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Introduction

The present mass density of cold DM by WMAP collaboration is:
Q. h° =0.1099 £0.0062 (1)

Q. 1s the mass density of CDM normalized by the critical density, }; is the Hubble
constant in units of 100km/s/Mmpc -

If the DM was produced thermally in the early Universe, the DM
annihilation cross section is about the order of Weak interaction.

0.1pb
Qh* = (o) (ov)=0.91pb (2)

X isthe DM particle, O is the annihilation cross section, V is relative velocity, <O'V>
is the thermal average.



We know the gravitational nature of DM, but we know a little about
its particle nature.

In this work, we use the effective interaction to describe the
interactions between DM and SM particles. DM exists in a hidden
sector and interact with SM particle via a heavy mediator.

For example, the interactions between a fermionic DM # and the
light quarks q (u,d,s,c,b) can be described by (Tx)(al"q) , where

F,F':O-,UV,O-,UVy-S’ 7/#9 7/#759 7/591

There have been some works to constrain these effective
interactions by present and future collider experiments, and gamma-
ray experiments.



In this work, WMAP experiment can give us the lower bound of DM
annihilation cross section (ov) . Hence, it give us the lower bound
of the strength of DM effective interactions. Otherwise, there will
be too many DM in our universe.

We also use the cosmic antiproton flux from PAMELA experiment to
give us the upper bound of the strength of DM effective

interactions.



Effective Interactions

The effective interactions of Dirac fermion DM and light quarks via a

(axial) vector-boson or tersor-type exchange are described by the
dimension 6 operator:

L s=0.6= % ()_(FIZ ) (5F2q )

where T, =7*, 7"y, 6" ,0"y’ Wwith ¢ =i(y*y" - y'y*)/2, and C is coupling
constant o(1) , Al_ is the cutoff scale.

Dirac fermion DM via (pseudo) scalar-boson-type exchange:

Cm — _
Li710=0q0= /:Zq (ZFJ()(QFM)

l

where I', =1 or iy’ | m_are the light quarks mass.



« Dirac DM couples to gluon field:
Cas (zml) b aplv f~va
L ,=0_,= AN (ZFZ )G G,uv

Ca,(2m,) —

L Z) (ZFZ) Gava*ZV

i=13-14 — Yiz13-14 — 3
4Al.

where T=1 or iy’ , «, are the strong coupling constant at

* PO
scale 2m,, G, =€,,,G” 12 -

« Complex scalar DM via vector boson exchange:

Liisi6= Oi=15,16 = % (ZT 5;7() (57ﬂFCI)

l

where T=1 or y°and 2'9,7=2(3,2)-(9,4")x .

« Complex scalar DM via scalar boson exchange:
Cm —
Li 715 =Opipps = A—;](ZTZ) (QFQ)

1

whereT'=1 or iy.



« Complex scalar DM couple to gluon field:

Co |2m

Li=19 = 0i=19 = 46\3 Z) (ZTZ) GaﬂvGZv
Ca (2

lezo _ 01_20 _ iLa, ( mﬂ() (ZTZ) GaﬂvG*ZV

4N}



Annihilation Cross Sections Around the
Freeze—0ut

The WMAP results give us the DM annihilation cross section (ov) in
the early universe is: (ov)=0.91pb

If there were some other nonthermal source of DM in the early
universe, the constrain of WMAP is revised into: (ov) > 0.91pb

We use the effective interaction O, to calculate <GV> in the early
universe and give upper limit of cutoff A. .

xx or Y y—aq or gg

We assume DM velocity y = ().3¢ at around freeze-out time. We also
included the DM annihilation into light quarks and top quark.



» Inthe (m,,A)plane, the solid lines are the contours with {(ov)=0.91pb
. The regions below the lines are the allowed values for A .

. Figure 1: operators O, .

G000 —

5000

4000

3000

A(GeV)

2000F 7 7 e —————————— e e e -

——————————————
; -
‘‘‘‘‘‘‘‘‘
e a
-
"""""
1000

T ——
TS i e e e S i S s o s o o o o ]
b e o o e e o e e e e e e oy o o e e S o o o Y oy ot o o A o o o g . o e o o e e e e ]




Figure 2: operator O, _,,. The shaded areais A < ml/2\/;
where the effective theory approach is not trustworthy.
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« Figure 3: operator O, ,,
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Anitproton Flux

In the present universe, the DM in our Galaxy halo will annihilate
into quarks or gluons via the effective operators O,y , and quarks
and gluons will fragment into cosmic antiproton flux.

AX

Operator

)qq Fragment N p + X

In this calculation, we only consider the DM annihilate into light
quarks (u,d,s,c,b).

halo

sun

disc




« The antiprotons produced from the Galaxy halo need propagate to
our earth. There are magnetic field in the Galaxy will change the

energy spectra of antiproton. This phenomena is described by the
diffusion equation:

W -\ = =D : J -
a—gt”:Q(r,p)+V~(DmVW)+$p2Dpp5#@”_5[1””]

where w:w(?,p,t)is the density of anti-p, D,, is the spatial diffusion
coefficient, D, is the diffusion coefficient in momentum space, Q is the
source term, ,=dp/dr is the momentum loss rate.

« The source term from the DM annihilation is:
dN-

| Peou 2 T p
0 =n| o | 2o,

CDM
where 7=1/2 (1/4) for (non)-identical initial state, and 75 is the kinetic
energy of antiproton.



We calculate the antiproton energy spectrum dN- /dT. from DM
annihilation and put the source term Q into the computer program
GALPROP. GALPROP can solve the diffusion equation and output
the cosmic antiproton energy spectrum in earth.

We compare PAMELA antiproton data (data point above 4GeV) with
the GALPROP output and calculate the »° .

We find the 30 (2"~ i =9) limit on the cutoff A of each effective
operators O.i for different DM mass m, =50,100,200,400GeV .

The PAMELA antiproton data give the lower limit of cutoff A,



Figure 4: operator 0, :%(}_(7’”}()(57’#61) DM mass=200GeV.
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+ Using WMAP data( DM thermal relic density ) and PAMELA data
( antiproton flux ) can give a valid range of cutoff A for each
effective operator Oy .

» For example, Dirac DM with (axial) vector interactions O, ,
require 1.6TeV <A, <3TeV  for m,=200GeV . The best limit is from

the Dirac DM with tensor interactions O;
have 1.9TeV <A, <3.6TeV  for m,=200GeV.

« 0, have velocity suppression. O,_.; (Dirac DM with scalar-boson
exchange) give weak limit because of the m,_ in the coupling
constant. 0,4 (gluonic interaction) give weak limit because of the &, =10”
in the coupling constant. O, (complex scalar DM with vector-
boson exchange) give weak limit because of the derivative bring
down a factor of momentum.



- Table3: m,

=50,100,200,400GeV

Operators A (TeV)
my (GeV) =50 100 200 400

Dirac DM, Vector Boson Exchange
Or = (X" (779) 115 134 1.57 1.66
0y = (T/"1%y) (@7,9) 0.033 0.038 0.045 0.047
03 = (") (@37°9) 115 134 157 166
01 = (") (T37°0) 0.19 015 0.11 0.09
05 = (Xo*") (i0,1) 137 160 1.87 197
O = (Yo"~ X][qo“,q) 1.36 1.60 187 1.97

Dirac DM, Scalar Boson Exchange
07 = (%) (dg) 0.012 0.013 0.014 0.015
Oy = (X)) 012 013 0.14 0.15
Oy = (Ty) (7%0) 0.012 0.013 0.014 0.015

Olu—( Y

V) (@) 012 013 014 0.15

Dirac DM, Gluonic

011 = (Y)() G;WG'W
Oy = (Yﬂf’ﬁ)() G,(uf G

013 = (Y)() G s é,rev

0.013 0.015 0.019 0.027

013 015 0.19 0.27
0.013 0.015 0.019 0.027
X) G, WG

O = (¥ 0.13 015 0.19 0.27

Complex Scalar DM, Vector Boson Exchange

O = ('8, x) (@a) 0,033 0,038 0.045 0,047

O = (X' 8ux) (@"%9) 0033 0.038 0.045 0.047

Complex Scalar DM, Scalar Vector Boson Exchange

O = (x'x) (@) 0.16 0.13 0.099 0.074

O1s = (X'\) (77°q) 0.16 0.13 0,099 0.074
Complex Scalar DM, Gluonic

O = (x'v) G G - 0.18 015 015 0.8

O = (x'y) G G* ) 018 015 015 0.18




Velocity Dependence in the
Nonrelativistic Limit

« The current velocity of DM near the sun is
about v =300km/s=10"c .

« For example, the annihilation cross section of operator O, (Dirac
DM with a scalar boson exchange) would be suppress by the
factor v .

« Operator O, to Os , the relevant part of the annihilation amplitude of
the Dirac DM is

v(p,)Tyw(p)

where T'=y“7"y,c", 0"y



In the nonrelativistic limit, the Dirac spinor of DM and antiparticle are:

1 —
w=§[8] , y=n(e 1)7
,where €=0(v/c) .
In Dirac representation, the gamma matrices are given by

o (I 0 (0 o (0 1
7‘(0 1) V_—a,. o) 7l 0
, where o,(i=1,2,3) are Pauli matrices.
In nonrelativistic limit, the space-like and time-like part of ¥7'v are

wy'y =2en&
vyy =(1+€)n'oé

The time-like part is suppressed by v/c , but the space-like part
are not.



* In nonrelativistic limit, the space-like and time-like part of vy Yy

e vy vy =(1+€)n°é

vy Yy =2en o
,where space-like part are suppressed by v/c

* Inthe calculation of annihilation cross section ¥¥ — qq , we can
consider the space-like and time-like parts of yT y separately,
when it is squared, traced, and contracted with the trace of the light

quarkleg gy*q or qr'r’q -

- After being squared and traced, the time-like part of ¢y“q or qr*7’q
gives a value close to zero, and the space-like part of it gives a

2
value of order m,.



Therefore, w»“w multipliedto ¢7'q or qy*7’q will not be
suppressed, while yv7*7w multipliedto ¢¥“q or qy*7q will be
suppressed.

Hence, the limits on O, and O, are stronger than those on O,
and O,. The O, and O, have unsuppressed components
in uv=0i,

In nonrelativistic limit, the DM part of operators 0, to 0O, are
yy ~en’é
wry ~n'é

Therefore, the limits on O, and 0,, are stronger than those on O,

and O, . Thelimits on 0O,,and O, are stronger than those on O,
and O, .



* In Osto Oy,only O;s,s are suppressed by v/c , others are not.
Because there is the differential operator o, in 0O, ,and this
will bring down a vertex factor p,, .

pONmZ
p, ~vic

e »When 79,7 multiplied to the quark
leg g7*q or qr*y’q they will be suppressed by v/c .

« Thereforein O



Fermi—LAT Gamma—Ray Data

We use the Gamma-ray spectrum data from the mid-latitude area of
our galaxy skymap ( 10" <|p| <20°,0° <1 <360"). We have clearly
understanding with the material and point sources. We can calculate
the Gamma ray background more accurately.

There are more DM accumulate in the Galaxy Center. However,
Galaxy Center may has supermassive black hole, and some
unknown source.




Background

The Background Gamma ray mainly comes from the interaction
between high energy cosmic ray particle with the interstellar
medium and radiation field of charged particle.

0

7T decay: The high energy cosmic ray ( proton ) collide with the
nucleons of theointerstellar medium. Then, the 77 are produced
and most of 77 will decay into two photons.

Inverse Compton (IC) : The high energy ¢* collide with the
photons of interstellar medium or CMB photons.

Bremsstrahlung: The high energy ¢” are deflected by the
Coulomb field of the interstellar medium.



Extragalactic background (EGB) : It is expected to be isotropic.
The sources of EGB come from unresolved point sources, diffuse
emission of large scale structure formation, etc. Because there
are large uncertainty in the EGB, it is determined lastly among the
other components of Gamma-ray background.

The Fermi-LAT measured the Gamma-ray and fitted the EGB by

o
dE 0.281GeV

where y=|6-2/=241+0.05 is power-law index
and A=(O.95f8‘1§)><10_6 GeV cm s 'sr™



We use Galprop (web version), which is a computer program and
can calculate the cosmic ray flux, to do the theoretical estimation of
the background Gamma-ray flux. Galprop can give the estimations
of background 1, 2, and 3.

Background 1 ( 7’ decay ) are mostly determined by the cosmic ray
proton flux.

Background 2 ( IC ) and 3 ( bremss ) are mostly determined by
cosmic ray electron flux.

Because Fermi-LAT and AMS experiments already measured the
flux of cosmic electron and proton. Then, the Gamma-ray flux
background of 7’ decay, IC, and bremss are almost determined.



We added background EGB into background from Galprop and fitted
the Fermi-LAT mid-latitude data. Then, we obtained the flux of EGB
IS

dd

EZ—:(0.99><10—6)( £
dE

0.281GeV

—0.36
-2 -1 -1
j GeV cm s sr

, where the power-law index is =236 . The y° =2.435 for 7 d.o.f
in our fitting. It is close to the EGB from Fermi-LAT paper.

We can see that the theoretical spectrum fits with the Fermi-LAT
data very well.



« Gamma-ray flux bkgd:
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Dark Matter Annihilation

Via these effective operators, the DM in the galaxy halo will
annihilate with each other and produce photons by the process:

Z}%qg or gg —Sa'+X — 27+ X

, where ¢g=u,d,c,s,b .

DM and anti-DM annihilate into quark and anti-quark ( or gluon pair ),
then quark and anti-quark will fragment into many z° . About 99%
of z° will further decays into 27 .



+  We used two methods to obtain the photon energy spectrum dN/dE,
of the DM annihilation process.

1. Using the process e¢'e »>Z — qq in Pythia to simulate the

process _ _ .
X¥X—qq—>7w +X =52y+X

Using the process e'e” - Z —gq with the initial radiation turned
off in Pythia. The e’e” annihilate into a Z boson, and the Z boson go
into quark and anti-quark. The center mass energy of e'e” is 2m, .
Then, we extracted the energy spectrum of the final state photon.

Most photons come from decay of 7’ , Which is produced by the
fragmentation of quark and anti-quark. Very small photons come
from bremsstralung of the quark leg.




2. Considering the process: yy — qq

Using the fragmentation function code _ .
( B.A.Kniehl,G.Kramer,B.Potter ) of ¢.9.& into 7 ,then we have
energy spectrum of 7l in the process:

XX —>qq. or gg >+ X
Boosting the ¥ energy spectrum dN/dEy (7f0 — 7’}’) into 77
frame and convolute dN/ dE7(7z° — 7}/) with 77 ° spectrum. We can
have dN/dE, in this process

Z}%qg or gg —Sa'+X —>27+ X

« The photon energy spectra dN/dEy from the above two methods
are consensus with each other.



« DM mass=200GeV. Photon energy spectrum from Pythia and
Fragmentation code.
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With the effective operators ( O,;to O,, and O,,,0,, ) that DM will
annihilate into gluon pair, we used the 2" method to extract the
photon energy spectrum

The cosmic Gamma-ray flux can be calculate via this equation:
<O'v> dN 1
P = |
2 dE, 4zxm

X line of sight

ds p’ (s,v)

, where p/m, is the DM number density, (ov) is the annihilation
cross section, and dN/ dE, is the photon energy spectrum per
annihilation. S is the parameter along the line of sight, and ¥ s
the angle from the direction of the Galaxy Center.

The factor 2 in the denominator comes from the particle and anit-
particle annihilation.



Adding the Gamma-ray contribution of DM annihilation into the
background from Galprop and fitted EGB. We compared the
theoretical Gamma-ray flux with Fermi-LAT data and calculate
the y°.

We choose 30 deviation ( 2" =% ~ X =9 ) from the Fermi-LAT
data and give the lower limit of the cutoff A, as well as the upper
limit of DM annihilation cross section <0V> for each operators.



« Figure 1. For O, ,and m,=200GeV  Cutoff A=1.5TeV The pick
of spectrum from DM annihilation is about 0.lm, -
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Constraints from Fermi—LAT

 The lower limit of cutoff A =0(1)TeV for the unsuppressed
operators (  O,,0,,0;,,0, ) for m, =50—-500GeV, and the lower
limit of cutoff A =0(0.01-0.1)TeV for the suppressed operators
by small velocity, light quark mass, or strong coupling constant.



- Table 2.Lower limit of cutoff A; from Fermi-LAT Gamma-ray

Operators A (TeV)
my (GeV) = 50 100 200 500

Dirac DM, (axial) vector/tensor exchange

O1 = (X" x) (7.9 0.87 1.15 1.46 1.04
Oy = (XY*°x) (G7.q) 0.025 0.033 0.042 0.055
O3 = (X7 x) (777 q) 0.87 1.15 1.46 1.94
Oy = (V" x) (G777 q) 0.13 0.12 0.11 0.10
Os = (X x) (Gowq) 1.04 1.36 1.74 2.31
Og = (X" v°x) (G0 1) 1.04 1.36 1.74 2.31

Dirac DM, (pseudo) scalar exchange

Or = (xXx) (qg) 0.009 0.011 0.014 0.017
Os = (X7°x) (4q) 0.094 0.11 0.14 0.17
Og = (XX) (@7°9) 0.009 0.011 0.014 0.017

O = (7 x) (G7°q) 0.094 0.11 0.14 0.17




Dirac DM, gluonic

O11 = (Xx) Gu.GH 0.011 0.013 0.017 0.024
O12 = (X7°x) G G 0.11 0.13 0.17 0.24
O3 = (YY) (_?'WG““" 0.011 0.013 0.017 0.024
O14 = (W) G G 0.11 0.13 0.17 0.24
Complex Scalar DM, (axial) vector exchange

O15 = (x1 9, x) (7" 0.025 0.033 0.042 0.055
O16 = (X' 9, %) (7v"~°q) 0.025 0.033 0.042 0.055
Complex Scalar DM, (pseudo) scalar exchange

017 = (xTy) (Gq) 0.11 0.10 0.095 0.083
Oz = (xTy) (G7°¢q) 0.11 0.10 0.095 0.083
Complex Scalar DM, gluonic

Or0 = (x"x) G G* 0.13 0.13 0.13 0.14
Oz = (xTx) G GH 0.13 0.13 0.13 0.14




Antiproton and Gamma—ray Flux
Comparison

« Once we have the lower limit of cutoff A for each DM mass, we
can calculate the upper limit of <0'v>(;(;( — qq) DM annihilation
cross section as a function of DM mass m,.

» The upper limit of (ov)(xx — qq) are approximately independent
of the operators with quark and anti-quark final state. These
operators produce similar shape of the Gamma-ray spectra from DM
annihilation.



<oV> (c:m3 5'1)

Figure 4.
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« Infigure 4, the x-axis is at the value of (ov)=0.91pb=3x10"cm’s™
which gives the correct DM relic density, if DM was produced
thermally in the early universe.

« The two curves in figure 4 are the upper limit of the DM annihilation
cross section <GV>?)(Z — qq) in the present universe. These two
curves are obtained from the Fermi-LAT Gamma-ray data and
PAMELA antiproton data, respectively.

« For lighter DM mass ( 50-300GeV ), PAMELA antiproton data can
give more severe constraints on effective operators. For heaver DM
mass ( 300-500GeV ), Fermi-LAT Gamma-ray data gives stronger
constraints than PAMELA data.



Direct Detection Experiments
Constraint

CDMS and XENON100 give strong constraints on the DM spin-
independent ( Sl ) cross section.

The upper limit from CDMS is: o, =3.8x10™"cm® at m,=70GeV
The upper limit from XENON100 is:

O-}Zv =~ 0.7x10™"cm®  at m, =50GeV

For Dirac DM operators, only operators O, and O, ( Dirac DM
with vector or scalar boson exchange) will give the DM spin-
iIndependent cross section.



+  For operator 0, =m, (}Z)(gq)//\g , the Sl cross section is:

2

SI _lu;(N
O'zN =

T

, Where K,y is the reduced mass of the DM and nucleon, and

2

GN

— m — m Y light quarks
=S () 5 | ()= 2]
p A m - Jr, s heavy —quarks

q

Using the values of fT]qv and fTZ in the DarkSUSY and taking

average between the neutron and proton for o, . We have
4

0¥ =0 (0.3769)°

XN 6

TN\
Using the limit o, <10™cm’ for m, ~50-200GeV | we have
A, >330GeV

This limit for cutoff A, is better than that from Gamma-ray
constraints ( A, = 0(10)GeV ).



» For operator O, =()_(7’”)()(57’ﬂ)/1\12 , the Sl cross section is:
o5t _ Mo
o 256rx
,where by =2(a/ +a}) ,and «',=1/A> are the coefficients in front
of the operator (O, . We have
2
ol =
2567 A

Using the limit o, <10™cm’*, we obtain

oy |

A, >4.4TeV

It is about 2-3 times larger than the limit of cutoff A, from
Gamma-ray constraints ( A, =O0(1)TeV ).



Discussion and Conclusions

We use the effective interaction approach to study the interactions
between DM and light quarks.

Using WMAP data (CDM relic density) give the upper limit of cutoff
and PAMELA antiproton data (Fermi-LAT Gamma-ray data) give the
lower limit of cutoff, we can have the valid regions for each

cutoff A,

The lower limit of cutoff is about 1-2 TeV, for the unsuppressed
operators. It is about 0.01-0.1 TeV, for the suppressed operators.



Only the operators O, (vector exchange) and O, (scalar exchange)
for the Dirac DM contribute to the spin-independent cross section.
CDMS and XENON100 give very strong constraints for these two
operators.

These constrains for effective operators of DM and SM light quarks
give useful information for collider searches and direct detection.



Thank You!



Table 1:

Operator Coefficient

Dirac DM, Vector Boson Exchange

Dirac DM, Gluonic

O1 = (Xv"x) (@uq)

Oy = (X1"7°X) (@7.9)
03 = (T9"x) (Fyu7°9)
Oy = (X1"9°X) (@1.7"9)

O5 = (X" x) (§09)

e [T s T (ST [T« (s T (o

OG = (?g;”}f}:s){) ["Tgﬂb’qj

O = (Xx) G G %
O12 = (X7°x) GG iCqy
O3 = () Gy G Ca
O11 = (X7°x) G G iCay

Complex Scalar DM, Vector Boson Exchange

O = [XT‘;-,H- x) (@"q)

< [S v [o}

O16 = (xT9, x) (v"v°q)

Dirac DM, Scalar Boson Exchange

Complex Scalar DM, Scalar Vector Boson Exchange

Or = (Xx) (q9) C_Si
Os = (X7°x) (79) iCmy
Og = (Xx) (7°q) Oy
O10 = (07v"x) (77°9) T

_ o
O17 = (x"x) (g9) Lot

r v
iCmg

O1s = (x'x) (@°9) T

Complex Scalar DM, Gluonic

Oy = [XTX) G.fw A %5-

O20 = (xTx) Guv Grv ";En-s




Parameter {umit )

Value

Minimum galactocenirie radius vy (kpe)

Maximum galactocentric rading rmee (kpc)

Minimum height =, (kpe)

Maximum height 2,500 (kpe)

IERF factors for IC caleulation: optical, FIR, CMEB T8 RFramors
Camma-ray Intensity Skymap Longitude minimum {ongmyy, (degress)
Camma-ray Intensity Skymap Longitude maximum {ongmg. (degrees)
Gamma-ray Intensity Skymap Latitude minimum latmen {degresa)
Camma-ray Intensity Skymap Latitude maximum laty, ;. (degrees)
Binsize in Longitude for Gamma-ray Intensity Skymaps digyg (degress)
Binzsize in Latitude for Gamma-ray Intensity Skymaps dias | degress)
Diffusion Coefficient Normalization D, LIDEB -:mﬂs‘j;l

Diffusion Coefficient Index Below Break Rigidity Dy

Diffusion Coefficient Index Above Break Rigidity Do

Diffusion Coefficient Break Rigidity Dy pe ';IDS MWV}

Alfven Speed vy (km s‘t;l

Muclear Break Rigidity iceigd b |;1|:|3 MV

MNucleus Injection Index Below Break Rigidity nwey

MNucleus Injection Index Above Break Rigidity muegs

Proten Flux Normalization {10~ em—2 sr—!s~! ['-{E‘-"_tj

Proton Kinetic Energy for Normalization (10% MeV)

Electron Break RigidityQ electr ompga v |;1EI" MV

Electron Break Rigidity electromnmgd b |;1|:Ig MW}

Electron Injection Index Below Break Rigidity electron g

Electron Injection Index Above Break Rigidityl and Below Break Rigidity electrong
Electron Injection Index Above Break Rigidity electrong

Electron Flux Normalization (1010 cm—2sr—1 a1 MeV-1)

Electron Kinetic Energy for Normalization |;1|:|" eV

000
25.0
—04.0
+04.0

1.9,1.9,1.9

]
3600
+10.0
+20.0
0.50
0.50
.1
0.33
0.33
4.0
a0
1040
am
2.43
4.00
1.00
3.0
1.0
2.20
254
2.5
4.0
3.45



Opearator Coeflicient

Velocity Sealing in (oo}

Dirac DM, (axial) vector /tensor exchangs

Oy = (v¥'x ) (@pa) AT m?
Oy = (9" 7%x) (qrual ﬂ%' 1r1ft:2
Os = (% M@ a) = m?
Oy = (307" +*x) (T 1) i e
Oy = (e x ) (Gopwa) = e
Og = (T 43} (Gouwa) = md
Dirac DM, {pseudo) scalar exchange

U = {30x) (39) Cﬁ.:’?i 1ﬂ§1i‘lfi:2
Os = (307" %) (74) R mlm?
On = () (Fv°4) R m2me?
Ow = (7 x) (37"a) Eon gy
Diirac DM, gluonie

Oy = (30 ) G % 1i".'.:‘-112
Oy = (T %) G G L my
Oy = (%) 'r-'lylr'r-;"}“r e 1r1;t1:2
Oyg = (T7°%) Cpa CH L ey
Complex Sealar DIV, {axial) vector exchange

01z = (xtBux) (1) {—_r mde?
g = [‘l.r.':T;:‘l.] {(@"+%q) fg- 1r'.'_ft:2
Complex Sealar DIV, (pseudo) scalar exchange

Orr = (x'x) (da) S mrig
(s = (x"x) (37°a) e s
Complex Scalar DIV, gluonie

o = (v Ty) GG %5- ‘”—f
O = (xt) G G e m?




