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Positivity Bounds (1/2)

UV theories
- EFT is for the energy scale 0
E << A (typical energy scale of the UV physics)
- Many UV models correspond with EFT Sondonce
EFT

- From the general feature of UV theory,
can we bound on Wilson coefficients of EFT?

If we base on the local Quantum Field Theory(QFT) for the

[ UV’ thiories %general feature | general feature of UV theory,

restrict 1. Special relativity — Lorentz invariance
J 2. Conservation of probability —— Unitarity

3. Causality - - - > Analyticity

EFT
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Positivity Bounds (

Ref: Slides by Francesco Riva

- Effective Theory Forward Amplitude (IR):

For D>=8 Wilson Coefficients Dim-12
_C C S 52 O s> | s*
M = Cy + 1@ M4| 3M6| 8—|—---
Dim-8
M -E behaviors Completion:
~— Lorentz invariance
Coy > 0, Unitarity
Causality

C4>O,'°°

Positivit


https://indico.ph.tum.de/event/4408/contributions/3825/attachments/3292/3974/Berlin-2.pdf

Higgs Portal DM operators -positivity side-

- Derivative Coupling for Higgs and Dark Matter Fields

Og; , = (D, H'D,H)(0"pd" p)

0%) . = (D, H' D' H)(8,00" )

- Subject to satisfying positivity bounds

- Spin-2 massive graviton and/or spin-0 radion mediated
DM model is one of the candidates of this scenario
as the partial UV completion

- Sensitive to high-energy prosses
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Higgs Portal DM operators -positivity side-

- Positivity bounds from the superposed states:

O%igpg = (D, H'D,H)(@"¢0"¢)
0%) . = (D, H'D'H)(9,00" )

Ops = 0,p0" 00, pd” ¢

o) = (D,H'D,H)(D"H'D*H)
0¥ = (D,H'D,H)(D*H'D"H)
0¥ = (D, H'D*H)(D,H' D" H)
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Higgs Portal DM operators -positivity side-
- 1 <¢1 + Z¢2)

- Results: V2 \ @3 + ¢y
Bounds Channels (|1) + [2) — [1) +[2))
C(l) C(22 >0 1) _ ¢1>’ 2) _ )
C(l) 4+ 0(2) + ng > () 1> — ¢1>, 2) — 1)
C(2)>O 1) =[¢1), [2) =|¢2)
Chzga > 0 1) = 1), 12) =¥)
Cot >0 1) =lg), [2)=1lp)
2/ (C) + CHl + O =2/ |61) + /~(CRa + CB,2) 1),
> — “C§3¢2 + ng(pz" 2) =|1)  Superposition
1) = 2,/Cot |61) +1/C2 , o),
0/ + OB + BN O, ' ) VO 1)+ Gl )
= —2/Cps |p1) + 1/ Cppae |9)

Superposition

Higgs portal DM 0%}) , = (D, HTD L H) (0" 00" @)

H2 2
053 . = (D, H'D"H) (9,90 ¢)



Higgs Portal DM operators - dim4 and dimo -

- Dim-4 and Dim-6 Higgs Portal DM operators
relevant to the phenomenology
(relic density, direct and indirect detections):

1
T GA4 (Clm<p904 + deomy | H|* + 8chdgmy | H|® + 4y ;| H|®
Hdesm), mng2|H|2 + 403)\Hm |H|4b
1
oA (dlm 2(0up)? + Adymiy | H*| D, H | + Adyd | H|'| D, H?

N\
a2 P [D, HP + 2damg | HP (D,0)” + 2d gl H[(D,0)7)

/




L D 4esm? mH<702|H|2 +4c3)\Hm ©*|H|*
RElC DenSy sy 110,01 + 2, 7ul HI 0,0

- Higgs-portal interactions linear in the Higgs boson h
Lh linear = IAd h[ (cs — cy)Agv® msoc,o — (dy — dﬁl))\Hvi”(aMpy]

- Feynman diagrams for DM annihilation processes
when c’;=c5; and c’4=c4 (g0g0—>h—>ff are absent)'
¢ we e

K

Note that the tree-level direct detection bounds are absent in this case

©®



Relic Density

C(Z)H2¢2=—1 i N=2TeV
N=2TeV, m¢-950GeV Cc3=d3=C'3=ds=d 4—2 Ci=ch=e=di=d =2
5 _ 1St e A A AAAAAAAAAAAAAAAF ]
() e = 01 : | G
101 d 10 @ Positivity satisfied
: Oh?>0.12 - i
5 oy st
o~ [ osiltivi I~ I
S I satisfied N B
&‘I 0__ 1 ::I 0__
O | O | an’>012
= -9r
_10:. -10
ATTRTTITTUT I PVTITPTIITY. : B e e
15 -10 -5 0 5 10 15 600 700 800 900 1000 1100 1200
1
ct )H2¢2 mg [GeV]

O\p 2 = (DL H'D,H)(0"00" ) OF) . = (D, H'DMH)(9,00" )
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LN P
SO o P 1
E b L linear = I h l2(03 — ) Agv’miyp® — (ds — dﬁl)AHU3(3M<p)2]

Direct Detection |
Q=1 TeV, my=3m,_> q/\\q Q=2 TeV, my=950GeV >

CWpapp=—1, C3=03=dy=2 g C¥op=—1, C3=d3=d;=2
10F

Positivity
satisfied

d'y

C'3=
=

-10
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_ . LD 403m920m%1902|H|2 + 4c§AHm?0<p2|H|4
IndlreCt DeteCtlon + 2d4m%{|H|2(8ucp)2 o ng)\HIH|4(auSD)2
Note on some cases:

- When ¢'3=c;and d’,=d,, po—h—ff are absent:

1

L linear = AT h|2(cs — ) Auv’mip® — (da — dy)Agv’ (9up)°

- In this case pp—hh, WW, and ZZ can be constrained by
indirect detection

- If we assume that only massive graviton is involved,
@@p—hh also vahish at s-wave,
but po—WW/ZZ are s-wave dominant
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LHC Search

- High Luminosity LHC (HL-LHC) Search
¢ Amplitude for WTW ™ /ZZ — pp

(2)
* Opz 2 shows only
Mandelstam s
and mass dependencies

q ’ ogng causes t dependency also

Checking angular distributions

may help to( c;istinguish( | Ofd e = (D, H D, H) (0" 00" )
1 2
between OHQSD2 and OH%2 Oggsﬂ _ (DMHTDHH)@M@V@)

X. Li, K. Mimasu, KY, C. Yang,
C. Zhang, S. Y. Zhou, JHEP10(2022)107
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Summary and Outlook

- We consider Higgs portal dark matter derivative
coupled dim-8 interactions and apply the
positivity conditions to them

- We also included dim-4 and dim-6 Higgs portal
Interactions

- We see constraints from relic density, direct and
ndirect detections, and the relation to the
massive graviton&radion case as an example of
the partial UV completion

- For HL-LHC search, utilizing the kinematical
distributions may be useful



Backup
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Positivity Bounds
S 82 83 84
M:C()—|—C1M2 | M4+CSM6 IC4M8 N
>0
massless scalar 2-2 forward elastic scattering:
forward: t=0 ¢
|+ — [+
elastic

Let us consider the amplitude of this: M(s,0)
3
S




Positivity Bounds

Forward limit positivity bounds are from:

1. Lorentz Invariance

2. Unitarity = Optical theorem:
e.g., elastic case,

Im/\/l(kl, kg — k‘l, ]CQ) m— So'tot(kla /-CQ — anything)

Positive

1. Analyticity* = Froissart Bound:

IM(s,cosf = 1)| < Const. s(ln s)?
forward Froissart, Martin 1960’s
(for real s> )

*Analyticity of the amplitude besides poles and branch cuts on real axis
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Positivity Bounds
massless scalar 2-2 forward elastic scattering amplitude:
M (S, O) Im(s) Froissart
3 0 | Bound
S N s(Ins)? o (Ins)?
IR=UV - 0(s — o0)

Re(s)

u/
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Higgs Portal DM operators
- Massive Graviton and Radion case-

- Higgs/DM and Graviton Interaction:
B Gt _ e gy
- Higgs/DM and Radion Interaction:
= \/C_FEWTTH \/%MTT‘P
- After Integrating out Massive Graviton/Radion, we can

identify coefficients of dim-4, 6, and 8 operators as an
example

- We found that they satisfied the positivity conditions
as faras cyc, > 0. (attractive force for the graviton)
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Relic Density -Graviton and Radion case-

A=2 TeV, my=950GeV COgo=—1, \=2 TeV
C3=03=C'3=dy=d"y=-1.5C" 14, -6 C? )H2¢2 C3=03=C'3=ds=d'4;=—1.5C" 4, -6 C )H2¢2
15: """""""""""""""" _ 1St aAa AAAAAAAAAAAAAAL ]
| \/(Cgi +C% 180, =01 | [
10} -_ 10}
! Qh?2>0.12 ] 50 Positivity satisfied
o5 [ Positivity ] & | =
S [ satisfied 5
~L O T of
5. [ = [ 2
O | O  Oh >0 12
—5: -5 |
10} .
5k 8 ] R
-5 -10 -5 0 5 10 15 600 700 800 900 1000 1100 1200
1
Clogo my [GeV]

O\p 2 = (DL H'D,H) (000" ) OF) . = (D, H'DMH)(9,00"p)



LHC Search

ATLAS measurement with 139/fb at the 13 TeV LHC
- 95% upper limits: 0.11 pb ¢ Aadetal [aTLAS], JHEP 08, 104 (2022)

Vs =13 TeV LHC, Lin; = 139 fb [ 6VBF x Bin, = 0.11 pb [my = 1 TeV)
A=1TeV, m, =375 GeV cross section from EFT operators
Clioes %) = (40, 40) 0.28 pb  Excluded
(ng ., Ci 2) = (32,32) 0.11 pb  Excluded
(023 2,033 ,) = (40,0) 0.012 pb
(02{0 ,C}j)w ) = (0, 40) 0.097 pb

Ofd e = (D, HT D, H)(9"00" )

Oﬁ% , = (D, H DFH) (8,00 ¢)




