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Why Effective theory ?

❖ Physics Beyond the SM (BSM) is required 
to explain Dark Matter (DM) etc..


❖ But we have little idea what kind of BSM/
DM


❖ Effective theory provides a way to gauge 
the effect of New Physics just with low 
energy fields/particles


❖ Effective theory is sufficiently model 
independent 



What is Dark Matter ?
It can be constituted of fundamental particle(s) with the following broad properties: 

EM charge neutral: Dark
Stable : don’t decay

Massive: gravitational effect
(cold/warm/hot) 

Weakly Interacting 
massive particle: 

WIMP

Feebly Interacting 
Massive Particle: FIMP

Strongly Interacting 
massive particle: SIMP

Main two mechanisms to address 
relic density of Dark Matter 

Thermal Freeze out

Non-thermal freeze in 

}

<latexit sha1_base64="PgxG31o2dKwK4c7QViPthKSADMU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoN6KXjxWsR/QhrLZbtqlm03YnQgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHnrTfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NLp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvmZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOGUbAje8surpHVR9WrV6/tapX6Tx1GEEziFc/DgEupwBw1oAoMQnuEV3pyx8+K8Ox+L1oKTzxzDHzifP6JsjXM=</latexit>

Many many unknown issues

Other dark objects like Massive 
Compact Halo Objects (MACHOS), 
Primordial Black Holes (PBH) or 
even Modified gravity (MOND) can 
account for Dark Matter (partially).

❖ Spin of Dark Matter: scalar, 
fermion, Vector Boson

❖ Single or Multi component
❖ Mass of Dark Matter and 

coupling with visible sector

⌦h2 ' 0.1199± 0.0022

<latexit sha1_base64="dbUGcJJPJhCuInwldJrUcfRu2W4=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWJqUqqStCtgoWNItGL1ITKcU9bq3YSbAepqvoCLLwKCwMIsbKz8TY4bQZo+SVLn/5zjo7PH8ScKe0439bS8srq2npuI7+5tb2za+/tN1SUSAp1GvFItgKigLMQ6pppDq1YAhEBh2YwvEzrzQeQikXhrR7F4AvSD1mPUaKN1bGPsXctoE/w4K6EPcUE3GOn6LqVCvZiYdBxSqWOXUghFV4EN4MCylTr2F9eN6KJgFBTTpRqu06s/TGRmlEOk7yXKIgJHZI+tA2GRIDyx9NrJvjEOF3ci6R5ocZT9/fEmAilRiIwnYLogZqvpeZ/tXaie+f+mIVxoiGks0W9hGMd4TQa3GUSqOYjA4RKZv6K6YBIQrUJMG9CcOdPXoRGqeiWi5WbcqF6kcWRQ4foCJ0iF52hKrpCNVRHFD2iZ/SK3qwn68V6tz5mrUtWNnOA/sj6/AGuBpgk</latexit>



Building DM Effective theory

Factorisation assumes 
that DM do not possess 

SM charge and vice versa

<latexit sha1_base64="NLW5gnZjxyd3aMW2Sr+NkXIzaUU="></latexit>

OSM�DM is invariant under GSM ⇥ GDM

<latexit sha1_base64="9xQtoFxFk7dQmsAAqJ9YTy8Sa/Q="></latexit>

OSM is constituted of SM fields,
ODM is constituted with DM fields.



Simplest DM-SM Operator 
LDM�SM ⇠

1

⇤(n�4)
ODMOSM

OSM : H
†
H, Bµ⌫

LDM�SM ⇠ H
†
H�

2

� is a DM ! provided it possess no EM charge

� ! �� �1�
2
H

†
H

<latexit sha1_base64="3n1zefXq0DUo6kU2pL7u4ihYue4=">AAACBXicdVDLSsNAFJ34rPUVdamLwSK4KkktVXdFN11WsA9o0jCZTNOhk0mYmQgldOPGX3HjQhG3/oM7/8ZpG6GKHhg4nHMud+7xE0alsqxPY2l5ZXVtvbBR3Nza3tk19/bbMk4FJi0cs1h0fSQJo5y0FFWMdBNBUOQz0vFH11O/c0eEpDG/VeOEuBEKOR1QjJSWPPPIYTocIM+GTjKk/Qps9J0AhSERsOGZJatszQAXSLVm1y5taOdKCeRoeuaHE8Q4jQhXmCEpe7aVKDdDQlHMyKTopJIkCI9QSHqachQR6WazKybwRCsBHMRCP67gTF2cyFAk5TjydTJCaih/e1PxL6+XqsGFm1GepIpwPF80SBlUMZxWAgMqCFZsrAnCguq/QjxEAmGliyvqEr4vhf+TdqVsn5UrN9VS/SqvowAOwTE4BTY4B3XQAE3QAhjcg0fwDF6MB+PJeDXe5tElI585AD9gvH8BuHiXcA==</latexit>

L = LSM +
1

2
(@µ

�)(@µ�)� V (H,�)

<latexit sha1_base64="idFY1Mj+f+MgayyF6+oFHMNa0bo="></latexit>

Stability of DM is ensured by a Z2 symmetry under which

<latexit sha1_base64="thH4V2mVUnkyAgJoLRe3PDMFJvQ="></latexit>

[M ] : 2

<latexit sha1_base64="M2y42L1D8nTcm0WWMPavUd9tiuw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKwY9T0YsXoYJpC2kom+2mXbrZhN2NUEJ/gxcPinj1B3nz37hpc9DWBwOP92aYmRcknClt299WaW19Y3OrvF3Z2d3bP6geHnVUnEpCXRLzWPYCrChngrqaaU57iaQ4CjjtBpPb3O8+UalYLB71NKF+hEeChYxgbSTXu/evG4Nqza7bc6BV4hSkBgXag+pXfxiTNKJCE46V8hw70X6GpWaE01mlnyqaYDLBI+oZKnBElZ/Nj52hM6MMURhLU0Kjufp7IsORUtMoMJ0R1mO17OXif56X6vDSz5hIUk0FWSwKU450jPLP0ZBJSjSfGoKJZOZWRMZYYqJNPhUTgrP88irpNOpOs3710Ky1boo4ynACp3AODlxAC+6gDS4QYPAMr/BmCevFerc+Fq0lq5g5hj+wPn8A+n6OKQ==</latexit>

Higgs Portal Interaction

Renormalisable interactions (n=4)

<latexit sha1_base64="fvSplNMM1G/vQWyBr0QzTKureIE=">AAAB/3icdVDLSsNAFJ34rPEVFdy4GWwFVyUJIe2y6KbLCvYBbSyTyaQdOnkwMxFK7MJfceNCEbf+hjv/xklbQUUPXDiccy/33uOnjAppmh/ayura+sZmaUvf3tnd2zcODjsiyTgmbZywhPd8JAijMWlLKhnppZygyGek608uC797S7igSXwtpynxIjSKaUgxkkoaGsewMkjHFDZvBgEajQiHzYqu60OjbFZNx6m5DlTEMh23XhDbdmsOtKrmHGWwRGtovA+CBGcRiSVmSIi+ZabSyxGXFDMy0weZICnCEzQifUVjFBHh5fP7Z/BMKQEME64qlnCufp/IUSTENPJVZ4TkWPz2CvEvr5/JsO7lNE4zSWK8WBRmDMoEFmHAgHKCJZsqgjCn6laIx4gjLFVkRQhfn8L/SceuWm7VurLLjYtlHCVwAk7BObBADTRAE7RAG2BwBx7AE3jW7rVH7UV7XbSuaMuZI/AD2tsnk1WT4w==</latexit>

�H
†
H



Effective DM operators upto dimension six
<latexit sha1_base64="i6eKuZxEXvUeHBGUmAta8T6sNtE="></latexit>

GSM : SU(3)C ⇥ SU(2)L ⇥ U(1)Y

There are many many more references where DMEFT is discussed.
SB, Jose Wudka, Int.J.Mod.Phys.D 30 (2021) 13, 2130004 • e-Print: 2104.01788 [hep-ph]

https://arxiv.org/abs/2104.01788


Fermion DM Effective operators
<latexit sha1_base64="TpzYztfOFM/inbnjIpgixICGLSQ=">AAACFnicbVBNSwJBGJ61L7Mvq2OXIQ0UQnYtKDpJEnURDNsU3GWZHUcdnP1gZjaQZf9El/5Klw4F0TW69W+aVQ+lPTDw8DzvyzvP44aMCqnr31pmaXlldS27ntvY3Nreye/u3Ysg4piYOGAB77hIEEZ9YkoqGemEnCDPZaTtjuqp334gXNDAv5PjkNgeGvi0TzGSSnLyx0XLQ3KIEYuvEyduNZIL2DJLJ2WnDi1JPSKgWTLKTnzVSIpOvqBX9AngIjFmpABmaDr5L6sX4MgjvsQMCdE19FDaMeKSYkaSnBUJEiI8QgPSVdRH6p4dT1Il8EgpPdgPuHq+hBP190aMPCHGnqsm0whi3kvF/7xuJPvndkz9MJLEx9ND/YhBGcC0ItijnGDJxoogzKn6K8RDxBGWqsicKsGYj7xI2tWKcVoxjNtqoXY56yMLDsAhKAEDnIEauAFNYAIMHsEzeAVv2pP2or1rH9PRjDbb2Qd/oH3+AI5snPQ=</latexit>

GSM : SU(3)C ⇥ U(1)EM

J.~Goodman, M.~Ibe, A.~Rajaraman, W.~Shepherd, T.~M.~P.~Tait and H.~B.~Yu, Phys.Rev.D82, 116010 (2010)

<latexit sha1_base64="tG71RYbBRpBpWGsqxy0E9IR9uqM="></latexit>

O = (�̄��)(f̄�f)
<latexit sha1_base64="tX0ySsRaxcyPdbIOv4NzM2oz990="></latexit>

� = {1, �5, �µ, �µ�5,�µ⌫}



WIMP: Thermal Freeze out 

Recast the BEQ in terms of � = nEQh�vi. x

YEQ

dY

dx
= � �

H

"✓
Y

YEQ

◆2

� 1

#

For � >> H: Particle is in Equilibrium Y (x < xfo) = YEQ.
For � << H: Particle freezes out: Y (x > xfo) = Y (x = xfo).

Y =
n

s
, x =

m

T
<latexit sha1_base64="C3f9KGxKqJhn4LnYEGR2GDO+Jd0=">AAACBXicbVDLSgMxFM3UV62vUZciBIvgQsqMCOpCKLpxWaFjK+1QMmmmDU0yQ5IRyzBu3PgrblyouPUf3Pk3pu0stPXAhZNz7iX3niBmVGnH+bYKc/MLi0vF5dLK6tr6hr25daOiRGLi4YhFshkgRRgVxNNUM9KMJUE8YKQRDC5HfuOOSEUjUdfDmPgc9QQNKUbaSB179/a8HUqEU5GlKjt8gPf5m2dpPevYZafijAFniZuTMshR69hf7W6EE06Exgwp1XKdWPspkppiRrJSO1EkRniAeqRlqECcKD8dn5HBfaN0YRhJU0LDsfp7IkVcqSEPTCdHuq+mvZH4n9dKdHjqp1TEiSYCTz4KEwZ1BEeZwC6VBGs2NARhSc2uEPeRSUGb5EomBHf65FniHVXOKs71cbl6kadRBDtgDxwAF5yAKrgCNeABDB7BM3gFb9aT9WK9Wx+T1oKVz2yDP7A+fwAvr5kn</latexit><latexit sha1_base64="C3f9KGxKqJhn4LnYEGR2GDO+Jd0=">AAACBXicbVDLSgMxFM3UV62vUZciBIvgQsqMCOpCKLpxWaFjK+1QMmmmDU0yQ5IRyzBu3PgrblyouPUf3Pk3pu0stPXAhZNz7iX3niBmVGnH+bYKc/MLi0vF5dLK6tr6hr25daOiRGLi4YhFshkgRRgVxNNUM9KMJUE8YKQRDC5HfuOOSEUjUdfDmPgc9QQNKUbaSB179/a8HUqEU5GlKjt8gPf5m2dpPevYZafijAFniZuTMshR69hf7W6EE06Exgwp1XKdWPspkppiRrJSO1EkRniAeqRlqECcKD8dn5HBfaN0YRhJU0LDsfp7IkVcqSEPTCdHuq+mvZH4n9dKdHjqp1TEiSYCTz4KEwZ1BEeZwC6VBGs2NARhSc2uEPeRSUGb5EomBHf65FniHVXOKs71cbl6kadRBDtgDxwAF5yAKrgCNeABDB7BM3gFb9aT9WK9Wx+T1oKVz2yDP7A+fwAvr5kn</latexit><latexit sha1_base64="C3f9KGxKqJhn4LnYEGR2GDO+Jd0=">AAACBXicbVDLSgMxFM3UV62vUZciBIvgQsqMCOpCKLpxWaFjK+1QMmmmDU0yQ5IRyzBu3PgrblyouPUf3Pk3pu0stPXAhZNz7iX3niBmVGnH+bYKc/MLi0vF5dLK6tr6hr25daOiRGLi4YhFshkgRRgVxNNUM9KMJUE8YKQRDC5HfuOOSEUjUdfDmPgc9QQNKUbaSB179/a8HUqEU5GlKjt8gPf5m2dpPevYZafijAFniZuTMshR69hf7W6EE06Exgwp1XKdWPspkppiRrJSO1EkRniAeqRlqECcKD8dn5HBfaN0YRhJU0LDsfp7IkVcqSEPTCdHuq+mvZH4n9dKdHjqp1TEiSYCTz4KEwZ1BEeZwC6VBGs2NARhSc2uEPeRSUGb5EomBHf65FniHVXOKs71cbl6kadRBDtgDxwAF5yAKrgCNeABDB7BM3gFb9aT9WK9Wx+T1oKVz2yDP7A+fwAvr5kn</latexit>

ṅ + 3Hn = �h�  ̄!XX̄ |v|i(n n ̄ � n 
EQ

n ̄
EQ)

One may recast the number density in co moving volume by Yield 
YEQ

Freeze-out ! Yields 
Relic density

Solving BEQ
Relic density is inversely 

proportional to 
annihilation cross-section

Correct relic density, when the interaction 
cross-section is of weak interaction 

strength, hence WIMP

Evolution of DM number Boltzmann Equations DM is assumed to be in equilibrium with thermal bath:



FIMP: Non-thermal freeze-in
DM is assumed out-of-equilibrium due to feeble interaction, produced from particles in thermal bath

<latexit sha1_base64="KOx3tDitAFCmms+6sV+NW2BWyio="></latexit>

dY 
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Boltzmann Equation for FIMP (Initial DM density is zero):

Lawrence J. Hall, Karsten Jedamzik, John March-Russell and Stephen M. West,  JHEP03(2010)080 

Possibility of Direct and collider search is limited for FIMP!

Freeze-in 

<latexit sha1_base64="2Jp2IZCQXSz9WHti0Psahh0iwME="></latexit>

YFI ⇠ h�vi ⇠ �2,

YFO ⇠ 1

h�vi ⇠ 1

�02 .

Compare: WIMP-FIMP



Example 1: Vector DM freeze-in

• JHEP 12 (2020) 162 • e-Print: 2009.07438 [hep-ph]

https://arxiv.org/abs/2009.07438


Vector Boson Dark Matter Model
<latexit sha1_base64="5FrSAd/hFe86cIY3/7d1+Aq8TW8="></latexit>

Symmetry: G = SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ U(1)X ⇥ Z2

<latexit sha1_base64="UYUl2GP11i6d9SPQ07z8lSDCvu4="></latexit>

Ltot = �1

4
Xµ⌫X

µ⌫+|DX
µ S|2+(DSM

µ H)†(DSM µ
H)+

1

2
@µ�@

µ��V (H,S,�)+LSM ,

<latexit sha1_base64="2pENIncHCrTPpUTargXt/qvM1+c="></latexit>

V (H,S,�) = �µ
2
H
|H|2 � µ

2
S
|S|2 + µ

2
��

2 + �H |H|4 + �S |S|4 + ���
4

+ �H�|H|2�2 + �S�|S|2�2 + �SH |H|2|S|2 .

<latexit sha1_base64="1ouWYgUsu9DOQWGYo/KwsNCQ18Q="></latexit>

S transforms under U(1)X , acquires VEV (vs)
to break SM ⇥ U(1)X ! SM spontaneously.

<latexit sha1_base64="i7Loa1Sb8bbDWEN5jxpnVWmh4G4="></latexit>

v� = 0 and Z2 remains unbroken.

<latexit sha1_base64="n3WjoDUPzzaqVuajlE2gpd2M478=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LLaCp5DU0vQiFL14rGDbQBvCZrtpl+4mcXdTKKG/w4sHRbz6Y7z5b9y0FVT0wcDjvRlm5gUJo1JZ1odRWFvf2Nwqbpd2dvf2D8qHR10ZpwKTDo5ZLNwAScJoRDqKKkbcRBDEA0Z6weQ693tTIiSNozs1S4jH0SiiIcVIacmrct+9HPkunPqy6pcrluk4ttOoQcu0FsjJRb3etKG9UipghbZffh8MY5xyEinMkJR920qUlyGhKGZkXhqkkiQIT9CI9DWNECfSyxZHz+GZVoYwjIWuSMGF+n0iQ1zKGQ90J0dqLH97ufiX109V2PQyGiWpIhFeLgpTBlUM8wTgkAqCFZtpgrCg+laIx0ggrHROJR3C16fwf9KtmXbDtG9rldbVKo4iOAGn4BzYwAEtcAPaoAMwuAcP4Ak8G1Pj0XgxXpetBWM1cwx+wHj7BKY8kWE=</latexit>mX = gXvs

<latexit sha1_base64="W0hkbnmc/Zz2XP0t73ApL1z/i/Y="></latexit>

s� h mixes after EWSB to yield h1, h2,

where h1 is SM like Higgs (mh1 = 125 GeV).

<latexit sha1_base64="cYQIXNlpMJ7rzsgf5F1aEYR0ugg="></latexit>

We are interested in the limit mh2 >> mh1 ,
i.e. when h2 is decoupled.



Effective DM-SM interaction limit
In the limit when the second scalar is very very heavy (decoupling limit), the leading 

dark sector SM interaction is given by dimension five EFT operator:

Generates a trilinear vertex suppressed by NP scale

In the limit X is DM
<latexit sha1_base64="8KmaBoAAQiOObGr6aUeNa7Yn5UE="></latexit>

In the limit of large ⇤, it is natural
to assume that X is a FIMP !

<latexit sha1_base64="ue20I1Y5bdHqFkFqGMRWYB0+Klk=">AAACEXicbVC7TsMwFHXKq5RXgZHFokXqUFVJB0BMFSwdGALqS2qjyHHc1qrtRLaDVEX9BRZ+hYUBhFjZ2Pgb3McALUeydHTuudf3niBmVGnb/rYya+sbm1vZ7dzO7t7+Qf7wqKWiRGLSxBGLZCdAijAqSFNTzUgnlgTxgJF2MLqZ1tsPRCoaiYYex8TjaCBon2KkjeTnSy6SiBNtLFewyP1OGXK/5w5pueGn9/VJuXdrhoWo6OcLdsWeAa4SZ0EKYAHXz3/1wggnnAiNGVKq69ix9lIkNcWMTHK9RJEY4REakK6hwmyhvHR20QSeGSWE/UiaJzScqb87UsSVGvPAODnSQ7Vcm4r/1bqJ7l96KRVxoonA84/6CYM6gtN4YEglwZqNDUFYUrMrxEMTEZ4mlDMhOMsnr5JWteKcV5y7aqF2vYgjC07AKSgBB1yAGqgDFzQBBo/gGbyCN+vJerHerY+5NWMteo7BH1ifPxYim+g=</latexit>

Parameters: mX ,m�, TRH ,⇤

<latexit sha1_base64="qQEGJcktn1+JakWCEGiQru/Gxa0=">AAACL3icbVDLSsNAFJ3UV62vqEs3wVaoICXpQt0IRUFcuKhgH9CUcjOZtEMnD2YmQgnxi9z4K92IKOLWv3DaBtTWAwOHc87lzj1OxKiQpvmq5ZaWV1bX8uuFjc2t7R19d68pwphj0sAhC3nbAUEYDUhDUslIO+IEfIeRljO8mvitB8IFDYN7OYpI14d+QD2KQSqpp1+XSzawaAAXtscBJzhN7Fs17kJ68mhLylySzAJplshEnP4kS8c9vWhWzCmMRWJlpIgy1Hv62HZDHPskkJiBEB3LjGQ3AS4pZiQt2LEgEeAh9ElH0QB8IrrJ9N7UOFKKa3ghVy+QxlT9PZGAL8TId1TSBzkQ895E/M/rxNI77yY0iGJJAjxb5MXMkKExKc9wKSdYspEigDlVfzXwAFQrUlVcUCVY8ycvkma1Yp1WrLtqsXaZ1ZFHB+gQlZGFzlAN3aA6aiCMntAYvaF37Vl70T60z1k0p2Uz++gPtK9vbCKqiA==</latexit>

(↵ = c
⇤ , ↵̃ = c̃

⇤ )
<latexit sha1_base64="mjSvaJq7Accodso6WXbs3ASfUVQ=">AAACDnicbZA9SwNBEIb3/IzxK2ppc5gErMJdCrURgjaWCiYRciHMbeaSJXsf7M4J4cgvsPGv2FgoYmtt579xE0/Q6AsLD+/MMDuvn0ihyXE+rIXFpeWV1cJacX1jc2u7tLPb0nGqODZ5LGN144NGKSJskiCJN4lCCH2JbX90Pq23b1FpEUfXNE6wG8IgEoHgQMbqlaoVz0eCUy9QwDOPhOxj5oFMhjCZfEOlVyo7NWcm+y+4OZRZrste6d3rxzwNMSIuQeuO6yTUzUCR4BInRS/VmAAfwQA7BiMIUXez2TkTu2qcvh3EyryI7Jn7cyKDUOtx6JvOEGio52tT879aJ6XgpJuJKEkJI/61KEilTbE9zcbuC4Wc5NgAcCXMX20+BBMMmQSLJgR3/uS/0KrX3KOae1UvN87yOApsnx2wQ+ayY9ZgF+ySNRlnd+yBPbFn6956tF6s16/WBSuf2WO/ZL19AvNtnLA=</latexit>

� = ↵̃
↵



Before EWSB:

DM production

Solving BEQ, the DM yield:
<latexit sha1_base64="ohpi9KwNG4QDcEurbgp8/G39QVE="></latexit>

xHs
dYX

dx
= �ann + �D.

After EWSB:

<latexit sha1_base64="JwsERZaQxAFQh72g5sWTh+ZJp8M=">AAAB+XicdVDLSsNAFJ34rPEVdelmsBUqSElCSLssunFZwT6wDWUynbZDZ5IwMymU0D9x40IRt/6JO//GSVtBRQ9cOJxzL/feEyaMSmXbH8ba+sbm1nZhx9zd2z84tI6OWzJOBSZNHLNYdEIkCaMRaSqqGOkkgiAeMtIOJ9e5354SIWkc3alZQgKORhEdUoyUlvqWBUvl+8veCHGOLkqmafatol2xPa/qe1ATx/b8Wk5c16960KnYCxTBCo2+9d4bxDjlJFKYISm7jp2oIENCUczI3OylkiQIT9CIdDWNECcyyBaXz+G5VgZwGAtdkYIL9ftEhriUMx7qTo7UWP72cvEvr5uqYS3IaJSkikR4uWiYMqhimMcAB1QQrNhME4QF1bdCPEYCYaXDykP4+hT+T1puxfErzq1brF+t4iiAU3AGysABVVAHN6ABmgCDKXgAT+DZyIxH48V4XbauGauZE/ADxtsn+emRTA==</latexit>

(Z, �)

<latexit sha1_base64="0O5sJZi0iMQZTMPIx54Ng2fbzv4=">AAACA3icbVC7TsMwFHXKq5RXgA0WixaJqUo6AGKqYGEsEn1IbVQ5jtNatZ3IdpCiqBILv8LCAEKs/AQbf4PTZoCWI1k6OuceXd/jx4wq7TjfVmlldW19o7xZ2dre2d2z9w86KkokJm0csUj2fKQIo4K0NdWM9GJJEPcZ6fqTm9zvPhCpaCTudRoTj6ORoCHFSBtpaB/VBiPEObqqQRPDuQgDIhTV6dCuOnVnBrhM3IJUQYHW0P4aBBFOOBEaM6RU33Vi7WVIaooZmVYGiSIxwhM0In1DBeJEednshik8NUoAw0iaJzScqb8TGeJKpdw3kxzpsVr0cvE/r5/o8NLLqIgTTQSeLwoTBnUE80JgQCXBmqWGICyp+SvEYyRNF6a2iinBXTx5mXQadfe87t41qs3roo4yOAYn4Ay44AI0wS1ogTbA4BE8g1fwZj1ZL9a79TEfLVlF5hD8gfX5Aw3hlyk=</latexit>

� : reaction density



Large Reheat temperature: UV limit
<latexit sha1_base64="xgQgGsorkwfME9T0lk5H7whB0VY=">AAAB/HicdVDJSgNBEO2JWxy3aI5eGhPBU5jJqpcQ9JJjlGyQhNDT6SRNeha6a8QwxF/x4kERr36IN//GziKo6IOCx3tVVNVzAsEVWNaHEVtb39jcim+bO7t7+weJw6Om8kNJWYP6wpdthygmuMcawEGwdiAZcR3BWs7kau63bplU3PfqMA1YzyUjjw85JaClfiJpmma63u8Cu4Popjorl910P5GyMlbBtosFrEm2lM9daJIv5UpasTPWAim0Qq2feO8OfBq6zAMqiFId2wqgFxEJnAo2M7uhYgGhEzJiHU094jLVixbHz/CpVgZ46EtdHuCF+n0iIq5SU9fRnS6BsfrtzcW/vE4Iw/NexL0gBObR5aJhKDD4eJ4EHnDJKIipJoRKrm/FdEwkoaDzMnUIX5/i/0kzm7GLGfs6m6pcruKIo2N0gs6QjUqogqqohhqIoil6QE/o2bg3Ho0X43XZGjNWM0n0A8bbJ4Ltk20=</latexit>

TRH >> m

Annihilation wins over decay contribution

DM yield saturates at high temperature: UV freeze in



Small Reheat temperature: IR limit
<latexit sha1_base64="7yOq91dnO5WnELh8PcgT8PZmWQA=">AAACAnicdVDLSgMxFM34rOOr6krcBFvBVZmpfeiu6KbLKn1BW0omTdtgMjMkd8QyFDf+ihsXirj1K9z5N6YPQUUPBA7nnMvNPV4ouAbH+bAWFpeWV1YTa/b6xubWdnJnt66DSFFWo4EIVNMjmgnusxpwEKwZKkakJ1jDu76Y+I0bpjQP/CqMQtaRZODzPqcEjNRN7tu2na5228BuIb4qj9sDMGGJZbqbTDkZJ++6hTw2JFvMnZwZkiueFI3iZpwpUmiOSjf53u4FNJLMByqI1i3XCaETEwWcCja225FmIaHXZMBahvpEMt2JpyeM8ZFRergfKPN8wFP1+0RMpNYj6ZmkJDDUv72J+JfXiqB/2om5H0bAfDpb1I8EhgBP+sA9rhgFMTKEUMXNXzEdEkUomNZsU8LXpfh/Us9m3ELGvcymSufzOhLoAB2iY+SiIiqhMqqgGqLoDj2gJ/Rs3VuP1ov1OosuWPOZPfQD1tsnegiWPw==</latexit>

TRH & m

Decay contribution 
plays an equally 

important role, so the 
mass effect comes into 

the picture and DM 
density accumulates at 
small temperature also 

and provides IR 
freeze- in pattern



Dark Matter signals at Collider

Signature: X+Missing Energy X=photon, jet, W, Z, H

Consider: a+b -> c+d+e Dark matter

ET/ =
q
(pxd + pxe)

2 + (pyd + pye)
2

❖ The collision occurs along Z direction.
pxc + pxd + pxe = 0 ! pxd + pxe = �pxc

pyc + pyd + pye = 0 ! pyd + pye = �pyc

ET/ = (pT )mis = �(pT )vis, (pT )vis =

s
(
X

`,j

px)2 + (
X

`,j

py)2 .

Hence, unless we have some visible particles to 
recoil from , missing energy makes no sense.

=
q

(pxc)
2 + (pyc)

2 = (PT )vis

Mono-X Signals What is Missing energy/Missing Transverse Momentum ?

 Missing 
transverse 

momentum

But, you can’t 
measure them !

Richer Signal: n-leptons+ m-jets+Missing Energy



Collider phenomenology for the model
<latexit sha1_base64="YEAcUgbG62Fku2MjoCZ/EkreenY="></latexit>

Unsuppressed ��H coupling can cause � production
<latexit sha1_base64="QbVpcSl3eKrBys6wCr8SD9yG4rY="></latexit>

Decay of � to DM plus Z/� is
delayed beyond the detector scale

This will produce mono X plus missing 
transverse momentum (MET) signal

<latexit sha1_base64="gkVVIAdSU8euSxhI1oznatez/cw="></latexit>

For 1
⇤ = 10�14 � 10�13GeV�1 the average decay

length of � is L� = c⌧� & 100 km.

However, the decay can not be infinitely long. This is restricted by 
Big Bang Nucleosynthesis (BBN) 

<latexit sha1_base64="/AS+AHdKS33Glmg06lxFQRUK+h0="></latexit>

⌧�  ⌧BBN ⇠ 1 sec

FIMP can’t be produced at collider



Leptophilic DM in EFT



Operators for Fermion DM

Dim 5:

Dim 6:

Majorana DM
<latexit sha1_base64="NCm3QbYXjDpEr46PC5ZCKe6jlTQ=">AAAB73icdVDLSsNAFL3xWeOr6tLNYCu4CkkJaZdFNy4r2Ae0oUymk3bo5OHMRCihP+HGhSJu/R13/o2TtoKKHrhwOOde7r0nSDmTyrY/jLX1jc2t7dKOubu3f3BYPjruyCQThLZJwhPRC7CknMW0rZjitJcKiqOA024wvSr87j0VkiXxrZql1I/wOGYhI1hpqYeqg3nVNM1huWJbtuvWPRdp4tiu1yhIrebVXeRY9gIVWKE1LL8PRgnJIhorwrGUfcdOlZ9joRjhdG4OMklTTKZ4TPuaxjii0s8X987RuVZGKEyErlihhfp9IseRlLMo0J0RVhP52yvEv7x+psKGn7M4zRSNyXJRmHGkElQ8j0ZMUKL4TBNMBNO3IjLBAhOlIypC+PoU/U86NcvxLOemVmleruIowSmcwQU4UIcmXEML2kCAwwM8wbNxZzwaL8brsnXNWM2cwA8Yb5+sOY5u</latexit>

}

<latexit sha1_base64="KQ0IeF73/629mqcich3aIRTpUOQ="></latexit>

Symmetry: SU(3)C ⇥ SU(2)L ⇥ U(1)Y| {z }
SM

⇥Z2

<latexit sha1_base64="CKta2iv3SYCsn9yHyegXZM34fQg="></latexit>

Fields: SM particles that do not transform under Z2

and DM fermion � do not transform under GSM .

Without assuming a specific 
form of NP, all operators of 
same dimension should be 

considered on equal footing. 



Relic Density
Consider the DM to be WIMP 

Boltzmann Equation for WIMP (DM is in thermal bath):

For purely vector like mediator:

For all operators: 



Dark matter direct search
•Our galaxy is immersed in a 

Dark matter halo.
•Dark Matter in the halo has a 

velocity distribution.
•Elastic scattering of Dark matter 

occurs with detector nuclei.
•Nuclear recoil should be 

observed if such events detected.

R
<latexit sha1_base64="cVRUNBy/RTcU6LUbsjbBwonoaeo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK3vjNo=</latexit>

R
<latexit sha1_base64="cVRUNBy/RTcU6LUbsjbBwonoaeo=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx7ByCOBDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJYPZpygH9GB5CFn1Fipft8rltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+AK3vjNo=</latexit>

Recoil rate of nuclei

Liquid Xenon detector
f(v) =

1p
2⇡�

exp(� |v|2

2�2
)

<latexit sha1_base64="YmEHLLhanJ+LQArRfn6xBmWKNEs="></latexit>

First proposed by Goodman and Witten in 1985

<latexit sha1_base64="GD3MGYf5aeUOjJhkwbXm5770dng="></latexit>

d�

dER
=

mA

2m2
�v

2

⇥
�SIF

2
SI(ER) + �SDF 2

SD(ER)
⇤ SI: Spin Independent, SD: Spin dependent



Direct search results/bounds

Strong bound on dark matter models from null direct search !

Relic density allowed 
parameter space of 

your model

XENON1T
Allowed ! Neutrino floor

Some excess observed in XENON 1T at 
very low energy of the order of KeV

Recently, June 2020

This is spin independent bound!

Spin dependent bound is much 
lighter !



Leptophilic Dark Matter: Direct Search

The loop factor brings the direct search x-sec down !

Direct search is a loop induced process

Renormalisation group running of Wilson coefficients to direct search scale:

Most of the hadrophilic operators are strongly constrained by the present Direct search data



Relic and Direct Search Allowed region

Hadrophilic Dirac fermion DM is ruled out upto DM mass 6.4 TeV!

Leptophilic DM:

For Majorana DM, SI direct search cross-section identically 
vanish and hence much lower DM mass is allowed.

Leptophilic DM can be probed 
in lepton collider 



Collider search at electron positron collider

Benchmark points Mono-photon signal out of ISR

<latexit sha1_base64="8d5WL0Gw9p0Fovbart+N0/DAV7A="></latexit>

d�(Pe� , Pe+)

d⌦
=

(1 + Pe�)(1� Pe+)

4

✓
d�

d⌦

◆

RL

+
(1� Pe�)(1 + Pe+)

4

✓
d�

d⌦

◆

LR

Differential production cross-section

<latexit sha1_base64="NzHxTezRz3f6GPVxy8oizFeWqGo=">AAACDnicbZC7TsMwFIadcivlFmBksWgrISGqpAOwIFWwMDAURC9SEyLHdVqrjhPZDlIV5QlYeBUWBhBiZWbjbXDaDlD4JUuf/nOOjs/vx4xKZVlfRmFhcWl5pbhaWlvf2Nwyt3faMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFHF3m9c0+EpBG/VeOYuCEacBpQjJS2PLNaaXopuUudOMyyMycQCKfcuzni3lWWw2EOFc8sWzVrIvgX7BmUwUxNz/x0+hFOQsIVZkjKnm3Fyk2RUBQzkpWcRJIY4REakJ5GjkIi3XRyTgar2unDIBL6cQUn7s+JFIVSjkNfd4ZIDeV8LTf/q/USFZy6KeVxogjH00VBwqCKYJ4N7FNBsGJjDQgLqv8K8RDpSJROsKRDsOdP/gvtes0+rtnX9XLjfBZHEeyBfXAAbHACGuASNEELYPAAnsALeDUejWfjzXifthaM2cwu+CXj4xvPQJvx</latexit>

Pe± = nR�nL
nR+nL

Longitudinal beam polarisation

<latexit sha1_base64="6e1Sm5dCl27kBjurNNX/v56db/E="></latexit>

✓
d�

d⌦

◆dirac

RL

=
s
q

1� �2
�

32⇡2⇤4

n
(1 + �2

�)(c`1 + c`4)
2 + (1� �2
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2
o
+ 4

q
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n
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o
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�)
n
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2
o
cos2 ✓

�
.

<latexit sha1_base64="uQLGC/9XMdMWH3hAsP9ato15W84="></latexit>
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<latexit sha1_base64="9PL+JiQiGzOvefnmuQ4QWOhW4bw="></latexit>

�dirac
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; where c`i = 1 (i = 1-4) .

Total 
production 

cross-section



Effect of beam polarisation

<latexit sha1_base64="9H8qCE29apjSJGiwA4O075ORNy4="></latexit>

c`i ⌘ {1, 1,�1,�1} for Dirac DM and c`i ⌘ {1,�1} for Majorana DM

<latexit sha1_base64="NKNwH2k+xbK8Bfc+CbwLLkzsDDc=">AAACC3icdVA9SwNBEN2L3/ErammzGAWrcBeJsRFEG+0UjAq5cOxt5pIle3vH7pwQjvQ2/hUbC0Vs/QN2/hs3H4KKPhh4vDfDzLwwlcKg6344hanpmdm5+YXi4tLyymppbf3KJJnm0OCJTPRNyAxIoaCBAiXcpBpYHEq4DnsnQ//6FrQRibrEfgqtmHWUiARnaKWgtHWmKHaBShELpElEt/2cB7kPUgZi4A8Ove2gVHYrruvWawd0TOp7I1Lz6h71hopFmUxwHpTe/XbCsxgUcsmMaXpuiq2caRRcwqDoZwZSxnusA01LFYvBtPLRLwO6Y5U2jRJtSyEdqd8nchYb049D2xkz7Jrf3lD8y2tmGB20cqHSDEHx8aIokxQTOgyGtoUGjrJvCeNa2Fsp7zLNONr4ijaEr0/p/+SqWvH2K95FtXx0PIljnmySLbJLPFInR+SUnJMG4eSOPJAn8uzcO4/Oi/M6bi04k5kN8gPO2yeT4poj</latexit>

In the limit of {c`i} = 1

Signal cross-section is maximum for fully right handed electron and left handed positron 

Left-polarized electron and right-polarized positron maximizes the signal cross-section 

<latexit sha1_base64="N1br8eCIeKTDudO9mfjxDIElyXE="></latexit>
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<latexit sha1_base64="2eVP196CaxXjaOkid9EUUW1zWnc="></latexit>
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Production cross-section at Benchmark points

<latexit sha1_base64="P8i7XrT13Bn4x1H4Lo1PtrSVRmE="></latexit>

It is much easier to ensure EFT at
lepton collider by ensuring ⇤ >

p
s

<latexit sha1_base64="xeNtYQkLoleTiQm8rEcfVymeCTA="></latexit>

Contrary to LHC

where
p
ŝ is not known

and DM invariant mass is

impossible to calculate.

Three important points

Beam polarisation can 
distinguish models 

with different signs of 
Wilson coefficient



Event simulation for monophoton signal
Missing 

Energy and 
Missing Mass 

can only be 
constructed at 

ILC

<latexit sha1_base64="sWvh/2K5JmOHylzt/rE8xv1eHEQ="></latexit>

C1 : zero lepton, zero jet veto, C2 : Missing energy cut,
C3 : MET cut, C4 : Missing mass cut



Summary

• DM EFT Direct search: The Wilson coefficients (c) are assumed at the EWSB scale. However direct search 
interaction occurs at much lower energy, so it is often suggested to use RGE to run them down appropriately. 

• Most of DM EFT analysis is done in operator specific way. But, in EFT framework, as we are not supposed to know 
the high scale physics, so we should instead consider all operators of same dimension given the nature of DM. 

• Validity of EFT strictly depends on the assumption that the scale of the experiment must be below the NP scale. At 
LHC, the parton level CM energy is unknown, it can only be known from the final state DM invariant mass square, 
but they remain undetected, so doing DM EFT at LHC is difficult. At ILC this is more reliable.

• DM EFT is applicable to the cases where no explicit New Physics is assumed excepting for the DM field and the 
symmetry that it transforms under. DM-SM EFT interactions can also appear in UV complete models absent a 
renormalisable interaction term.

• For freeze-in of DM via EFT interaction, UV freeze-in is limited to very high reheat temperature, when it drops 
close to DM mass, it may also show IR freeze pattern.

• Beam polarisation, Missing energy and Missing mass help elucidating DM signal at electron positron machine.



The search for BSM is on….

Thank you



Additional slides



Scalar DM  EFT operators 
<latexit sha1_base64="TpzYztfOFM/inbnjIpgixICGLSQ=">AAACFnicbVBNSwJBGJ61L7Mvq2OXIQ0UQnYtKDpJEnURDNsU3GWZHUcdnP1gZjaQZf9El/5Klw4F0TW69W+aVQ+lPTDw8DzvyzvP44aMCqnr31pmaXlldS27ntvY3Nreye/u3Ysg4piYOGAB77hIEEZ9YkoqGemEnCDPZaTtjuqp334gXNDAv5PjkNgeGvi0TzGSSnLyx0XLQ3KIEYuvEyduNZIL2DJLJ2WnDi1JPSKgWTLKTnzVSIpOvqBX9AngIjFmpABmaDr5L6sX4MgjvsQMCdE19FDaMeKSYkaSnBUJEiI8QgPSVdRH6p4dT1Il8EgpPdgPuHq+hBP190aMPCHGnqsm0whi3kvF/7xuJPvndkz9MJLEx9ND/YhBGcC0ItijnGDJxoogzKn6K8RDxBGWqsicKsGYj7xI2tWKcVoxjNtqoXY56yMLDsAhKAEDnIEauAFNYAIMHsEzeAVv2pP2or1rH9PRjDbb2Qd/oH3+AI5snPQ=</latexit>

GSM : SU(3)C ⇥ U(1)EM

J.~Goodman, M.~Ibe, A.~Rajaraman, W.~Shepherd, T.~M.~P.~Tait and H.~B.~Yu, Phys.Rev.D82, 116010 (2010)



EFT to Simplified Model

gqg�
Mmed

<latexit sha1_base64="S4SC0e+Fxnqx6CL0Kxd8UPllgnQ="></latexit>

LF,V =
1

⇤2
(�̄�µ�)(q̄�µq)

For example,

A vector boson mediator



Reaction densities



Annihilation cross-section 
Consider vector interaction operator

Annihilation to SM quarks<latexit sha1_base64="S4SC0e+Fxnqx6CL0Kxd8UPllgnQ="></latexit>

LF,V =
1

⇤2
(�̄�µ�)(q̄�µq)

Lorentz invariant Feynman amplitude

Matrix element squared

<latexit sha1_base64="e5VSsru7/RSh1V0xH4FXBCOIbD0=">AAAB7HicdVBNS8NAEJ34WetX1aOXxVbwVJIaUo9FLx4rWFtoQ9lsN+3SzSbsboQS+he8eFAQr/4gb/4bN20EFX0w8Hhvhpl5QcKZ0rb9Ya2srq1vbJa2yts7u3v7lYPDOxWnktAOiXksewFWlDNBO5ppTnuJpDgKOO0G06vc795TqVgsbvUsoX6Ex4KFjGCdS7XBvDasVO2657nnTQ/ZdXuBnHgN1/WQUyhVKNAeVt4Ho5ikERWacKxU37ET7WdYakY4nZcHqaIJJlM8pn1DBY6o8rPFrXN0apQRCmNpSmi0UL9PZDhSahYFpjPCeqJ+e7n4l9dPdXjhZ0wkqaaCLBeFKUc6RvnjaMQkJZrPDMFEMnMrIhMsMdEmnrIJ4etT9D/pNuqOW3ecm0a1dVnkUYJjOIEzcKAJLbiGNnSAwAQe4Amerch6tF6s12XrilXMHMEPWG+fO6OOMA==</latexit>

}
⌦h2 ⇠ 1

h�vieff
⌦h2 ' 0.1199± 0.0022

<latexit sha1_base64="dbUGcJJPJhCuInwldJrUcfRu2W4=">AAACDXicbZC7TsMwFIYdrqXcAowsFgWJqUqqStCtgoWNItGL1ITKcU9bq3YSbAepqvoCLLwKCwMIsbKz8TY4bQZo+SVLn/5zjo7PH8ScKe0439bS8srq2npuI7+5tb2za+/tN1SUSAp1GvFItgKigLMQ6pppDq1YAhEBh2YwvEzrzQeQikXhrR7F4AvSD1mPUaKN1bGPsXctoE/w4K6EPcUE3GOn6LqVCvZiYdBxSqWOXUghFV4EN4MCylTr2F9eN6KJgFBTTpRqu06s/TGRmlEOk7yXKIgJHZI+tA2GRIDyx9NrJvjEOF3ci6R5ocZT9/fEmAilRiIwnYLogZqvpeZ/tXaie+f+mIVxoiGks0W9hGMd4TQa3GUSqOYjA4RKZv6K6YBIQrUJMG9CcOdPXoRGqeiWi5WbcqF6kcWRQ4foCJ0iF52hKrpCNVRHFD2iZ/SK3qwn68V6tz5mrUtWNnOA/sj6/AGuBpgk</latexit>



How to compute Direct Search X-sec ?
Rotate clockwise

(A) (C)

(B) (D)

<latexit sha1_base64="HwFIRI71mw0NDHOxBagIcjm308Y=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeiF48VrC20S8mm2W5okl2SrFCW/gUvHhTEqz/Im//GbLsHbX0w8Hhvhpl5YSq4sb7/7VXW1jc2t6rbtZ3dvf2D+uHRo0kyTVmHJiLRvZAYJrhiHcutYL1UMyJDwbrh5Lbwu09MG56oBztNWSDJWPGIU2ILaUBjPqw3/KY/B1oluCQNKNEe1r8Go4RmkilLBTGmj/3UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbOnDJCUaJdKYvm6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZQDZBxeNoxDWjVkwdIVRzdyuiMdGEWhdPzYWAl19eJd2LJr5sYnx/2WjdlHlU4QRO4RwwXEEL7qANHaAQwzO8wpsnvRfv3ftYtFa8cuYY/sD7/AGW5o5r</latexit>� <latexit sha1_base64="HwFIRI71mw0NDHOxBagIcjm308Y=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeiF48VrC20S8mm2W5okl2SrFCW/gUvHhTEqz/Im//GbLsHbX0w8Hhvhpl5YSq4sb7/7VXW1jc2t6rbtZ3dvf2D+uHRo0kyTVmHJiLRvZAYJrhiHcutYL1UMyJDwbrh5Lbwu09MG56oBztNWSDJWPGIU2ILaUBjPqw3/KY/B1oluCQNKNEe1r8Go4RmkilLBTGmj/3UBjnRllPBZrVBZlhK6ISMWd9RRSQzQT6/dYbOnDJCUaJdKYvm6u+JnEhjpjJ0nZLY2Cx7hfif189sdB3kXKWZZYouFkWZQDZBxeNoxDWjVkwdIVRzdyuiMdGEWhdPzYWAl19eJd2LJr5sYnx/2WjdlHlU4QRO4RwwXEEL7qANHaAQwzO8wpsnvRfv3ftYtFa8cuYY/sD7/AGW5o5r</latexit>�

<latexit sha1_base64="APzUX0RhqgGalJkV4D6xfy7RG0M=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48tWFtoQ9lsJ+3azSbuboQS+gu8eFAQr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjex2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2Z++wmV5rG8M5ME/YgOJQ85o8ZKzcd+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6t6XrNWqV/neRThBE7hHDy4hDrcQgNawADhGV7hzXlwXpx352PRWnDymWP4A+fzB3G2jS4=</latexit>q <latexit sha1_base64="APzUX0RhqgGalJkV4D6xfy7RG0M=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48tWFtoQ9lsJ+3azSbuboQS+gu8eFAQr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjex2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2Z++wmV5rG8M5ME/YgOJQ85o8ZKzcd+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7YuqV6t6XrNWqV/neRThBE7hHDy4hDrcQgNawADhGV7hzXlwXpx352PRWnDymWP4A+fzB3G2jS4=</latexit>q

Now typically, the DM hits the detector with velocity ~100 km/s; very non-relativistic. So, we can then take p ->0 limit.

Spin independent 
cross-section:

<latexit sha1_base64="S4SC0e+Fxnqx6CL0Kxd8UPllgnQ="></latexit>

LF,V =
1

⇤2
(�̄�µ�)(q̄�µq)

Given an operator

<latexit sha1_base64="6dgtqmwf665OlzbUYicjWwaGeUQ=">AAAB/XicdVDLSsNAFJ34rPUV7dLNYBFchSSWNu6Kbly4qGBtoYllMpm0QycPZiZCCPFX3LhQELf+hzv/xulDUNEDA4dz7uHeOX7KqJCm+aEtLa+srq1XNqqbW9s7u/re/o1IMo5JFycs4X0fCcJoTLqSSkb6KSco8hnp+ZPzqd+7I1zQJL6WeUq8CI1iGlKMpJKGes0NOcKFVRbupUoF6NYuh3rdNEzHaVpNaBqW1bRtU5HWSeO05UDLMGeogwU6Q/3dDRKcRSSWmCEhBpaZSq9AXFLMSFl1M0FShCdoRAaKxigiwitmx5fwSCkBDBOuXizhTP2eKFAkRB75ajJCcix+e1PxL2+QydDxChqnmSQxni8KMwZlAqdNwIBygiXLFUGYU3UrxGOk2pCqr6oq4eun8H/Ssw2roSq6atTbZ4s+KuAAHIJjYIEWaIML0AFdgEEOHsATeNbutUftRXudjy5pi0wN/ID29gmaoJU3</latexit>

1

⇤2

<latexit sha1_base64="1/epp0lYXjg6r3FCCvXSN/R5BRQ="></latexit>

��n =
1

A2
��N



Spin Independent vs Spin Dependent
In general, we have four types of interaction: S, P, V, A 

<latexit sha1_base64="kVp33j8O3YT94iQFJynuni4ZO+A="></latexit>

��N ' ��nA
2



Leptophilic Majorana DM Production at ILC



Cut flow


