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

,C:ﬁSM—l—Z

nd C(d)

T @0

’[,_

Dimension-6 operators

[J. Ellis et al (2020)]
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[Buchmuller; Wyler (1986); Grzadkowski et al (2010)]

Dimension-8 (Higgs only)
[C.W. Murphy (2020); Hao-Lin Li et al (2020)]

2: H8 3: H®D? 4: H*D*
) HYH)*(D,H'D+H O | (p,H'D,H)(D*H'D*H
H © H 122
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QY. | (D*H'D,H)(D"H'D,H)

Terms increases rapidly with dim.
[B. Henning et al (2015)]
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Consistent EFTs 4

Higgs sector EFT: ALy = ) nm___pr2n py2m

A2(n+m)—4
n+m>3
H® and H*D? o . F[8 3. g6D? 4: HADA
Ou (H TH )3 Qus ‘ (HH)* Q) | (H'H)*(D,H'D"H) Q%) | (D H'D,H)(D"HD+H)
Onun (H TH )O(H "H) Q2 | (H'H)(H'7'H)(D, H'7'D*H) Q%) | (D, H'D,H)(D*H'D"H)
Oup (H 'DrH ) ) (H 'D wH ) Q¥ | (D*H'D,H)(D'H'D, H)

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

e Adiabaticity: ¢/¢ < A No excitation of new states

® Perturbativity: I'eg = ['tree + I'oops; Tioops| < |Tiree]

e Unitarity: S-matrix S=1+:iT, |5|<1

« o o 2
® Positivity:  Reduced S-matrix M _ 4 / 1:5908) 4
s>0

0s? T s3



Higgs inflation
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® Finstein gravity + SM Higgs + non-minimal gravity coupling
[Bezrukov, Shaposhnikov (2007)]
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Higgs inflation as EFTs

® Higgs inflation as SM EFTs: how to linearize the
non-linear Higgs kinetic term for a larger cutoff ?

68700/ Mp )
Licin = . 5ij + £ 0,,0:0" b
21+ End?/MB) ( Tt ende g ) T
—p Liincar = 1(%0)2 4 1(%@)2 “Linear sigma models”
2 2 [G. Giudice, HML (2010); Ema et al
(2020); HML,A. Menkara (2021)]

_ 3¢k (Ou|H|?)? KK
TTOM2 (14265 |H|2/M2)2  48M2

=0 “Local Weyl gravity”

[D. Ghilencea, HML (2018);
S.Aoki, HML (2022)]

Conformal coupling limit “Higgs pole inflation”
[S. Clery, HML, A. Menkara (2023)]

This talk

® Consistent effective Higgs-portals for dark matter.
[S.-S. Kim, HML, K.Yamashita (2023)]




Positivity bounds

® Analyticity, locality, unitarity of S-matrix A

¢ — ¢ scattering : Forward limit, ¢ — 0 [A.Adams et al (2006)]

r 5. A(s) = M(s,t,u) = M(s,0,4m* — s)

/ K \ : symmetric wrt s=2m?
> ) o G > . Tim A(ZS) —0 Poly.nomial bou.nded,
\‘ m® i 3m® o |s|—o0 S e.g. Froissart-Martin bound

y 5 4 ImA

4 so (S
ImA = so(s) : optical theorem —— A"(s=M?) = ;/ s S
s>

s < A’ : EFT amplitude, A(s Z ( )

Similar contour integrals wsp> c, >0 “Positivity” for dim-8 ops




Higgs EFT for dark matter

® Extend the SM EFT with Higgs-portal dark matter. S

Scalar dark matter with Z; symmetry: [S.-S. Kim, HML, K.Yamashita (2023)]

Dimension-4 Dimension-6 Dimension-8
s 0| H|? 0D, H|? (D, H'D,H) (000" p)
dy |H|*(8up)* (D, H'D*H) (8,98 ¢)
& | H|*, ¢*|H|? dy |H|*(0up)*, ¢* H|*

+ DM self-interactions 090" @0, pd"p , o', ¢°, ¢°,---
Dim-4 & Dim-6 couplings and direct detection:

‘ 9 9 Q. 0 I / L /
Lh Yinear = A4 h{2(cs — cg)/\H'v‘%mép“ — (dg — dg))\Hz.r‘)’(d#(,o)“ C3 = Cg, d4 — d4
)

: P
v ' Positivity bounds and UV completion

for WIMP and FIMP?




Riggs-portal dark matter
and positivity



Riggs-portal dark matter

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

Assumption: Z; symmetry, couplings suppressed by masses.
LHiges—portal = £1 + L2 [S.-S. Kim, HML, K.Yamashita(2023)]

1 )
Up to 2-derivatives | £1 = —g57 (cimie" + dcomiy |H|* + 8 pmiy | H|® + 4\ | HI

+ 403772';;771‘1199.“|H |; + 45/3)‘11 772';9QL|H|4)

1

T BAd (dlmw (0up)” + Adamiy |H|*| DuH|* + 4dyAs | H|*| D H |

+ 2dgm3 gD, HP? + 2dimiy | HI9,0)° + 2\l H|'0,0)° )

oW

. . 5 5 = ] TR/ (2)
4-derivatives | Lo D Qi = DDA O0070) O

11252 = (DuHTD"H)(8,p0" p)

Ot = Oupd*pd, pd”p

o) = (D,H'D,H)(D*HD*H) 0\}) = (D,H'D,H)(D*HtD"H)
0% = (D, H'D*H)(D, H' D" H)




Positivity for multiple fields

. : . - -10-
® Scattering matrix elements in the forward limit
S 5°
A(S):CO—I—61A2 |62A4 Lo —p o >0

® Scattering amplitudes for superposed states, ab—ab,

a) = u' i), |b) =" |i) , i = pa(a=1,2,3,4), ¢

Higgs Dark matter

Positivity bounds for ab—ab: [s.-s. kim, HML, K. Yamashita(2023)]

- g w1 d
wivdwF o Mk > . MY = Z—M(ij — k)(s,t = 0)

s—0



Positivity for multiple fields

Bounds Channels (|1) + [2) — [1) +[2))
Cil+Cil > 0 1) =|¢1), |2) = |¢s)
C}}Z+0§,Z+c§;”2 > 0 1) = |¢1), |2) =¢1)
C()>O 1) = [¢1), [2) = |#2)
Cipags 2 0 1) =1I¢1), 2) = o)
Cpt >0 1) =lp), [2)=]p)

* 2/cD @+ o),
> —(CP .+ 05

1) =2,/Cpr l61) + \/<0§}w+0w>|¢>

L

H4

2/ + @+ ), > o)

H")‘)

1) =2,/C,0 |¢1> \/0,22 1),
|2> — _2\/ Cnp“ |¢1> +

[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.



Massive graviton or radion
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® [Effective Higgs-portal interactions are matched to UV
complete models: [S.-S. Kim, HML, K.Yamashita(2023)]
. . 1 | L2,
Massive graviton ‘ Lo =—Zr GMTlL — £ GMTY, = Lo = W(QTT _gT)
: : (i
C( ) B ]_C( 2¢~ B ZCHG;,Q £ _ @ _ dfl) _ CHCp lc ‘.2992
A4 ~ 3 A\ —3772% M2 At AT A mEM? 2 MY
. | H C:g | " _ 1 9
Radion | 2. = \/_M T 2T = Lot = ooy T
(2) r .r / / 2
o) _ Chy? _ _“HS% i _ 43 _ dy) _2HC _601(92)992
R U 3m2M?’ AT AT AT m2M? Al

® Positivity bounds are satisfied for cuc, > 0. & ¢y, >0

m> Attractive forces due to massive graviton or radion.

® Zero DM-nucleon cross section at tree level: ¢z = ¢, dy = d.



Disformal graviton

® Generalized metric tensor in Finsler geometry
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d82 — gw/d[E’udZEV }?(I7 H7 gp), I p— nga'gaagpaﬁgpj H _ L2 (aaspdxa)Q

GpodxPdx?
. 02 a -'.fﬂaiu'n
- ; a .0 . C = 1 2 ‘1‘*. o BT HV‘ ‘ 1)
Guv = Cg,w + Daylp(),,”) T M2, T CX M3, conformal
d d ., ©?
D = 2 L _ 6 _J: 99
M4 + MA ¢ UI)?I dlsformal

® (Causality: sub-luminal propagation of graviton

» d> 0 [J. Bekenstein (1993)]

® [Effective interactions to Higgs in Finsler geometry:
L. p— P. Brax, K. Kaneta,Y.
‘Ce - T A v — Ypv T# [ ’ ’
: ‘1 Gy = ) Mambrini, M. Pierre (2023)]
= —5(C-1T - —Da 00, THH
. 1 )
==l Positivity bounds: Cjl.=—d >0, Cip, = 5@+ Cx

[S.-S. Kim, HML, K.Yamashita(2023)] cx = éx Mp;/A* N either signs



Positivity at loops
_]4_
® | ower dimensional operators correct positivity bounds.

== ‘“Running of positivity bounds”

e.g. Dimension-6 Higgs portal couplings ds = dym;,  dy = dymj,

¥ A1) ~(1) 1 ( D AN o0 F )
AN ¥ Chizgs = Cipaga + gy (13(d5 + di) + 20dsd,
0
]. ~ ~ 0 ll,“
) —(d3 + d4)*In —,
..... * T08n2A8" )" In 8]
H H ot R . - ) o
C(d" 2 :C(d‘z 2 da + dy)”
. H2p? = VH2p2 T Tooe 327 (d3 + dy)

9

-

for dim-8 Higgs self-interactions

_ ls_ 1
e _ — (d3 + d4)* In—
/ Ly 172 \ 4327r‘~'..'\4( 3+ ) ! |5-|
: X 9
C
> : >

— // " ¢f. X Li,2212.12227, similar corrections




Interplay with dark matter
abundance



WIMP vs Positivity

® Positivity bounds complementary to relic density & DD.

A=1TeV, mgy=3my, C3=d3=C'3=ds=d's=2

15:' )

10f
0h?>0.12

................

Positivity ]
satisfied

mg [GeV]

W+ ¥ VA
g iy &
\\\ f‘j—rd \\\ JVVI—)
Y N
1 r \
W-— ¥ Z
COpgo=—-1, A= 1 TeV
C3=d3=C'3=d4=d'4=2
15F : : : .
10f Positivity satisfied
5t
Q@
N L
T 0of
O [aws012
-5¢
-10¢
L
200 300 400 500 600 700

_‘|5_

¥ : ¥

A=1TeV, my=3my
C(z)H2¢2=-1 , C3=d3=d4=2

Lz
Posttivity
satisfied
0h?>0.12
Lz
4 2 o0 2 4
1
C! )H2¢2

J(CH+CcP+c)0,. =01 imposed for self-interactions.

Fermion channels & direct detection relevant for cs # ¢5, d4 # d.



Graviton as UV completion

® Parameter space is more restricted in the graviton case.

A=1TeV, myp=3my,
C3=0d3=C"3=dy=d'y=-1.5C!V}1p4p-6C )H2¢2

15: ............................... :
10}
5f 0Oh?>0.12
[ Positivity
[ satisfied
Or
_55
-10f
—15: ...............................
-15 =10 -5 0 5 10 15
1
C( )H2¢2
gp - ~~ ' '¢" 90
s}::ﬁ
q "‘¢ 1 \A~~ q
Ty g
C3 = Ca, dg = d,

Cpgo=-1, N\=1TeV

C3= d3—C3-d4-d 4—-1 50( )H2¢2—6C( )H2¢2
T L

10f

5 Positivity satisfied

- 0h?>0.12

200 300 400 500 600 700
Mg [GeV]

No fermion channels.
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Indirect signals from WW/ZZ/hh.

No direct detection at tree level.



LHC limits on dim-8

_‘|7_
® Dibosons & MET with two jets are searchable at LHC.
‘ Dim-8 Higgs-self interactions ‘ ‘ Dim-8 Higgs-portals ‘
§' . R,
qg— 7
2 q §
ZIW ™ Wiz Z,W" P
7/w ®n, AT Bog } MET
q § -"\_,,-\ W/Z Z I/Vg - (p
5 - q \-_,_____5._\*
4 —q
WW (orWZ): (95% C.L.) WWWL/Z, ZZ + two jets:
C)/AY = [-7.7,7.7) TeV—4 C)/AY = [—2.7,2.7] TeV
C%)/A* = [—21.6,21.8] TeV C®)JA* = [-3.4,3.4] TV

MET + two jets: |CH2 o[ /At = |C§f§¢2|//\4 <32, my,=375GeV.



Freeze-in in EFTs a

® Assume Scalar dark matter is never in thermal equilibrium.
“Freeze-in DM” Dim-4: 037727‘},7712,\/;\4 < 107"
Dim-6: dsm? /A4 dym?; [A* < 1/(T3, Mp;)'/?
Dlm'8: C}}7))’/ \4 /( rch“ [Pl) 1/2
L 1/7
cg,d4,d3,cvgéifg = O(1) Maximum temperature: Tien S (—)
® Scalar dark matter is produced by Higgs-Higgs scattering
with Dim-8 Higgs portal.

Scattering amplitude square: s,t > m3, mj,

¢z’ & 1 : - 2
N\ ’ 2 ‘ Y 1
. / (Moupiol” = 22273 [3(6 22 + 201 2)s% + 6Cha o t(t + 3)]
< ,
P Dark matter produced until T=mp: Tien > my,, mu,
b, / - o Y, () 9o Tren 2\/2n*Mp (7(C3) )2+ 400 O +60(CR 0)°)
H

\/ g* reh 138915A%



FIMP relic density

® Scalar dark matter mass vs reheating temperature

COloga=1, CPyppp=-1

14t L S o e L e e e e S s s s
over-clo 4\\70% ; ol Astorg, over-closure |
_ Jp _ - -
13_‘ I
— s = al
%J [ . Qh%>0.12 7075 %J 8 /\=1010G
O, 12} el O | i
5 5 of '
= 702, : = O Asqgs -
S 11+ G@l/ . o s Gey ]
83 : : 87 - Qh? > 0.12 :
— y ] 1 4r i
i S707 ] | /s106 :
10_ G@[/ _ Ge\/ _
I I 2+ 1
] : S S -
-5 0 5 10 -5 0 5 10

Log,om, [GeV]
Boltzmann-suppressed- " *

safe from Lyman- forest bound
X (1—:((*1‘[}) )% +16C5) ,Cy) 5 +24(C

H2p?

2 ‘ my, Tren 10™ GeV
g2¢h ~ ().12 (1 Te\;') (1011 Ge\,r) (

_‘|9_
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High reheating .

High Tren favors relatively large DM masses, | GeV-1TeV for
Tren=10!1 GeV; Positivity rules out part of parameter space.

C(2)H2(p2=_0-5

A= 10" GeV, T,en=10"" GeV A= 10" GeV, Ten=10"" GeV

10} 10F
Mp=1 Gel/
5t Qh? > 0.12 - 5t Positivity satisfied
AN
c% 71 Tey g&-
e -
© Positivity @) 2
satisfied Qh* >0.12
-5 | _5 _
Mp=1 Ge\/
-10¢ ]
' | ' ' | ~10L__ | , |
- - ° ° 1 -5 0 5 10
c)
H2g2 Logsom,, [GeV]

JCeR+c@+ci)o,. =01 imposed for self-interactions.



Low reheating o

® [ ow T en favors small DM masses, e.g. IMeV-1GeV for
Tren=106 GeV; Positivity rules out part of parameter space.

C(Z)H2¢2=—O.5
— 8 _41n6
A= 10° GeV, Ten=10° GeV A= 10" GeV, Tren=10" GeV
2 ' ' ' ' 21 g ' | |
Positivity satisfied
1 i m¢:7 Me‘/ - 1 B
Qh? >0.12
A AN
S My=1 S
T AU T o
Q Z
@) Positivity @)
satisfied
1t 7951 Mey, - ~1} Qh? >0.12
-2r, . . . . -2t, . . . . .
-2 -1 0 1 2 -6 -4 -2 0 2 4
1
Ch2g0 Logomy [GeV]

J(CH+c@+c)0,. =01 imposed for self-interactions.



Conclusions
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® Positivity bounds lead to interesting hints through
higher dimensional operators beyond the SM.

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

® When dim-4 & dim-6 operators for Higgs-portal can
be suppressed by mass squares as for graviton-like
resonances, dim-8 derivative operators are most
important for freeze-in, being bounded by dark matter
production & positivity bounds.



