
Positivity bounds on 
Higgs-portal dark matter

Hyun Min Lee
Chung-Ang University,  Korea

Astroparticle Symposium 2023
Pascal Institut, Orsay, France, Oct 25, 2023

Ref:  S.-S. Kim, HML, K. Yamashita,  JHEP 06 (2023) 124;  
arXiv: 2308. 14629, in press in JHEP



Outline

• Introduction

• Higgs-portal dark matter and positivity

• Conclusions



Introduction



Higgs @ LHC

x

-1-

• Measured Higgs couplings are consistent with the SM.

• There is no convincing hint for new physics at TeV scale.

• Higgs precision test is crucial for EFT framework.



Dark matter @ DD

x
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• Vanilla WIMP is constrained by direct 
detection, more strongly bounded 
recently by LZ.

• General EFT description for WIMP 
dark matter is desirable.



The SM EFT

x
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<latexit sha1_base64="yKADSVeFQpqOBtA7waSrfLBXiNU="></latexit>

L = LSM +
ndX

i=1

C(d)
i

⇤d�4
Q(d)

i

Dimension-8 (Higgs only)

Terms increases rapidly with dim.
[B. Henning et al (2015)]

[C.W. Murphy (2020); Hao-Lin Li et al (2020)]
Dimension-6 operators

[J. Ellis et al (2020)]

[Buchmuller, Wyler (1986); Grzadkowski et al (2010)]

• New physics beyond SM is encoded by higher order terms.



Consistent EFTs

x
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• Unitarity:

• Adiabaticity: 

• Positivity:

• Perturbativity:

Higgs sector EFT:

<latexit sha1_base64="8bC856S98tkl1xaBdsP302aGc+0=">AAACA3icbVDLSgMxFM3UV62vUXe6CRbBVZ0poq6k4MaFiwr2AZ2hZDKZNjTzILkjlKHgxl9x40IRt/6EO//GTDsLbb2QcDjnnpvc4yWCK7Csb6O0tLyyulZer2xsbm3vmLt7bRWnkrIWjUUsux5RTPCItYCDYN1EMhJ6gnW80XWudx6YVDyO7mGcMDckg4gHnBLQVN88yBw/BicZ8slpfjtCYOdW+33SN6tWzZoWXgR2AaqoqGbf/NKzaBqyCKggSvVsKwE3IxI4FWxScVLFEkJHZMB6GkYkZMrNpjtM8LFmfBzEUp8I8JT97chIqNQ49HRnSGCo5rWc/E/rpRBcuhmPkhRYRGcPBanAEOM8EOxzySiIsQaESq7/iumQSEJBx1bRIdjzKy+Cdr1mn9fqd2fVxlURRxkdoiN0gmx0gRroBjVRC1H0iJ7RK3oznowX4934mLWWjMKzj/6U8fkD3+OXpw==</latexit>

�̇/� ⌧ ⇤ No excitation of new states

<latexit sha1_base64="aF8eoibN8a2aEQYDLQnHTdcAmaQ=">AAACIHicbZDLSgMxFIYzXmu9VV26CRZBUMpMEetGKbjQZQV7gbaUTHqmDU0mQ5IRyjCP4sZXceNCEd3p05heFrX1h8DPd87h5Px+xJk2rvvtLC2vrK6tZzaym1vbO7u5vf2alrGiUKWSS9XwiQbOQqgaZjg0IgVE+Bzq/uBmVK8/gtJMhg9mGEFbkF7IAkaJsaiTK7VuiRCkk7SUwBAE6dUsMAogPZ0lXMpIp2e4k8u7BXcsvGi8qcmjqSqd3FerK2ksIDSUE62bnhuZdkKUYZRDmm3FGiJCB6QHTWtDIkC3k/GBKT62pIsDqewLDR7T2YmECK2Hwredgpi+nq+N4H+1ZmyCy3bCwig2ENLJoiDm2Eg8Sgt3mQJq+NAaQhWzf8W0TxShxmaatSF48ycvmlqx4F0Uivfn+fL1NI4MOkRH6AR5qITK6A5VUBVR9IRe0Bt6d56dV+fD+Zy0LjnTmQP0R87PL+WUo2k=</latexit>

�e↵ = �tree + �loops,
<latexit sha1_base64="TE/QNiktqjwbuDoMZsvkmNRmCbQ=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoMgCOEuiFpJwELLCOYDciHsbSbJkt3bY3dPCJf8CBv/io2FIrYWdv4bN8kVJvHBwOO9GWbmBRFn2rjuj5NZWV1b38hu5ra2d3b38vsHNS1jRaFKJZeqERANnIVQNcxwaEQKiAg41IPBzcSvP4LSTIYPZhhBS5BeyLqMEmOldv5s5N8SIUg78ZXAXMpIj0c+53hONwpgPGrnC27RnQIvEy8lBZSi0s5/+x1JYwGhoZxo3fTcyLQSogyjHMY5P9YQETogPWhaGhIBupVMnxrjE6t0cFcqW6HBU/XvREKE1kMR2E5BTF8vehPxP68Zm+5VK2FhFBsI6WxRN+bYSDxJCHeYAmr40BJCFbO3YtonilBjc8zZELzFl5dJrVT0Loql+/NC+TqNI4uO0DE6RR66RGV0hyqoiih6Qi/oDb07z86r8+F8zlozTjpziObgfP0C7hefXw==</latexit>

|�loops| ⌧ |�tree|

<latexit sha1_base64="tx1kmLePCKOGIwgbjrfil/4Oekg=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLICglKaJulIIbl5U+oQllMpm0QyeTdGYilLQbf8WNC0Xc+hnu/BunbRZaPXDhcM693HuPFzMqlWV9Gbml5ZXVtfx6YWNza3vH3N1ryigRmDRwxCLR9pAkjHLSUFQx0o4FQaHHSMsb3E791gMRkka8rkYxcUPU4zSgGCktdc2D2rV9Sutn0BkmyIfj2thhZAjtrlm0StYM8C+xM1IEGapd89PxI5yEhCvMkJQd24qVmyKhKGZkUnASSWKEB6hHOppyFBLpprMHJvBYKz4MIqGLKzhTf06kKJRyFHq6M0SqLxe9qfif10lUcOWmlMeJIhzPFwUJgyqC0zSgTwXBio00QVhQfSvEfSQQVjqzgg7BXnz5L2mWS/ZFqXx/XqzcZHHkwSE4AifABpegAu5AFTQABhPwBF7Aq/FoPBtvxvu8NWdkM/vgF4yPb0OnlOo=</latexit>

S = 1 + iT, |S|  1S-matrix

Reduced S-matrix
<latexit sha1_base64="Rqk/FopwSvXZSZIZWRpr6vM0Vx0="></latexit>

@2M
@s2

=
4

⇡

Z

s>0
ds

s�(s)

s3
> 0

<latexit sha1_base64="HvDEum950ggzvYtuf1vonCdqJgI="></latexit>

�LH =
X

n+m�3

cn,m

⇤2(n+m)�4
H

2n
D

2m

[e.g. C. Burgess, HML, M. Trott (2009)]



Positivity bounds
• Analyticity, locality, unitarity of S-matrix -5-

: optical theorem

<latexit sha1_base64="ftwOUC5ABVOMZFd9izbcc4bTkrc=">AAACEnicbVDLSgMxFM34rPU16tJNsAgt1DJTirpRKm7cCBXsA9qxZNK0DU0yQ5IRytBvcOOvuHGhiFtX7vwb03YWtvXAhZNz7iX3Hj9kVGnH+bGWlldW19ZTG+nNre2dXXtvv6aCSGJSxQELZMNHijAqSFVTzUgjlARxn5G6P7ge+/VHIhUNxL0ehsTjqCdol2KkjdS2c1dZlbuIWxgxeDvKqrzORzNvJ1/iD8UTlWvbGafgTAAXiZuQDEhQadvfrU6AI06Exgwp1XSdUHsxkppiRkbpVqRIiPAA9UjTUIE4UV48OWkEj43Sgd1AmhIaTtS/EzHiSg25bzo50n01743F/7xmpLvnXkxFGGki8PSjbsSgDuA4H9ihkmDNhoYgLKnZFeI+kghrk2LahODOn7xIasWCe1oo3pUy5cskjhQ4BEcgC1xwBsrgBlRAFWDwBF7AG3i3nq1X68P6nLYuWcnMAZiB9fULbwCayw==</latexit>

A(s) = M(s, t, u) = M(s, 0, 4m2 � s)

<latexit sha1_base64="1GW5xH2Y6VMlQqRhrL5Rvdb2jn0=">AAACEXicbVDLSgMxFM3UV62vUZdugkXoopSZIioupODGZQX7gM5QMmmmDc0kQ5IRytBfcOOvuHGhiFt37vwb0+kg2nrgwuGcc0nuCWJGlXacL6uwsrq2vlHcLG1t7+zu2fsHbSUSiUkLCyZkN0CKMMpJS1PNSDeWBEUBI51gfD3zO/dEKir4nZ7ExI/QkNOQYqSN1LcrXjyi2WjxQ6teNfVkBJVJaSIpH04v+3bZqTkZ4DJxc1IGOZp9+9MbCJxEhGvMkFI914m1nyKpKWZkWvISRWKEx2hIeoZyFBHlp9lFU3hilAEMhTTDNczU3xspipSaRIFJRkiP1KI3E//zeokOL/yU8jjRhOP5Q2HCoBZwVg8cUEmwZhNDEJbU/BXiEZIImx5UyZTgLp68TNr1mntWq9+elhtXeR1FcASOQQW44Bw0wA1oghbA4AE8gRfwaj1az9ab9T6PFqx85xD8gfXxDQdBncI=</latexit>

�� ! �� scattering :
<latexit sha1_base64="lZ0w+xc4t9t2/7fU3eD9cPqjBfw=">AAAB7XicbVDLSgMxFL1TX7W+qi7dBIvgqswUUVdScOOygn1AO5RMmmljM5khuSOUof/gxoUibv0fd/6NaTsLbT0QOJxzL7nnBIkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWamEPY+L2yxW36s5BVomXkwrkaPTLX71BzNKIK2SSGtP13AT9jGoUTPJpqZcanlA2pkPetVTRiBs/m187JWdWGZAw1vYpJHP190ZGI2MmUWAnI4ojs+zNxP+8borhtZ8JlaTIFVt8FKaS2Iiz6GQgNGcoJ5ZQpoW9lbAR1ZShLahkS/CWI6+SVq3qXVZr9xeV+k1eRxFO4BTOwYMrqMMdNKAJDB7hGV7hzYmdF+fd+ViMFpx85xj+wPn8Afy+jrw=</latexit>

t ! 0Forward limit,

:  symmetric wrt s=2m2<latexit sha1_base64="tZH9Bg+jYa5USx20OQl0tAJ4ppc=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGJtklyYpl6Y/w4kERr/4eb/4b03YP2vpg4PHeDDPzwkRwYz3vGxXW1jc2t4rbpZ3dvf2D8uFRy8SppqxJYxHrTkgME1yxpuVWsE6iGZGhYO1wfDvz249MGx6rBztJWCDJUPGIU2Kd1M56WuKnab9c8areHHiV+DmpQI5Gv/zVG8Q0lUxZKogxXd9LbJARbTkVbFrqpYYlhI7JkHUdVUQyE2Tzc6f4zCkDHMXalbJ4rv6eyIg0ZiJD1ymJHZllbyb+53VTG10HGVdJapmii0VRKrCN8ex3POCaUSsmjhCqubsV0xHRhFqXUMmF4C+/vEpatap/Wa3dX1TqN3kcRTiBUzgHH66gDnfQgCZQGMMzvMIbStALekcfi9YCymeO4Q/Q5w9TUY+O</latexit>x
<latexit sha1_base64="uIc1OgGcLvzUs51pxl3p54trpvs=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OJFiGgekMQwO+lNhszOLjOzQljyCV48KOLVL/Lm3zhJ9qCJBQ1FVTfdXX4suDau++3kVlbX1jfym4Wt7Z3dveL+QUNHiWJYZ5GIVMunGgWXWDfcCGzFCmnoC2z6o+up33xCpXkkH8w4xm5IB5IHnFFjpfvbx0qvWHLL7gxkmXgZKUGGWq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2akTcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw2U25jBODks0XBYkgJiLTv0mfK2RGjC2hTHF7K2FDqigzNp2CDcFbfHmZNCpl77xcuTsrVa+yOPJwBMdwCh5cQBVuoAZ1YDCAZ3iFN0c4L8678zFvzTnZzCH8gfP5A8s0jXg=</latexit>

M2

<latexit sha1_base64="c5r1FOqm/WWcMRlSxjPu4JFK0vE=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6kkCXjxGNA9I1jA7mU2GzGOZmRXCkk/w4kERr36RN//GSbIHTSxoKKq66e6KEs6M9f1vb2V1bX1js7BV3N7Z3dsvHRw2jUo1oQ2iuNLtCBvKmaQNyyyn7URTLCJOW9HoZuq3nqg2TMkHO05oKPBAspgRbJ10Lx6rvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGanTtCpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4UZk0lqqSTzRXHKkVVo+jfqM02J5WNHMNHM3YrIEGtMrEun6EIIFl9eJs1qJbioVO/Oy7XrPI4CHMMJnEEAl1CDW6hDAwgM4Ble4c3j3ov37n3MW1e8fOYI/sD7/AH79I2Y</latexit>

m2
<latexit sha1_base64="sKRfQmjAwdhmaLxODnpl+o7jdvY=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9mtRT1JwYvHCvYD2rVk02wbmmSXJCuUpX/BiwdFvPqHvPlvzLZ70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJreZ33miSrNIPphpTH2BR5KFjGCTSRfisTYoV9yqOwdaJV5OKpCjOSh/9YcRSQSVhnCsdc9zY+OnWBlGOJ2V+ommMSYTPKI9SyUWVPvp/NYZOrPKEIWRsiUNmqu/J1IstJ6KwHYKbMZ62cvE/7xeYsJrP2UyTgyVZLEoTDgyEcoeR0OmKDF8agkmitlbERljhYmx8ZRsCN7yy6ukXat6l9Xafb3SuMnjKMIJnMI5eHAFDbiDJrSAwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPbtCN1Q==</latexit>

3m2
<latexit sha1_base64="s1YyjkVrUMSa9OSlRV0ci25Bd0c=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXqSghePFewHtGvJptk2NMkuSVYoS/+CFw+KePUPefPfmG33oK0PBh7vzTAzL4g508Z1v53CxubW9k5xt7S3f3B4VD4+6egoUYS2ScQj1QuwppxJ2jbMcNqLFcUi4LQbTG8zv/tElWaRfDCzmPoCjyULGcEmk+risTYsV9yquwBaJ15OKpCjNSx/DUYRSQSVhnCsdd9zY+OnWBlGOJ2XBommMSZTPKZ9SyUWVPvp4tY5urDKCIWRsiUNWqi/J1IstJ6JwHYKbCZ61cvE/7x+YsJrP2UyTgyVZLkoTDgyEcoeRyOmKDF8ZgkmitlbEZlghYmx8ZRsCN7qy+ukU6t6jWrtvl5p3uRxFOEMzuESPLiCJtxBC9pAYALP8ApvjnBenHfnY9lacPKZU/gD5/MHcFeN1g==</latexit>

4m2

<latexit sha1_base64="fQJg9AfyQ+Zb36XZYd9fp7ILcg4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaup+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia89jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7VrVu6zWmheV+k0eRxFO4BTOwYMrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AN+7jPo=</latexit>s

<latexit sha1_base64="kUpIAyd55MoxtpKuSOk5W15V+2o=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VoF5YkirpRKm50IVSwD2jSMplO2qGTBzMToYT8hht/xY0LRVzqyr9x2mahrQcuHM65l3vvcSNGhTSMby23sLi0vJJfLaytb2xu6ds7DRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0h1djv/lAuKBhcC9HEXF81A+oRzGSSurqxs25HdJAQtvjCCc9kSaWHVFI00y5LIlympTE4W3HKneO0q5eNCrGBHCemBkpggy1rv5p90Ic+ySQmCEh2qYRSSdBXFLMSFqwY0EihIeoT9qKBsgnwkkmn6XwQCk96IVclTpyov6eSJAvxMh3VaeP5EDMemPxP68dS+/MSWgQxZIEeLrIixmUIRzHBHuUEyzZSBGEOVW3QjxAKhCpwiyoEMzZl+dJw6qYJxXr7rhYvcjiyIM9sA9KwASnoAquQQ3UAQaP4Bm8gjftSXvR3rWPaWtOy2Z2wR9oXz+eV59l</latexit>

I =

I
ds

2⇡i

A(s)

(s�M2)3

<latexit sha1_base64="TLi51NsplHCdMnc0Aw0H3jKOt5s=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyUpom6UihvdVbAPaEKZTKft0JkkzEyEGoq/4saFIm79D3f+jdM2C209cOFwzr3ce08Qc6a043xbC4tLyyurubX8+sbm1ra9s1tXUSIJrZGIR7IZYEU5C2lNM81pM5YUi4DTRjC4HvuNByoVi8J7PYypL3AvZF1GsDZS295PPSnQrRhdXShPsZ7ARXXctgtOyZkAzRM3IwXIUG3bX14nIomgoSYcK9VynVj7KZaaEU5HeS9RNMZkgHu0ZWiIBVV+Orl+hI6M0kHdSJoKNZqovydSLJQaisB0Cqz7atYbi/95rUR3z/2UhXGiaUimi7oJRzpC4yhQh0lKNB8agolk5lZE+lhiok1geROCO/vyPKmXS+5pqXx3UqhcZnHk4AAOoQgunEEFbqAKNSDwCM/wCm/Wk/VivVsf09YFK5vZgz+wPn8AjI2UoQ==</latexit>

ImA = s�(s)

<latexit sha1_base64="ad7sXldLRt3dn1pMLbB3uptx0ZY=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VoQUpSRN0oFTcuK9gHNLFMppN26GQSZiZCSPMNbvwVNy4UcevKnX/j9LHQ1gMDh3Pu5c45XsSoVJb1beSWlldW1/LrhY3Nre0dc3evKcNYYNLAIQtF20OSMMpJQ1HFSDsSBAUeIy1veD32Ww9ESBryO5VExA1Qn1OfYqS01DXLDqNBNx3JkaNC6FDuqySDji8QTq9Kspyl8r6aXVjHsGsWrYo1AVwk9owUwQz1rvnl9EIcB4QrzJCUHduKlJsioShmJCs4sSQRwkPUJx1NOQqIdNNJpAweaaUH/VDoxxWcqL83UhRImQSengyQGsh5byz+53Vi5Z+7KeVRrAjH00N+zKBOP+4H9qggWLFEE4QF1X+FeIB0HUq3WNAl2PORF0mzWrFPK9Xbk2LtclZHHhyAQ1ACNjgDNXAD6qABMHgEz+AVvBlPxovxbnxMR3PGbGcf/IHx+QOM1Z1W</latexit>

lim
|s|!1

A(s)

s2
= 0, Polynomial bounded,    

e.g. Froissart-Martin bound

<latexit sha1_base64="dLMAerLMd+Qdh6f/T0TWxGuNCyM="></latexit>

A00(s = M2) =
4

⇡

Z

s>0
ds

s�(s)

s3
> 0

<latexit sha1_base64="E9YY4Qva2IJNIc9IDSImWNxCEGI=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBFclaSIigspuHHhooJ9QBPLZDJph04mYWZSKKF/4saFIm79E3f+jdM2C209MHA45x7unROknCntON/Wyura+sZmaau8vbO7t28fHLZUkklCmyThiewEWFHOBG1qpjntpJLiOOC0HQxvp357RKViiXjU45T6Me4LFjGCtZF6tq08zpF3bxIhfqpdo55dcarODGiZuAWpQIFGz/7ywoRkMRWacKxU13VS7edYakY4nZS9TNEUkyHu066hAsdU+fns8gk6NUqIokSaJzSaqb8TOY6VGseBmYyxHqhFbyr+53UzHV35ORNppqkg80VRxpFO0LQGFDJJieZjQzCRzNyKyABLTLQpq2xKcBe/vExatap7Ua09nFfqN0UdJTiGEzgDFy6hDnfQgCYQGMEzvMKblVsv1rv1MR9dsYrMEfyB9fkDCcKSnA==</latexit>

s ⌧ ⇤2 :

<latexit sha1_base64="iXJzzl/xXvvKZnBE7SUyDGA8Jjk="></latexit>

A(s) = g
1X

n=1

cn

✓
s2

⇤2

◆n

<latexit sha1_base64="ZDZekOvzL0A8iLGf1w/IP7ALH5w=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqKdS8OKxgmkLbSib7aRdutmE3Y1QSn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZF6aCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHSSKYY+S0SiOiHVKLhE33AjsJMqpHEosB2O7+Z++wmV5ol8NJMUg5gOJY84o8ZKPuvLutsvV9yquwBZJ15OKpCj2S9/9QYJy2KUhgmqdddzUxNMqTKcCZyVepnGlLIxHWLXUklj1MF0ceyMXFhlQKJE2ZKGLNTfE1Maaz2JQ9sZUzPSq95c/M/rZia6DaZcpplByZaLokwQk5D552TAFTIjJpZQpri9lbARVZQZm0/JhuCtvrxOWrWqd12tPVxVGvU8jiKcwTlcggc30IB7aIIPDDg8wyu8OdJ5cd6dj2VrwclnTuEPnM8fPHOOTQ==</latexit>

cn > 0Similar contour integrals “Positivity” for dim-8 ops

EFT amplitude, 

<latexit sha1_base64="w5wJzN9miB5IwmzxslmMKTvJGI4="></latexit>

A00(s = M2) =
4

⇡

Z

cuts
ds

ImA

(s�M2)3

[A. Adams et al (2006)]



SM EFT for dark matter
• Extend the SM EFT with Higgs-portal dark matter.

-6-

Dimension-4

Scalar dark matter with Z2 symmetry:

Dimension-6 Dimension-8

+ DM self-interactions

Dim-4 & Dim-6 couplings and direct detection:
<latexit sha1_base64="qF+LOrZxzG7JOXeGPjoYXZN5pJU=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSxSF6UkbVE3lYIblxXsA5oQJpNJO3QyCTMTocQu/BU3LhRx62+482+cPhbaeuDC4Zx7ufceP2FUKsv6NlZW19Y3NnNb+e2d3b198+CwLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eDPxOw9ESBrzezVKiBuhPqchxUhpyTOPsVet46JXLUGn5JQCr1YPil7NMwtW2ZoCLhN7TgpgjqZnfjlBjNOIcIUZkrJnW4lyMyQUxYyM804qSYLwEPVJT1OOIiLdbHr/GJ5pJYBhLHRxBafq74kMRVKOIl93RkgN5KI3Ef/zeqkKr9yM8iRVhOPZojBlUMVwEgYMqCBYsZEmCAuqb4V4gATCSkeW1yHYiy8vk3albF+UK3e1QuN6HkcOnIBTcA5scAka4BY0QQtg8AiewSt4M56MF+Pd+Ji1rhjzmSPwB8bnDwTPk4Y=</latexit>

c3 = c03, d4 = d04
<latexit sha1_base64="94OwYWRAwKLU6zmTBywJNKkw2mQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUkAS8eEzAPSJYwO+lNxszOLjOzQgj5Ai8eFPHqJ3nzb5wke9DEgoaiqpvuriARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0d3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7RK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPEnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpqVsndVrtQvS9XbLI48nMApnIMH11CFe6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gB0H4yz</latexit>,

<latexit sha1_base64="KamNl4j21hR2Aj5GKUv0dC6bddY=">AAACG3icbVBNS8MwGE79nPOr6tFLcAgexmjHmDvJwIvHCe4D1jrSNN3C0rQk6WCU/Q8v/hUvHhTxJHjw35huPbjNJwSe93nel+R9vJhRqSzrx9jY3Nre2S3sFfcPDo+OzZPTjowSgUkbRywSPQ9JwignbUUVI71YEBR6jHS98W3mdydESBrxBzWNiRuiIacBxUhpaWBWy052JkjEI/pYW6rqS1WjDB3sR0oOzJJVseaA68TOSQnkaA3ML8ePcBISrjBDUvZtK1ZuioSimJFZ0UkkiREeoyHpa8pRSKSbznebwUut+DCIhL5cwbn6dyJFoZTT0NOdIVIjuepl4n9eP1FBw00pjxNFOF48FCQMqghmQUGfCoIVm2qCsKD6rxCPkEBY6TiLOgR7deV10qlW7Hqlel8rNW/yOArgHFyAK2CDa9AEd6AF2gCDJ/AC3sC78Wy8Gh/G56J1w8hnzsASjO9f+c+fiQ==</latexit>

, '4, '6, '8, · · ·

<latexit sha1_base64="WWZENQf7jvDXJVkmpptU8ueKeHw=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFcSElKUVdScNNlBfuANi2T6bQdOpmEmUkhpPVX3LhQxK0f4s6/cdJmoa3ncuFwzr3MneOFjEpl29/GxubW9s5ubi+/f3B4dGyenDZlEAlMGjhggWh7SBJGOWkoqhhph4Ig32Ok5U3uU781JULSgD+qOCSuj0acDilGSkt9s3DVTWuKRDimvcqsNutV+mbRLtkLWOvEyUgRMtT75ld3EODIJ1xhhqTsOHao3AQJRTEj83w3kiREeIJGpKMpRz6RbrI4fm5daGVgDQOhmytrof7eSJAvZex7etJHaixXvVT8z+tEanjrJpSHkSIcLx8aRsxSgZUmYQ2oIFixWBOEBdW3WniMBMJK55XXITirX14nzXLJuS6VHyrF6l0WRw7O4BwuwYEbqEIN6tAADDE8wyu8GU/Gi/FufCxHN4xspwB/YHz+AF6tk/I=</latexit>

, '
4|H|4

<latexit sha1_base64="CtAqRjcIA05/nC/32aXQq02C65g=">AAAB/XicbVDLTgIxFL2DL8TX+Ni5aSQmLgyZIURdGRI3LDGRRwID6ZQONHQeaTskCMRfceNCY9z6H+78GzswCwXPzU1Ozrk3vT1uxJlUlvVtZNbWNza3stu5nd29/QPz8Kguw1gQWiMhD0XTxZJyFtCaYorTZiQo9l1OG+7wLvEbIyokC4MHNY6o4+N+wDxGsNJS1zy5bCc1wiIasE4JTSvTTrFr5q2CNQdaJXZK8pCi2jW/2r2QxD4NFOFYypZtRcqZYKEY4XSWa8eSRpgMcZ+2NA2wT6UzmV8/Q+da6SEvFLoDhebq740J9qUc+66e9LEayGUvEf/zWrHybpwJC6JY0YAsHvJijlSIkihQjwlKFB9rgolg+lZEBlhgonRgOR2CvfzlVVIvFuyrQvG+lC/fpnFk4RTO4AJsuIYyVKAKNSDwCM/wCm/Gk/FivBsfi9GMke4cwx8Ynz+2oJQa</latexit>

, '
4|H|2

Positivity bounds and UV completion 
for WIMP and FIMP?

<latexit sha1_base64="PGtWx0mdkDNSlHQ4opSRqjng37E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac8PjO8=</latexit>

h

<latexit sha1_base64="vhFTJa0hrzb4cPHEg8nqFR6kBhI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGZrMhyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhUpwYz3vGxU2Nre2d4q7pb39g8Oj8vFJyySppqxJE5HoTkgME1yypuVWsI7SjMShYO1wfD/32xOmDU/kk50qFsRkKHnEKbFOavcmRKsR75crXtVbAK8TPycVyNHol796g4SmMZOWCmJM1/eUDTKiLaeCzUq91DBF6JgMWddRSWJmgmxx7gxfOGWAo0S7khYv1N8TGYmNmcah64yJHZlVby7+53VTG90GGZcqtUzS5aIoFdgmeP47HnDNqBVTRwjV3N2K6YhoQq1LqORC8FdfXietWtW/rtYeryr1uzyOIpzBOVyCDzdQhwdoQBMojOEZXuENKfSC3tHHsrWA8plT+AP0+QN8YI+p</latexit>' <latexit sha1_base64="vhFTJa0hrzb4cPHEg8nqFR6kBhI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGZrMhyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhUpwYz3vGxU2Nre2d4q7pb39g8Oj8vFJyySppqxJE5HoTkgME1yypuVWsI7SjMShYO1wfD/32xOmDU/kk50qFsRkKHnEKbFOavcmRKsR75crXtVbAK8TPycVyNHol796g4SmMZOWCmJM1/eUDTKiLaeCzUq91DBF6JgMWddRSWJmgmxx7gxfOGWAo0S7khYv1N8TGYmNmcah64yJHZlVby7+53VTG90GGZcqtUzS5aIoFdgmeP47HnDNqBVTRwjV3N2K6YhoQq1LqORC8FdfXietWtW/rtYeryr1uzyOIpzBOVyCDzdQhwdoQBMojOEZXuENKfSC3tHHsrWA8plT+AP0+QN8YI+p</latexit>'

<latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q <latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q

[S.-S. Kim, HML, K. Yamashita (2023)]



Higgs-portal dark matter 
and positivity



Higgs-portal dark matter
• Consider a singlet scalar dark mater in SM.
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• Effective Higgs-portal interactions up to dim-8:

Up to 2-derivatives

4-derivatives
<latexit sha1_base64="cJoRMITPjND0CWRvQKZqAhPysYw=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJIi6kkKXjx4qGA/oAlhs520SzebsLtRSuxP8eJBEa/+Em/+G7dtDtr6YODx3gwz88KUM6Ud59taWV1b39gsbZW3d3b39u3KQVslmaTQoglPZDckCjgT0NJMc+imEkgccuiEo+up33kAqVgi7vU4BT8mA8EiRok2UmBXco8Sjm8nQd1TWapAB3bVqTkz4GXiFqSKCjQD+8vrJzSLQWjKiVI910m1nxOpGeUwKXuZgpTQERlAz1BBYlB+Pjt9gk+M0sdRIk0JjWfq74mcxEqN49B0xkQP1aI3Ff/zepmOLv2ciTTTIOh8UZRxrBM8zQH3mQSq+dgQQiUzt2I6JJJQbdIqmxDcxZeXSbtec89r9buzauOqiKOEjtAxOkUuukANdIOaqIUoekTP6BW9WU/Wi/VufcxbV6xi5hD9gfX5Awc9k9k=</latexit>

L2 �

[S.-S. Kim, HML, K. Yamashita(2023)]

Z2 symmetry,  couplings suppressed by masses.Assumption:



Positivity for multiple fields
• Scattering matrix elements in the forward limit -8-

• Scattering amplitudes for superposed states, ab→ab,
<latexit sha1_base64="9S2GXizD4x7wIPnLTIFCiYIYUGk=">AAACDnicbVC7SgNBFJ31GeNr1dJmMAQihLAbg9pEAjaWEcwDsiHcnUySIbMPZmYDYckX2PgrNhaK2Frb+TfOJlto4rlcOJxzLzP3uCFnUlnWt7G2vrG5tZ3Zye7u7R8cmkfHTRlEgtAGCXgg2i5IyplPG4opTtuhoOC5nLbc8W3ityZUSBb4D2oa0q4HQ58NGAGlpZ6ZLzq6MKs64Yj1ABegahfLxYti5TzRnQmIxDBzVsmaA68SOyU5lKLeM7+cfkAij/qKcJCyY1uh6sYgFCOczrJOJGkIZAxD2tHUB4/Kbjw/Z4bzWunjQSB0+wrP1d8bMXhSTj1XT3qgRnLZS8T/vE6kBtfdmPlhpKhPFg8NIo5VgJNscJ8JShSfagJEMP1XTEYggCidYFaHYC+fvEqa5ZJ9WSrfV3K1mzSODDpFZ6iAbHSFaugO1VEDEfSIntErejOejBfj3fhYjK4Z6c4J+gPj8wdxhZiW</latexit>

, i = �a(a = 1, 2, 3, 4), '

Positivity bounds for ab→ab:

<latexit sha1_base64="5oTw+aBYhCzPNrPOrwH/WgknZFo="></latexit>

A(s) = c0 + c1
s

⇤2
+ c2

s2

⇤4
+ · · ·

<latexit sha1_base64="3+bzYEgrC9GJp55n3Tx5ptsHmgQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqKdS8OKxgv2ANpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5G7ud564NiJWjzhNuB/RkRKhYBSt1GKDWt0dlCtu1V2ArBMvJxXI0RyUv/rDmKURV8gkNabnuQn6GdUomOSzUj81PKFsQke8Z6miETd+tjh2Ri6sMiRhrG0pJAv190RGI2OmUWA7I4pjs+rNxf+8XorhrZ8JlaTIFVsuClNJMCbzz8lQaM5QTi2hTAt7K2FjqilDm0/JhuCtvrxO2rWqd12tPVxVGvU8jiKcwTlcggc30IB7aEILGAh4hld4c5Tz4rw7H8vWgpPPnMIfOJ8/4PyOEQ==</latexit>

c2 > 0

Higgs Dark matter

[S.-S. Kim, HML, K. Yamashita(2023)]
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• Nontrivial bounds  on the Higgs-portal couplings with a 
combination of self-interactions for Higgs and dark matter.

Positivity for multiple fields

[S.-S. Kim, HML, K. Yamashita(2023)]



Massive graviton or radion
• Effective Higgs-portal interactions are matched to UV 

complete models:

-10-

• Positivity bounds are satisfied for

Massive graviton

Radion

&

Attractive forces due to massive graviton or radion.

• Zero DM-nucleon cross section at tree level:
<latexit sha1_base64="UbxrY9zdQPLbCfQ0W78CHXQpSDw=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL1IWEpC3qplJw47KCfUAbwmQyaYdOJmFmIpTQjb/ixoUibv0Md/6N0zYLrZ7LhcM59zJzj58wKpVtfxmFldW19Y3iZmlre2d3z9w/6Mg4FZi0ccxi0fORJIxy0lZUMdJLBEGRz0jXH9/M/O4DEZLG/F5NEuJGaMhpSDFSWvLMI+zVGrji1c4HugKv3oBBxatbnlm2LXsO+Jc4OSmDHC3P/BwEMU4jwhVmSMq+YyfKzZBQFDMyLQ1SSRKEx2hI+ppyFBHpZvMDpvBUKwEMY6GbKzhXf25kKJJyEvl6MkJqJJe9mfif109VeOVmlCepIhwvHgpTBlUMZ2nAgAqCFZtogrCg+q8Qj5BAWOnMSjoEZ/nkv6RTtZwLq3pXLzev8ziK4BicgDPggEvQBLegBdoAgyl4Ai/g1Xg0no03430xWjDynUPwC8bHN3b0k74=</latexit>

c3 = c03, d4 = d04.

[S.-S. Kim, HML, K. Yamashita(2023)]



Disformal graviton
• Generalized metric tensor in Finsler geometry
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• Causality:  sub-luminal propagation of graviton

Positivity bounds:

• Effective interactions to Higgs in Finsler geometry:

[S.-S. Kim, HML, K. Yamashita(2023)]

“conformal”

“disformal”

<latexit sha1_base64="hC1u4sci7s9s9bTzs0/BBm8aE48=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9VQKXjxWtB/QhrLZbNqlm03YnQil9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dtbWNza3tgs7xd29/YPD0tFxyySZZrzJEpnoTkANl0LxJgqUvJNqTuNA8nYwup357SeujUjUI45T7sd0oEQkGEUrPYQ1t18quxV3DrJKvJyUIUejX/rqhQnLYq6QSWpM13NT9CdUo2CST4u9zPCUshEd8K6lisbc+JP5qVNybpWQRIm2pZDM1d8TExobM44D2xlTHJplbyb+53UzjG78iVBphlyxxaIokwQTMvubhEJzhnJsCWVa2FsJG1JNGdp0ijYEb/nlVdKqVryrSvX+slyv5XEU4BTO4AI8uIY63EEDmsBgAM/wCm+OdF6cd+dj0brm5DMn8AfO5w+6lo1t</latexit>

d > 0

<latexit sha1_base64="xhZZybZlv3z5nDKMxViSe36vSS4="></latexit>

ds
2 = gµ⌫dx

µ
dx

⌫
F (I,H,'),

<latexit sha1_base64="dknaheKd/qgW6Iohvwuqc6RTHkM=">AAACKnicbZBPS8MwGMZT/875r+rRS3AIHmS0Q9SLonhR8KDg3GCt5W2WbWFpG5JUGGWfx4tfxcsOinj1g5jOgrr5QuDh97xvkvcJBWdKO867NTM7N7+wWFoqL6+srq3bG5v3KkkloXWS8EQ2Q1CUs5jWNdOcNoWkEIWcNsL+Re43HqlULInv9EBQP4JuzDqMgDYosM+vTq4farj7kHnARQ+8kGoYegKkZsCDAj6CFD32Q/OmAu4HdsWpOuPC08ItRAUVdRPYI6+dkDSisSYclGq5jtB+lt9NOB2WvVRRAaQPXdoyMoaIKj8brzrEu4a0cSeR5sQaj+nviQwipQZRaDoj0D016eXwP6+V6s6xn7FYpJrG5PuhTsqxTnCeG24zSYnmAyOASGb+ikkPJBBt0i2bENzJlafFfa3qHlZrtweVs9MijhLaRjtoD7noCJ2hS3SD6oigJ/SCXtGb9WyNrHfr47t1xipmttCfsj6/AErOqHM=</latexit>

I = L2g↵�@↵'@�',
<latexit sha1_base64="xzc0bWHP7ckt/GmON9ZDH5Zqoio="></latexit>

H = L
2 (@↵' dx

↵)2

g⇢�dx
⇢dx�

[J. Bekenstein (1993)]

<latexit sha1_base64="EHpe8/LVOxtZIAlWBC+8DH+OILI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcJuEPUUAl48RjQPSJYwO5lNhszOLjO9Qgj5BC8eFPHqF3nzb5wke9DEgoaiqpvuriCRwqDrfju5tfWNza38dmFnd2//oHh41DRxqhlvsFjGuh1Qw6VQvIECJW8nmtMokLwVjG5nfuuJayNi9YjjhPsRHSgRCkbRSg9V96JXLLlldw6ySryMlCBDvVf86vZjlkZcIZPUmI7nJuhPqEbBJJ8WuqnhCWUjOuAdSxWNuPEn81On5MwqfRLG2pZCMld/T0xoZMw4CmxnRHFolr2Z+J/XSTG88SdCJSlyxRaLwlQSjMnsb9IXmjOUY0so08LeStiQasrQplOwIXjLL6+SZqXsXZUr95elWjWLIw8ncArn4ME11OAO6tAABgN4hld4c6Tz4rw7H4vWnJPNHMMfOJ8/ZVyNNQ==</latexit>

> 0,

[P. Brax, K. Kaneta, Y. 
Mambrini, M. Pierre (2023)]

either signs



WIMP vs Positivity
• Positivity bounds complementary to relic density & DD.-12-

Fermion channels & direct detection relevant for 
<latexit sha1_base64="r1Xyq9IaNL42HbVC6LXYViw1eG4=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovUhYSkLepKCm5cVrAPaEqYTKbt0MkkzkyEErpz46+4caGIW3/BnX/jNM1Cq+dy4XDOvczc48eMSmXbX0ZhaXllda24XtrY3NreMXf32jJKBCYtHLFIdH0kCaOctBRVjHRjQVDoM9Lxx1czv3NPhKQRv1WTmPRDNOR0QDFSWvLMQ+zVXE7uIK54tVNXV+DVMyGoeHXLM8u2ZWeAf4mTkzLI0fTMTzeIcBISrjBDUvYcO1b9FAlFMSPTkptIEiM8RkPS05SjkMh+mt0xhcdaCeAgErq5gpn6cyNFoZST0NeTIVIjuejNxP+8XqIGF/2U8jhRhOP5Q4OEQRXBWSgwoIJgxSaaICyo/ivEIyQQVjq6kg7BWTz5L2lXLefMqt7Uy43LPI4iOABH4AQ44Bw0wDVoghbA4AE8gRfwajwaz8ab8T4fLRj5zj74BePjGyGOluo=</latexit>

c3 6= c03, d4 6= d04.

<latexit sha1_base64="PGtWx0mdkDNSlHQ4opSRqjng37E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac8PjO8=</latexit>

h

<latexit sha1_base64="vhFTJa0hrzb4cPHEg8nqFR6kBhI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGZrMhyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhUpwYz3vGxU2Nre2d4q7pb39g8Oj8vFJyySppqxJE5HoTkgME1yypuVWsI7SjMShYO1wfD/32xOmDU/kk50qFsRkKHnEKbFOavcmRKsR75crXtVbAK8TPycVyNHol796g4SmMZOWCmJM1/eUDTKiLaeCzUq91DBF6JgMWddRSWJmgmxx7gxfOGWAo0S7khYv1N8TGYmNmcah64yJHZlVby7+53VTG90GGZcqtUzS5aIoFdgmeP47HnDNqBVTRwjV3N2K6YhoQq1LqORC8FdfXietWtW/rtYeryr1uzyOIpzBOVyCDzdQhwdoQBMojOEZXuENKfSC3tHHsrWA8plT+AP0+QN8YI+p</latexit>' <latexit sha1_base64="vhFTJa0hrzb4cPHEg8nqFR6kBhI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGZrMhyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhUpwYz3vGxU2Nre2d4q7pb39g8Oj8vFJyySppqxJE5HoTkgME1yypuVWsI7SjMShYO1wfD/32xOmDU/kk50qFsRkKHnEKbFOavcmRKsR75crXtVbAK8TPycVyNHol796g4SmMZOWCmJM1/eUDTKiLaeCzUq91DBF6JgMWddRSWJmgmxx7gxfOGWAo0S7khYv1N8TGYmNmcah64yJHZlVby7+53VTG90GGZcqtUzS5aIoFdgmeP47HnDNqBVTRwjV3N2K6YhoQq1LqORC8FdfXietWtW/rtYeryr1uzyOIpzBOVyCDzdQhwdoQBMojOEZXuENKfSC3tHHsrWA8plT+AP0+QN8YI+p</latexit>'

<latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q <latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q

imposed for self-interactions.



Graviton as UV completion 
• Parameter space is more restricted in the graviton case.

-13-

<latexit sha1_base64="PGtWx0mdkDNSlHQ4opSRqjng37E=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWao765Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80On5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rw2s+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpuSDcFbfnmVtGtV77Jaa15U6jd5HEU4gVM4Bw+uoA530IAWMEB4hld4cx6dF+fd+Vi0Fpx85hj+wPn8Ac8PjO8=</latexit>

h

<latexit sha1_base64="vhFTJa0hrzb4cPHEg8nqFR6kBhI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGZrMhyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhUpwYz3vGxU2Nre2d4q7pb39g8Oj8vFJyySppqxJE5HoTkgME1yypuVWsI7SjMShYO1wfD/32xOmDU/kk50qFsRkKHnEKbFOavcmRKsR75crXtVbAK8TPycVyNHol796g4SmMZOWCmJM1/eUDTKiLaeCzUq91DBF6JgMWddRSWJmgmxx7gxfOGWAo0S7khYv1N8TGYmNmcah64yJHZlVby7+53VTG90GGZcqtUzS5aIoFdgmeP47HnDNqBVTRwjV3N2K6YhoQq1LqORC8FdfXietWtW/rtYeryr1uzyOIpzBOVyCDzdQhwdoQBMojOEZXuENKfSC3tHHsrWA8plT+AP0+QN8YI+p</latexit>' <latexit sha1_base64="vhFTJa0hrzb4cPHEg8nqFR6kBhI=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqewWUU9S8OKxgv2AdinZNNuGZrMhyRbK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhUpwYz3vGxU2Nre2d4q7pb39g8Oj8vFJyySppqxJE5HoTkgME1yypuVWsI7SjMShYO1wfD/32xOmDU/kk50qFsRkKHnEKbFOavcmRKsR75crXtVbAK8TPycVyNHol796g4SmMZOWCmJM1/eUDTKiLaeCzUq91DBF6JgMWddRSWJmgmxx7gxfOGWAo0S7khYv1N8TGYmNmcah64yJHZlVby7+53VTG90GGZcqtUzS5aIoFdgmeP47HnDNqBVTRwjV3N2K6YhoQq1LqORC8FdfXietWtW/rtYeryr1uzyOIpzBOVyCDzdQhwdoQBMojOEZXuENKfSC3tHHsrWA8plT+AP0+QN8YI+p</latexit>'

<latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q <latexit sha1_base64="zAMG02sFuxdkqA9XINYgPgOuO9E=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKewGUU8S8OIxAfOAZAmzk95kzOzsOjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWN5b8YJ+hEdSB5yRo2V6o+9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpe5flSv2iVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PgvDjvzseiNedkM8fwB87nD9yzjPg=</latexit>q No direct detection at tree level

<latexit sha1_base64="j4J98V5hYq4ZNFZUlaJnwUOCa9g=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbAaDxELCbhLUJhKwsYxgHpAsy+zsJBky+2BmVghLGn/FxkIRWz/Dzr9xkmyh0XO5cDjnXmbu8WLOpLKsLyO3srq2vpHfLGxt7+zumfsHbRklgtAWiXgkuh6WlLOQthRTnHZjQXHgcdrxxjczv/NAhWRReK8mMXUCPAzZgBGstOSaR8St1hEpudXzvi7frdWRX3Jrrlm0ytYc6C+xM1KEDE3X/Oz7EUkCGirCsZQ924qVk2KhGOF0WugnksaYjPGQ9jQNcUClk84PmKJTrfhoEAndoUJz9edGigMpJ4GnJwOsRnLZm4n/eb1EDa6clIVxomhIFg8NEo5UhGZpIJ8JShSfaIKJYPqviIywwETpzAo6BHv55L+kXSnbF+XKXa3YuM7iyMMxnMAZ2HAJDbiFJrSAwBSe4AVejUfj2Xgz3hejOSPbOYRfMD6+AV8yk7A=</latexit>

c3 = c03, d4 = d04

No fermion channels



LHC limits on dim-8
• Dibosons & MET with two jets are searchable at LHC.

-14-

Dim-8 Higgs-portals

<latexit sha1_base64="/84BH8/WjEOIp5IdUsvimhNLJk0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe4GUU8S8OIxonlgsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7ptnj91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9i3Ll7rxUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPz6WNew==</latexit>

W/Z

<latexit sha1_base64="/84BH8/WjEOIp5IdUsvimhNLJk0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKe4GUU8S8OIxonlgsoTZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmMbqZ+8wmV5pF8MOMY/ZAOJO9zRo2V7ptnj91iyS27M5Bl4mWkBBlq3eJXpxexJERpmKBatz03Nn5KleFM4KTQSTTGlI3oANuWShqi9tPZqRNyYpUe6UfKljRkpv6eSGmo9TgMbGdIzVAvelPxP6+dmP6Vn3IZJwYlmy/qJ4KYiEz/Jj2ukBkxtoQyxe2thA2poszYdAo2BG/x5WXSqJS9i3Ll7rxUvc7iyMMRHMMpeHAJVbiFGtSBwQCe4RXeHOG8OO/Ox7w152Qzh/AHzucPz6WNew==</latexit>

W/Z

Dim-8 Higgs-self interactions

WW (or WZ): WW, WZ, ZZ + two jets:(95% C.L.)

MET
<latexit sha1_base64="H83spswFEcvGV6fj3G8wvXxWQ2c=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9SQFLx4r2A9oQtlsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4bZJMM95iiUx0N6SGS6F4CwVK3k01p3EoeScc3838zhPXRiTqEScpD2I6VCISjKKVOn4ohkN/2q9U3Zo7B1klXkGqUKDZr3z5g4RlMVfIJDWm57kpBjnVKJjk07KfGZ5SNqZD3rNU0ZibIJ+fOyXnVhmQKNG2FJK5+nsip7Exkzi0nTHFkVn2ZuJ/Xi/D6CbIhUoz5IotFkWZJJiQ2e9kIDRnKCeWUKaFvZWwEdWUoU2obEPwll9eJe16zbuq1R8uq43bIo4SnMIZXIAH19CAe2hCCxiM4Rle4c1JnRfn3flYtK45xcwJ/IHz+QNXfY+R</latexit>�

MET + two jets:
<latexit sha1_base64="ra8/6HfKWq0xzAEl34C+aYxDYi4="></latexit>

|C(1)
H2'2 |/⇤4 = |C(2)

H2'2 |/⇤4 < 32,
<latexit sha1_base64="qJEXBzg6Sj9Aq+qy0ig8k0ndXog=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgQkJSH3WjFFzosoJ9QBPCZDpph84kYWZSKKG48VfcuFDErV/hzr9x2mahrQcuHM65l3vvCRJGpbLtb2NhcWl5ZbWwVlzf2NzaNnd2GzJOBSZ1HLNYtAIkCaMRqSuqGGklgiAeMNIM+jdjvzkgQtI4elDDhHgcdSMaUoyUlnxzn/vuAImkR69OK+fuSeYKDm9JY2T5Zsm27AngPHFyUgI5ar755XZinHISKcyQlG3HTpSXIaEoZmRUdFNJEoT7qEvamkaIE+llkxdG8EgrHRjGQlek4ET9PZEhLuWQB7qTI9WTs95Y/M9rpyq89DIaJakiEZ4uClMGVQzHecAOFQQrNtQEYUH1rRD3kEBY6dSKOgRn9uV50ihbzoVVvj8rVa/zOArgAByCY+CACqiCO1ADdYDBI3gGr+DNeDJejHfjY9q6YOQze+APjM8flsGWQQ==</latexit>

m' = 375GeV.



FIMP in EFTs
• Assume Scalar dark matter is never in thermal equilibrium.
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Dim-4:

Dim-6:

Dim-8:

“Freeze-in DM”

Maximum temperature:

• Scalar dark matter is produced by Higgs-Higgs scattering 
with Dim-8 Higgs portal.

Dark matter produced until T=mH:

Scattering amplitude square:

<latexit sha1_base64="QxvfiM6JXY9HQqSHkQ/1lRcd+II="></latexit>

Treh .
✓

⇤8

MPl

◆1/7



FIMP relic density
• Scalar dark matter mass vs reheating temperature
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safe from Lyman- forest bound

<latexit sha1_base64="MVqbhKD29R1MNutD33AN/mdKT5c=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEIHqQkRdRTKXjxWMF+QBPCZrttl+4mYXdTKLEH/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7Tjf1srq2vrGZmGruL2zu7dvHxw2VZxKQhsk5rFsh1hRziLa0Exz2k4kxSLktBUOb6d+a0SlYnH0oMcJ9QXuR6zHCNZGCuxjEXgjLJMBq7reReZJgYa0OQnsklN2ZkDLxM1JCXLUA/vL68YkFTTShGOlOq6TaD/DUjPC6aTopYommAxxn3YMjbCgys9m90/QmVG6qBdLU5FGM/X3RIaFUmMRmk6B9UAtelPxP6+T6t6Nn7EoSTWNyHxRL+VIx2gaBuoySYnmY0MwkczcisgAS0y0iaxoQnAXX14mzUrZvSpX7i9LtWoeRwFO4BTOwYVrqMEd1KEBBB7hGV7hzXqyXqx362PeumLlM0fwB9bnD12hlaw=</latexit>

m' > 1 keV
Boltzmann-suppressed

over-closure

Ωh2 > 0.12
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FIMP vs positivity
• High Treh favors relatively large DM masses, 1GeV-1TeV for 

Treh=1011 GeV; Positivity rules out part of parameter space.
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imposed for self-interactions.

Positivity
satisfied

Ωh2 > 0.12
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FIMP vs positivity
• Low Treh favors small DM masses, e.g. 1MeV-1GeV for 

Treh=106 GeV; Positivity rules out part of parameter space.
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imposed for self-interactions.

Positivity
satisfied

Ωh2 > 0.12
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Conclusions
• Positivity bounds lead to interesting hints through 

higher dimensional operators beyond the SM.
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• While dim-4 & dim-6 operators for Higgs-portal can 
be suppressed by mass squares from the underlying 
theory, dim-8 operators can be bounded by dark 
matter production & positivity.

• Positivity bounds constrain dimension-8 Higgs-portal 
interactions for scalar dark matter, being 
complementary to relic density, direct/indirect 
detection and collider bounds.


