation

Many possible
explanations

1. GUT baryogenesis

BARYONS 2. Electroweak

Three Sakharov conditions: baryogenesis

3. Leptogenesis

4. Affleck-Dine
mechanism

1. Baryon number violation
2. Cand CP symmetry violation

3. Departure from thermal
equilibrium
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Particle content

We consider the Ug_1,(1) extension of the Standard Model. The
particle content includes:

- two, heavy, non-relativistic and nearly-mass degenerate Dirac
fermions Xi » ~ (1,1,0,—1),

- doubly-charged scalar p ~ (1, 1,0, —2), which breaks the B-L
symmetry

- Gauge boson V,, of Ug_1,(1),

- three SM-singlet Weyl fermions , which cancel the gauge and
gravitational anomalies.
Assumed mass hierarchy

Am=my —my — 0, m,=my, m > vg_r,, m;id > (vie) ™t



The model is described by the Lagrangian density

— 0 int 4
L=Lsm* Lpsm + Lusm — Vasus

where

1 .1 & 2 _
Loy = ZF“”F +(Dyup)f v ; XkiDxk + z:l: (XiiDXi — miXiX;),
with

Gauge coupling

D;L = D;S;w +1 8B-LgB-L V;u

2 R L 3 2
in Yij < Yii v o o
‘CBéM == E (2;j PTxﬁ,fXR,j e 2(;J,.]./ﬁ)q,,'XL,j) = E E )\,?,( LHXR,i +h.c.,

ij=1 =1 =1

1
Vs = —uilplzj/\plpl“/\pn|H|2|p|2-



The CP asymmetry is generated by the

2 R L
[int :_Z le)'(CX .+yiT)'(Cx. +h
BSM = 25,.1.0 R,i7\R.j 25,.1.0 L,i\L,j -C.
ij=1

The are symmetric and generally complex, with

N2 = 4 irreducible phases, for N = 2 generations.
For convenience, we define

yij = (y; +y§‘)/27 wij = (y;“ - y,-jR)/2, aj = |yi2/4m, ap-_L = gh_L/4T.

N(N —1)/2 = 1 irreducible phase is associated with the y; coupling,
and N(N +1)/2 = 3 with w;.
We use the parametrization

yii = Varai > 0, yi = \/Amag e, 9; € [0, 2m).

We also assume that ’ Qiiy Qj > QB ‘




The X-number violation occurs via
1. Xo — )_<1p,
2. XI)<j — PV/L,
3. XiV, = Xip.

The CP asymmetry is generated here both

1. perturbatively - through the interference of tree and loop
diagrams in various processes ~ O(y®)

2. non-perturbatively - in long-range X;X; — X Xj:
flavour-changing scatterings and X; X — pp* annihilations.

AX = DXy + DXy = —2Ap 70.
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Long-range interactions




Long-range interactions in a nutshell

Exchange of light = Distortion of the
force mediators particle wavefunction

Breakdown of perturbative approach!

Low-momentum transfer in the loops |q| ~ pviel < 1

Every loop introduces

Y
a factor a/viel

Amplitude enhancement at low velocities
Resummation




Resummation

The 2P1 kernel genera‘gng CP-preserving CP-violating
the long-range potential P
i1/ Ojj

X - X,/ X; X, X; —>—|—<—le
]CX)_( _ + \

_ igi/i’ | - T S ; S S !

X, X/ X; X i1 X;—>—X

g

The resummation of the 2Pl kernel leads to
the Dyson-Schwinger equation for 4-point function

X; - @ - X,/ > X; - — - ~ =X,/
_ XX o exx
_ Gij;i’j’ _ = Z _ ICUﬂlJl ’Cinjn;i’j’

X Xy n=-1 X — —Xr

K. Petraki, M. Postma
M. Wiechers (2015)

4
G( ) DII/DJ_I/ 1+ g ICU ,//J//G,, 11 it
R. Oncala, K. Petraki

1ot
Y (2011)
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Schrodinger equation

In the non-relativistic regime, Dyson-Schwinger equation
yields a system of coupled Schrodinger equations:

~ ™A
Z V2 i | SHE
7] = Unrotated
JE e WPy, W § - J . T . = pre =
|: 2luij 5HI6JJI [VXX(r)]’/J/:|LIJIlJI(r) EU qJU (I’), wavefunction
I"?j/
S _ eS| L . Total energy in
glj =E m; m;j. the CM frame

The projections of a state S on flavor eigenstates ij
T
WS() = (W0, W50, W5 (0, W) )

Wi(x) = (Q|T [X,‘(X/2))-<j(_x/2)] |S)

x9=0 *



Long-range potential

- 9 3
XX and XX pairs interact via Vilr) = 4A];M/(;IT()73ﬁICt(q)eiq"
V,, and p boson exchange, which

. 1 (— ¢ 3 o
generates long-range potentials V,(r) = nimlﬂ) /(Zw; 1K, (q)e'dr

The XX potential matrix reads

Therma_t mass 11 Ail All 12

_ ap_r prse€ TPV 1A a2 A (A3,
Vyx(r)=— x1  — (=1)=—x ||, N

r r All A 12 A22

12 |Ax A3 ao

contains complex phase
2 2 * *
&-L L il _ViiY12 A= YilY22
aB—-L = ) Qjj = 4r ) i = Ar ) - Ar )

Hermitian, but not necessarily real!



Analytic approximation — Schrodinger equations

In the limit Am — 0, m, — 0, a system of coupled Schrodinger
equations can be diagonalized

[__ A l( )} S(r) = &5 ®5(r),

- » r-independent unitary matrix,
whose columns are V, 5 eigenvectors

1
'= - dlag{al7 az, as, 34}

, 'ﬁ \___

Dic
M:(( ;):Jhr ial leag( ) ]P)T VXX( X

real eigenvalues

WS =P WS(r),  £5=K/(2n), k= pva.



Analytic approximation — Coulomb wavefunctions

The rotated wavefunction can be expressed as

L’I:J‘S r= @Or . N’S
i (r) k(r)
diagonal 4x4 vector determining
matrix the asymptotic behavior

N = (N2, NS, Ny, NSS)T

11> "T120 TT21
Asym p‘[‘_o‘[‘_|ca“y Incoming Outgoing
plane-wave spherical-wave
r—oo - e’“"
ch(r) a2 enk‘rX]l + X ]Fk(Qr),

Fo =  diag{f® f= = =},



Analytic approximation — Coulomb wavefunctions

We seek solutions that asymptote to a pure flavor state at r — oo
ikr

x T3Qy),  US =(0%,65,065,05)".
r

11> %12 %217 Y22

Wi =7 ekt 5 S + €
Hence
Us =P N°, 7.5 = kPF NS = k P PTUS.

The fromS={ij}to S ={i"j'} is

[TS = kUSTPFRPTUS = k> P52 £2 (P5?),
and the unrotated wavefunction reads

WL(r) = P d(r) PT 4.

16



Partial wave analysis

Partial-wave expansion TS(0,) = Z (20+1) P)(k-F )T
£=0

f(0n) =Y 1) Pk -F) £,
£=0

For the Coulomb wavefunctions: SRR

-

Velocity dependence

a E% ezﬁAe(qa)zL“ﬁ'\CeL
KT ik F(1+0—iC,)

Ga = a/ Vrel

The partial-wave cross-sections

Unitarity bound
S—S’
o 20+ 1
U _—_
’[Tk\ E]S’ ) op =4m K2

Ue



Asymmetries




CP asymmetries

We parametrize the CP asymmetries as

|[7Tk|,e]8/\2 - |[7Tk\,e]§/ ?

S 12 4 S 2 Having complex LG potential
|[7-‘k‘ ’Z] ! ’ ’[,ﬁklve]S’ is crucial to generate an asymmetry!

St g A | 1 [BS2(eS ) B E(eSy|
a,b

[5\k\,€]$—>8’ =

> Ref ] Re[Po2() BI2E) |
a,b
Unitarity & CPT invariance: [7]147@]% = [T\k\,g]ﬁ, [7Tk|,g]§ = [T\k\,z]g

CP violation arises in the j; — 12, 21 scatterings.
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bi | XQXQ — X1X2
% L0-2] ® XX XX
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(O_g'UMQ]

Low velocity

ICpl 21+ 4

O ¢UMgpl

Non-perturbative

9V =g limit

le i, el~ 1
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| ==-- thermally averaged (vs. T

100 100 102 108 10 10° 106



100 107t 1072

= 100 4+— I )
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E unitarity bound
D u XQXQ — X1X2
S —o] W XXy — Xo Xy
—~
=
g
§ 4 Maximal CP
= 107 asymmetry even for
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Observed baryon asymmetty N\ /

AL =Y, — Y4

100 102 100 10!
x=my/T

5
10 only contribution
from LR interactions
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Conclusions




- We study a novel baryogenesis scenario involving long-range
interactions between non-relativistic particles.

- CP violation necessitates V, ¢ to be complex.

* |€jk,¢|~ 1 can be attained even for weak couplings at low
velocities.

- Long-range CP-violating interactions saturate the unitarity
bound in a continuum of momenta.

- Non-perturbative dynamics can alter the phenomenological
predictions of various well-established theories!

22
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