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WIMP dark matter
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Constraints from direct detection
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fermion DM with Pseudo-scalar coupling
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fermion DM with Pseudo-scalar coupling
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fermion DM with Pseudo-scalar coupling
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Loop diagrams are essential for σSI
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a model to realize σSI = 0 at the tree level (1)
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a model to realize σSI = 0 at the tree level (2)
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only pseudo-scalar interaction 
thanks to CP invariance
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<latexit sha1_base64="CJFFHrwz29ewz2bePrsSPljsFzE="></latexit><latexit sha1_base64="CJFFHrwz29ewz2bePrsSPljsFzE="></latexit><latexit sha1_base64="CJFFHrwz29ewz2bePrsSPljsFzE="></latexit><latexit sha1_base64="CJFFHrwz29ewz2bePrsSPljsFzE="></latexit>
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<latexit sha1_base64="Cnf1EDn2s9nLLW6A0X+TM8NbeAs="></latexit><latexit sha1_base64="Cnf1EDn2s9nLLW6A0X+TM8NbeAs="></latexit><latexit sha1_base64="Cnf1EDn2s9nLLW6A0X+TM8NbeAs="></latexit><latexit sha1_base64="Cnf1EDn2s9nLLW6A0X+TM8NbeAs="></latexit>
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loop calculations were calculated
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<latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit>
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<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>
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<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>
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<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>
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<latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>
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<latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit>
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<latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit>

<latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit>
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�

<latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a/A
<latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit>

a/A
<latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit>
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<latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit>
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�

<latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit>
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<latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit>
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<latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit><latexit sha1_base64="d8hRLmMVlAYlvascywpmpVWYzHY="></latexit>
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Q = t, b, c (heavy quarks)
<latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit><latexit sha1_base64="GFtQysdyBM/qLWFaX98NOH9TGb8="></latexit>



.1E;:0�@41��% &;9;45>;��.1����$��� ��!-3;E-�'� �

loop calculations were calculated

h/H

q

�

q

�

<latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a,A a,A

q

�

q

�

<latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5

h/H

� �

<latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit>

a,A a,A

� �

<latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit>

<latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit>

h/H

Q

�

Q

�

<latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a/A
<latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit>

a/A
<latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit>

mQQ̄Q = � ↵s

12⇡
Ga

µ⌫G
aµ⌫

<latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit>

Q = u, b, c (heavy quarks)
<latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit><latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit><latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit><latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit>

a,A a,A

Q

�

Q

�

<latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit>

�̄�Ga
µ⌫G

aµ⌫
<latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit>

�̄�q̄q

'45+/#5'&�$:�64+0)

but this replacement is NOT justified!
!�3%#&+�'5��#.��
�	��"

mQQ̄Q = � ↵s

12⇡
Ga

µ⌫G
aµ⌫

<latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit>



.1E;:0�@41��% &;9;45>;��.1����$��� ��!-3;E-�'� 
	

loop calculations were calculated

h/H

q

�

q

�

<latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit><latexit sha1_base64="Wk9y4zs2bNgWrbufjMBRz9RV2M0="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

a,A
<latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit><latexit sha1_base64="9kBS++2McKsR6zdfm1GZkoAbrLc="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a,A a,A

q

�

q

�

<latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit><latexit sha1_base64="wpPp70YGjO4h73px8PYDwBR92Ug="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5

h/H

� �

<latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit><latexit sha1_base64="x8Jpi6hx0GTQfYpQ5h/P8GrS93U="></latexit>

a,A a,A

� �

<latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit><latexit sha1_base64="iAss0Czht4qGAqiU9nSsXheC4mw="></latexit>

h/H

Q

�

Q

�

<latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit><latexit sha1_base64="svx+WB38pKXXtQsf9UWsPjq3h34="></latexit>

<latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit><latexit sha1_base64="5bHd0p+6wmac/Lrmpk/dNDHatRQ="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

�5
<latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit><latexit sha1_base64="Jgbd7ozt+acrKRgrgjGfbtpC7Oo="></latexit>

a/A
<latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit>

a/A
<latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit><latexit sha1_base64="csncdjiOFmho4lbqvg1ulEfAm1w="></latexit>

mQQ̄Q = � ↵s

12⇡
Ga

µ⌫G
aµ⌫

<latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit><latexit sha1_base64="Smk667q2er+/LJ97SnGFkCM1MGo="></latexit>

Q = u, b, c (heavy quarks)
<latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit><latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit><latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit><latexit sha1_base64="yZJrAzP7M41QfoXFOqgXqfD7E9s="></latexit>

a,A a,A

Q

�

Q

�

<latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit><latexit sha1_base64="RnGINlBqQl4k4z3MFCIq2z1epPo="></latexit>

�̄�Ga
µ⌫G

aµ⌫
<latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit><latexit sha1_base64="QZx5PM5Ijf5ZIS8fRm9DIzH+uUo="></latexit>

�̄�q̄q

'45+/#5'&�$:�64+0)

we revisit the triple-scalar couplings!
!�3%#&+�'5��#.��
�	��"

mQQ̄Q = � ↵s

12⇡
Ga

µ⌫G
aµ⌫



.1E;:0�@41��% &;9;45>;��.1����$��� ��!-3;E-�'� 



Our work (1) : two-loop calc for box-gluon
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Figure 2. SI cross section induced at one-loop as function of the DM mass m�, for g� = 0.5 and
for four assignations of (ma, ca), as reported on the plot. The blue region is currently excluded by
XENON1T. The light green (dark green) region will be probed by LZ and XENONnT (DARWIN).
The yellow region corresponds to the sensitivity to coherent scattering processes of neutrinos on
nucleons.

Two comments about the reliability of this result are in order. First, the simplified model
in which this computation has been made is not gauge invariant. Generically we expect that
an UV-completion of the simplified model will introduce new degrees of freedom to restore
gauge-invariance. These new fields could allow for additional diagrams and therefore the
amplitude considered here cannot be expected to be the full result. We will comment on
this in more detail in section 3 where we analyze a representative example of such an UV-
completion. In addition, there is a further complication which is related to the relation we
employed to replace the heavy quarks with the gluons in eq. (2.8). This procedure is justified
if the loop that generates the four-fermion interaction and the loop that relates the quarks to
the gluon-condensate factorize. While this assumption is reasonable for heavy new physics
which can be integrated out at energies above the top mass, it is not fully appropriate in the
scenario under scrutiny here since we are interested in ma < mt. In this case, the correct
top mass dependence of the e↵ective dark matter gluon interaction is only recovered by a
two-loop computation of the e↵ective dark matter gluon interaction [57] which is beyond the
scope of this work. In the following, we will rely on eq. (2.8) while keeping in mind that the
result is only approximate.

The behavior of the scattering cross section, as a function of the DM mass, for g� = 0.5
and for some di↵erent assignations of ca and ma, is reported in figure 2. The predictions
of the scattering cross sections are compared with the current exclusion limit, as set by
XENON1T [12], and the projected sensitivities of future experiments, i.e. XENONnT [42],
LZ [43] and DARWIN [44]. Since the expected sensitivity of LZ and XENONnT are quite
similar we only show one line to improve the readability. The plot also reports the so-called
“neutrino floor” [36], which corresponds to the sensitivity of direct detection experiments to
coherent scatterings of neutrinos with nuclei.
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JCAP03(2018)042
Figure 2. SI cross section induced at one-loop as function of the DM mass m�, for g� = 0.5 and
for four assignations of (ma, ca), as reported on the plot. The blue region is currently excluded by
XENON1T. The light green (dark green) region will be probed by LZ and XENONnT (DARWIN).
The yellow region corresponds to the sensitivity to coherent scattering processes of neutrinos on
nucleons.

Two comments about the reliability of this result are in order. First, the simplified model
in which this computation has been made is not gauge invariant. Generically we expect that
an UV-completion of the simplified model will introduce new degrees of freedom to restore
gauge-invariance. These new fields could allow for additional diagrams and therefore the
amplitude considered here cannot be expected to be the full result. We will comment on
this in more detail in section 3 where we analyze a representative example of such an UV-
completion. In addition, there is a further complication which is related to the relation we
employed to replace the heavy quarks with the gluons in eq. (2.8). This procedure is justified
if the loop that generates the four-fermion interaction and the loop that relates the quarks to
the gluon-condensate factorize. While this assumption is reasonable for heavy new physics
which can be integrated out at energies above the top mass, it is not fully appropriate in the
scenario under scrutiny here since we are interested in ma < mt. In this case, the correct
top mass dependence of the e↵ective dark matter gluon interaction is only recovered by a
two-loop computation of the e↵ective dark matter gluon interaction [57] which is beyond the
scope of this work. In the following, we will rely on eq. (2.8) while keeping in mind that the
result is only approximate.

The behavior of the scattering cross section, as a function of the DM mass, for g� = 0.5
and for some di↵erent assignations of ca and ma, is reported in figure 2. The predictions
of the scattering cross sections are compared with the current exclusion limit, as set by
XENON1T [12], and the projected sensitivities of future experiments, i.e. XENONnT [42],
LZ [43] and DARWIN [44]. Since the expected sensitivity of LZ and XENONnT are quite
similar we only show one line to improve the readability. The plot also reports the so-called
“neutrino floor” [36], which corresponds to the sensitivity of direct detection experiments to
coherent scatterings of neutrinos with nuclei.
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between pseudoscalar bosons and the SM-Higgs is important to enhance �SI. As a result
of the enhancement, the model can be detected by the Xenon1T experiment [ref] and the
LZ experiment[ref]. We also calculate the relevant two-loop diagrams for the DM-gluon
e↵ective interactions. In [8], it was estimated from the one-loop box diagram by using a
relation between a heavy quark scalar-type operator and a gluon scalar-type operator without
justification. We find that the prediction for �SI in [8] was overestimated.

The structure of this paper is as follows. In Sec. 2, we introduce the gauge invariant model
which contains the pseudoscalar mediators [3]. In Sec. 3, we derive the e↵ective operators
which induce the spin-independent scattering between DM and nucleus. In Sec. 4, we show
our results. We compare our result with the previous results in [8] and, then, search the
parameter space which is detectable in the future direct detection experiments.

2 Model

In this section, we briefly review the pseudo-scalar mediator dark matter model [3]. The
model contains a gauge singlet Majorana fermion � as the DM candidate, and a gauge singlet
pseudoscalar boson a0 as a mediator field. The Higgs sector is also extended into a Two Higgs
Doublet Model (THDM). We assume Z2 symmetry to stabilize the DM candidate. Under
the Z2 symmetry, � is odd and all the other fields are even. Thus � is the DM candidate in
this model. The interaction terms of the DM and scalar fiels are given by

L �+ i
g�
2
a0�̄�

5�� (VTHDM + Va0 + Vport) , (2.2)

where

VTHDM =m2
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Va0 =
1

2
m2
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a20 +
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4
a40, (2.4)

Vport =(ia0H
†
1H2 + h.c.) + c1a

2
0H

†
1H1 + c2a

2
0H

†
2H2. (2.5)

Here we assume CP invariance in the Eq. (2.2). Thus all the parameters in Eq. (2.2) are real.
We also assume a softly broken Z4 symmetry to avoid flavor changing Higgs coupling. This is
an extension of the softly broken Z2 symmetry often assumed in studies of the THDMs [?,?,?]
to avoid flavor changing scalar couplings at the tree level [?].3 Under this Z4 symmetry, each

3 For the analysis without any discrete symmetry to forbid the flavor changing scalar couplings, see [?].
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σSI is large if C2 ≠ 0
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Figure 9: The comparison about the e↵ect of changing c2 and ma. The upper row shows the
case for |c2| = 0.5, and the lower for |c2| = 1. The left column shows the case for ma = 70
GeV, and the right for ma = 100 GeV. The other parameters are fixed mA = 600 GeV,
✓ = 0.1, t� = 10, c1 = 0 for all the figure. The region where g�  1 is the left hand side of
the dashed vertical line. The experimental bounds are the same as in Fig. 6.
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between pseudoscalar bosons and the SM-Higgs is important to enhance �SI. As a result
of the enhancement, the model can be detected by the Xenon1T experiment [ref] and the
LZ experiment[ref]. We also calculate the relevant two-loop diagrams for the DM-gluon
e↵ective interactions. In [8], it was estimated from the one-loop box diagram by using a
relation between a heavy quark scalar-type operator and a gluon scalar-type operator without
justification. We find that the prediction for �SI in [8] was overestimated.

The structure of this paper is as follows. In Sec. 2, we introduce the gauge invariant model
which contains the pseudoscalar mediators [3]. In Sec. 3, we derive the e↵ective operators
which induce the spin-independent scattering between DM and nucleus. In Sec. 4, we show
our results. We compare our result with the previous results in [8] and, then, search the
parameter space which is detectable in the future direct detection experiments.

2 Model

In this section, we briefly review the pseudo-scalar mediator dark matter model [3]. The
model contains a gauge singlet Majorana fermion � as the DM candidate, and a gauge singlet
pseudoscalar boson a0 as a mediator field. The Higgs sector is also extended into a Two Higgs
Doublet Model (THDM). We assume Z2 symmetry to stabilize the DM candidate. Under
the Z2 symmetry, � is odd and all the other fields are even. Thus � is the DM candidate in
this model. The interaction terms of the DM and scalar fiels are given by

L �+ i
g�
2
a0�̄�

5�� (VTHDM + Va0 + Vport) , (2.2)

where

VTHDM =m2
1H

†
1H1 +m2

2H
†
2H2 �m2

3

⇣
H†

1H2 + h.c.
⌘

+
�1

2
(H†

1H1)
2 +

�2

2
(H†

2H2)
2 + �3(H

†
1H1)(H

†
2H2) + �4(H

†
1H2)(H

†
2H1)

+
�5

2

h
(H†

1H2)
2 + h.c.

i
, (2.3)

Va0 =
1

2
m2

a0
a20 +

�a0

4
a40, (2.4)

Vport =(ia0H
†
1H2 + h.c.) + c1a

2
0H

†
1H1 + c2a

2
0H

†
2H2. (2.5)

Here we assume CP invariance in the Eq. (2.2). Thus all the parameters in Eq. (2.2) are real.
We also assume a softly broken Z4 symmetry to avoid flavor changing Higgs coupling. This is
an extension of the softly broken Z2 symmetry often assumed in studies of the THDMs [?,?,?]
to avoid flavor changing scalar couplings at the tree level [?].3 Under this Z4 symmetry, each

3 For the analysis without any discrete symmetry to forbid the flavor changing scalar couplings, see [?].
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triangle diagrams with gluons
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Table 1: The rescaling factors of Yukawa couplings under the alignment limit. The rescaling
factor of H, a,A has t� dependence, where t� = tan �.

For proton
f p
Tu

0.0153
f p
Td

0.0191
f p
Ts

0.0447

For neutron
fn
Tu

0.0110
fn
Td

0.0273
fn
Ts

0.0447

Table 2: Numerical values of form factors which is taken from the default volume value of
micrOMEGAs [16]. Right panel shows the value for proton, and left for neutron.

We use the following relations to evaluate the spin-independent cross section from these
operators,[ref]

hN |mqqq |Ni = mNf
(N)
Tq

, (3.22)

�9↵s

8⇡

⌦
N

��Ga
µ⌫G

aµ⌫
��N

↵
= mNf

(N)
TG

, (3.23)
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��Oq
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��N
↵
=

1

mN

✓
pµp⌫ � 1

4
m2

Ngµ⌫

◆✓
q(N)(2) + q(N)(2)

◆
, (3.24)

where N stands for a nucleon, and mN is the nucleon mass. The numerical values of the form
factors (f (N)

Tq
) and the second moments of the PDFs for the quark and anti-quark (q(N)(2)

and q(N)(2)) are given in Tables 2 and 3, respectively. The gluon form factor, f (N)
TG

is given

Second moment at µ = mZ

up(2) 0.22 up(2) 0.034
dp(2) 0.11 d

p
(2) 0.036

sp(2) 0.026 sp(2) 0.026
cp(2) 0.019 cp(2) 0.019
bp(2) 0.012 b

p
(2) 0.012

Table 3: Numerical values of the second moments for quark distribution functions for proton.
These values are evaluated at the scale µ = mZ by using the CTEQ parton distribution
functions [17]. The values for neutron are given by exchanging up and down in the table.
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