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Positivity Bounds (1/12)

- EFT
heavy degrees of freedom decouple

for large-distance phenomena
or small momentum scale
- EFT interaction terms:
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Positivity Bounds (2/12)

UV theories
- EFT is for the energy scale 0
E << A (typical energy scale of the UV physics)
- Many UV models correspond with EFT S ondonce
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 th:O"ieS }wgeneréﬂ feature | general feature of UV theory,

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

3. Causality - - - = Analyticity

EFT



Positivity Bounds (3/12)

A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis, R.Rattazzi, JHEP 0610, 014(2006)
- One of the way to do this is Positivity bounds
- Positivity bounds: the signs of certain combinations of
Wilson coefficients in EFT have to be positive,
e.g. W*operators:

é y N Fr ow\
X;OTT[WWW“ | Tr[Wap W] A41Tr[Wa,,W“ | T [W,s W]
F Vo FT O v o
K;zTr[WaNW“ﬁ]Tr[WBVW ] A41 Te[W ., WHY Tr[W o s W 4]

A gt ~ ol (1
WHY = ’l,g?WI’pJV WHY = ’1,97 (iewpawl’p")

\_ J

One of the positivity bounds:
2Fro+2Fr1 +Fro >0

KY, C. Zhang, S. Y. Zhou, JHEP 01, 095 (2021)
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Positivity Bounds (4/12) E

+ Positivity bounds can apply for dim-8 operators  [FFFFi-Dims
In tree-level < Froissart Bound (<=Analyticity), etc.

- Dim-8 operators are more suppressed by A than lower
dimensional ones, however, for dim-8 aQGC operators,
LHC experimentalists have been and currently working on

L] L]
constraining them CMS-PAS-SMP-18-001
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* In the future, more dim-8 effects may become accessible

(e.g. new observable proposed for DY process:

Alioli, Boughezal, Mereghetti, Petriello, Phys. Lett. B 809, 135703 (2020),
X. Li, K. Mimasu, KY, C. Yang, C. Zhang, S. Y. Zhou, JHEP10(2022)107)

0 10
fu /A" (TeV?)



Positivity Bounds (5/12)

Positivity bounds are important as they offer complementary
bounds to the experiments  q gi c. zhang, s.-. Zhou JHEP 1906 (2019) 137

E.g. WZjj (CMS-PAS-SMP-18-001)

Os.1 = [(D,®)TDra)[(D, @) D" | Ort1 = Te{W,, WW"8)[(D®)t Dra]

;\ T T I T T T T T T :lssgl fb (13| Tel\/_) 359 fb-1 (13 TeV)
N i — _ Expected 68% CL ~ T T T T I T T T T I T T ]
> 100 /grmgmarv _____ —  Expooted 95% CL v> - CMS - — — Expected 68% CL
() e N — — Expected 9% % CII._ o 20 | Preliminary... . — E;gg&tgggg o/ﬁi gll:
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< W |
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Allowed | Og 0 = [(D,®)T D, ®][(D*®)T D" @] Onro = Tr[W,, WH][(Ds®) DA @]

Positivity restricts the directions in which SM deviation is possible
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T. N. Pham, T. N. Truong, Phys. Rev. D 31, 3027 (1985)
B. Ananthanarayan, D. Toublan, G. Wanders, Phys. Rev. D 51, 1093-1100 (1995)

Positivity Bounds (6/12)

Ref: Slides by Francesco Riva

- Effective Theory Forward Amplitude (IR):
For D>=8 Wilson Coefficients2 Dim-12 |

M = OO+01M2 AZALI @ s T

Dim-8
# completion:

M -E behawors
Lorentz invariance

Cy > O, Unitarity
Cy >0, Causality

Positivit



https://indico.ph.tum.de/event/4408/contributions/3825/attachments/3292/3974/Berlin-2.pdf
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Positivity Bounds (7/12)

3 84

S 82 S
MZCO"‘ClMQ !@é\ﬂ+03M6 |C4M8 R
>

massless scalar 2-2 forward elastic scattering:

forward: =0

:
i

|+l —[+]]
elastic

Let us consider the amplitude of this: M(Sa O)
3
S
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Positivity Bounds (8/12)

Forward limit positivity bounds are from:

1. Lorentz Invariance

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

ImM(kl, kg — kl, k2) — SO—tOt(klj ]€2 — anything)

Positive

1. Analyticity* = Froissart Bound:
IM(s,cos6 = 1)| < Const. s(In 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 (9/12)
massless scalar 2-2 forward elastic scattering amplitude:
M (8, O) Im(s) Froissart
3 0 | Bound
S N s(ln3s)2 s (Ins)?
I R= UV ) — 0(s = 00)
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Positivity Bounds (10/12)

IR
1 M0
271 s3 M4
2
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Positivity Bounds (11{12)
uv zﬂmﬁ W
1 o
o ds (M e, 0) — M(s —1€,0 —(2)| M(s,0)
3w ), QM +i6,0) - M(s —ie,0) /s = (@)m s
00 1)
-|— ds (M (—s —ie,0) — M(—s +i€,0)) /s°
271 M
crossing sym. | | s+tt+u =0 & t=0

1. Crossing Symmetry: M(s,0)=M(u,0) =M(-s,0),
2. Schwarz reflection principle: M(s*,0)=M(s,0)*
3. Optical theorem: Im M(s,0) = s 0(S)

= g/ dsSUtOt(S) > ()

T JM 83
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Positivity Bounds (12/12)
IR

1 0
— dSM (87 ) - CQ
271 53

14/29

B S | 82 8\3 | S |
M—CO‘I‘ClMQ I%+CBM6 |C4M8 e

1/(2111)[Mr/s3 (=Co/M#)...IR

=1/(2mi)M\/s3 >0 ...UV
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M(S’ O) Mm(s)




Higgs Portal DM operators (1/4)
-positivity side-
- Derivative Coupling for Higgs and Dark Matter Fields

O\ 2 = (D H D, H)(9" 00" p)

0 2 = (D H' D" H)(8,90" p)

- 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 (2/4)
-positivity side-

. Positivity bounds from the superposed states:
O 2 = (D H' D, H)(0" 00" )
Oirye = (DuH'D*H) (9,0 ¢)

Ops = 0upd” 00,90~ ¢

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)



Higgs Portal DM operators (3/4)

-positivity side- |
-5 (215)
- Results: V2 \ 3 +i¢s
Bounds Channels (|1) +|2) — [1) +[2))
Ct + Cyyd > 0 1) = [61), [2) = |¢s)
Ciyh + Cypi + Ciyd 2 0 D) =1¢1), [2) = 1)
C'?) >0 1) =|¢1), |2) = |¢2)
Ciragz > 0 1) =181), [2) = )
Cpt >0 1) =1le), 12)=1lp)
2\/ (CY1+C2) 4+ CNC 1) = 2,/Cs |¢1) + \/ —(CP 2 +C2) o),
> — (!022@ + ng¢2‘) 12) =|1)  Superposition
o @)
2/(C+C + C)Co  CEL =270 ) + ‘/0”2"’;"2 )
12) = —2/Cit 1) + 1/ Cit 2 |)
_ (1) ; ) Superposition
Higgs portal DM Opz,2 = (DyH'Dy, H)(0" 90" ¢)

Oggw = (D, H'D*H)(8,90" )
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Higgs Portal DM operators (4/4)
- dim4 and dim6 -

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

1
6A4
Hdesmomi e |HI? + 4C§,AHmiSD2|H|4b
1

oA (dlmiwz(ﬁw)g + ddymiy [ H | D, H|* + 4dy A |H|*| D, H I

(clmigp‘l + deamy | H|* + 8chigmis |H | + 4diN5 | H [P

7

dsnZ FID,HE + 2y HP(0,0)° + 20 e HI (0,007

/
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WIMP case
Relic Density (1/2)

- Higgs-portal interactions linear in the Higgs bosqg)n h .

1 R
L linear = AL h |:2(C3 — Cé))\H’U?’mi(pQ — (dy — dil))\HU?’(@H(’p)? l,'l
¢ q
- Feynman diagrams for DM annihilation processes
when c's=csand d’,=d, (pep—h—1f are absent):

? we @ Z 0% . = (D,H' D, H)(0"00"p)

\\ < < Ogg . = (D, H'D*H)(9, 0" ¢)

e
- P
w S '_‘
~ -
» »

~ -
hg

'h
Note that the tree-level direct detection bounds /\\
are absent in this case ! !
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WIMP case
Cago=—1, A=2 TeV
N=2TeV, m¢_950GeV Cc3=d3=C'3=ds=d 4—2 ci=th=Ch=di=d;=2
I _ 15_".. """""""""""""""" i
(e o, = 01 : B
10} ] 10 EE Positivity satisfied
; Oh?2>0.12 | § i
5} . 5
- j Positivity o
S I satisfied S
. 0_‘ I — 0
O © Qh?>0.12
-5} -5
_10:- -10
N R ] K T T T T T
A5 40 -5 0O 5 10 15 600 700 800 900 1000 1100 1200
Chogo my [GeV]

O 2 = (D H'D,H)(9"00"p) O%) . = (D, HID'H)(0,00" )
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WIMP case
Direct Detection

- Higgs-portal interactions linear in the Higgs boson h —;

1
Eh,linear — m h

2(c3 — cg))\H’U?’migo? — (dy — dﬁl)/\Hv?’((?Mgp)?]

1
L D|- 6A4(clm¢<p4+4CQmH|H|4+802)\HmH|H|6+4c'2’)\ |H|®

H-dcgm? mHgo 2| H|* + 4ch g m O* H|*
1

+W <d1m (8u90)2 — 40l2m%,|H|2|D#H|2 + 4d’2)\H|H|4|D“H|2

+2dsm? 2| D, H | [ 2dum | HI2(0,0)° + 2d M| H|'(9,0)? ).

- Tree-level direct detection bounds ¥-.._ ¥

are absent when c¢’;=c;and d’,=d, -
e.g., Massive Graviton/Radion cases
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WIMP case LD —W(élc;),m m2 0% | H|* + 4ch g m |H|4)

Indirect Detection L 2dum% | H2(9,0)? + 2d | H|4(9,0)?)

- When c¢’5=c; and d’,=d,, poo—h—Tff are absent:

1
Lh linear = 27 h|2(c3 — cg))\Hv?’m?OgoQ — (dy — dy)Agv* (D,0)*
- In this case pp—hh, WW, and ZZ can be constrained by
indirect detection Ofprye = (D H' D, H) (000" )
0% = (D H' DI H) (900" 0)

- 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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WIMP case
LHC Search (1/3)

- ATLAS measurement with 139/fb at the 13 TeV LHC

Adapted from Fig. 1 in G. Aad et al. [ATLAS], JHEP 08, 104 (2022)

Extra Higgs: , X * For our dim-8 operators,
H< H in Fig. is integrated out
\ X =@

Oggw = (D,H'D,H)(8"pd" p)
02?3902 = (D,H'D"H)(0,09" ¢)

* Higgs takes vev
« (Covariant Derivative
contains vector bosons




WIMP case

LHC Search (2/3)
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ATLAS measurement with 139/fb at the 13 TeV LHC

- 95% upper limits: 0.11 pb

G. Aad et al. [ATLAS], JHEP 08, 104 (2022)

/s =13 TeV LHC, Ly, = 139 fb~*

BF % Biny =4 0.11 pb [my = 1 TeV)

A=1TeV, m, =375 GeV

cross section from EFT operators

(Clitges Cinagz) = (40, 40) 028 pb  Excluded
(023 2,0(2) ,) = (32,32) 0.11 pb  Excluded
(O(” (2> ,2) = (40,0) 0.012 pb
(023 ,(.53 ,) = (0,40) 0.097 pb

q

@ 0(1)
e H®

22 = (DuH' Dy H) (000" )
H2 2 — (DMHTD“H)(&,@@%)
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WIMP case

LHC Search (3/3)

- High Luminosity LHC (HL-LHC) Search
¢ Amplitude for WW~/ZZ — oy

(2)
* Ojp2,2 shows only
Mandelstam s

s and mass dependencies
q . Oggqﬂ causes t dependency also

Checking angular distributions
may help to distinguish ogng = (D, H'D, H)(0"d" p)

(1) (2)

between OH%2 and OH%2 OSQ = (DMHTD“H)(aygoﬁygp)
X. Li, K. Mimasu, KY, C. Yang,
C. Zhang, S. Y. Zhou, JHEP10(2022)107

©
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Freeze-in Dark Matter (1/3)

- We assume that the electroweak symmetry is unbroken
during the freeze-in production of dark matter
- Feynman diagrams for

DM production due to effective Higgs-portal actions:
Gi L

Non-thermal DM production
L g_ L (¢1 +i¢2)

- Taking s,t > m?,mj;,

L
576A8

2
Mg o] = [3(0}}3¢2 +2047) 2)s* + 6CY) L t(t+ s)]
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Freeze-in Dark Matter (2/3)
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Freeze-in Dark Matter (3/3)

VEh + e+ e, = 01
C(Z)H2¢2=—0.5
A= 10" GeV, T,en=10"" GeV

A= 10" GeV, Tn=10"" GeVv
[ s s, . 10F—
5i17 OB 50 Positivity satisf '/,k
5 e
== @ y
o
,l Qh?>0.12
k] ';'
| : : . -10 _ | g
-10 -5 0 5 10 -5 0 5 10
C g0 Logsom,, [GeV]
(2) v
(D, H'D"H)(8,90"¢)

OY)oe = (DLHTD,H)(0" 00" ¢) O] . =
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Summary

- 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
iInteractions

- We see constraints from relic density, direct and
iIndirect detections

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

- We also see the interplay between the positivity
and relic density for the freeze-in dark matter case
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Dark Matter (1/4

. V. C. Rubin W. K. Ford (1970)
Galaxy Rotation Curve s roperts R. N. Whitehurst (1975)

T T T T T T T T T T T T T
U 300 EGY{UIO/V e CUMULATIVE MASS- <30
i1t
'
Speed of ; SE, »
the star c 3 { -
= =
and gass = ;xor 202,
é 1 SURFACE DENSITY SouUTH pREceDING 10
& 2 OPTICAL, R>12 kpc
o 21-cm MAJOR AXIS |
1 5
(¢ : 1 L 1 1. L 1 | L L 1 L 1 | o
0 L 4 6 8 10 12 4 16 18 20 22 24 26 28 30
RADIAL DISTANCE (kpc)
Distance from the Center of Galaxy
2
G mM(R) v GM(R)
— = M—= v =
R? R @®
Gravitational ~ Centrifugal
Force Force
Bu"et Bullet Cluster photo in X-ray (red)
with the gravitational lensing (blue)
Clu Ster <https://chandra.harvard.edu/photo/2006/1e0657/>

SURFACE DENSITY (Mg, pc?)

Gravitational Gravitational lensing system called SDSS J0928+2031
. observed by Hubble telescope
Lensn‘]g <https://esahubble.org/images/potw1903a/>

Cosmic Microwave e a r adeetal. [Planck],
Background (CMB) Astron. Astrophys. 571, A16 (2014)

= {(+1)C/2m [uK?]
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2
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Dark Matter (2/4)

Particle Data Group, Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update

Energy density ratios in the Universe

Well known the Standard Model
Particles: 16%

Baryonic

Matter
16%

Baryonic
Matter

Unknown 84% I

Energy Density Ratio
of the Matters

Energy Density Ratio
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Dark Matter (3/4) —-DM Models-

Particle Data Group, Prog. Theor. Exp. Phys. 2022, 083C01 (2022) and 2023 update

- Framework approach
- Hierarchy Problem: Supersymmetry, Extra-dimension
- Strong CP problem: Axions
- Neutrino masses and mixing: Sterile neutrino

- Anomaly/signal approach
- Extension of gauge sectors:
Extra U(1)/Dark SU(2) symmetry,
e.g., dark photon/Z’ boson, SU(2) gauge boson

- Renormalizable “portals” approach
Higgs-portal, Hypercharge field strength, Neutrino-portal

- Effective Field Theory approach
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Dark Matter (4/4) -Production Mechanism-

WIMPs (Weakly Interacting Massive Particles)
-reeze-out mechanism: Thermal equilibrium = Away from it

- FIMPs (Feebly Interacting Massive Particles)
-reeze-in mechanism: Out-of-equilibrium DM Production

0.001 ¢

Yro

1075
Freeze-in - o Yyv UV Freeze-in
a

e I --------------- NS ] “‘ ]
R VT - 10 O
g Interaction s Yo
el strength Freeze-out | Yir IR Freeze-in + |
| 1 01 0.1 1 10

X

Equilibrium

Il
1 10 N 100 0

z=m/T

L. J. Hall, K. Jedamzik, J. March-Russell, S. M. West F. Elahi, C. Kolda and J. Unwin,
JHEP 03, 080 (2010) JHEP 03, 048 (2015)
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Positivity Bounds (13/16)
Example of Positivity W. Heisenberg, H. Euler, Z. Phys. 98, 714 (1936)
Heisenberg-Euler Lagrangian:
et ganglan: v _  aF+i0)
L=—F——- dss—? exp(—m?s)
82 . 1 v o__ 1 72 2
X[( )29Re coshesX {2 )26] .
Im coshesX ’ g = ZFWFW =F-H
202 (h/mc)?
=-}(E2—H2)+ X[(Ez_H2)2+7(E. H)z]+ ‘o
45 mc? >0 from J. Schwinger, Phys. Rev. 82,
664 (1951)

[:eff:_%F%/"_ —+

Including this




Positivity Bounds (14/16)

Example of Positivity

Photon Energy
N\

~ g4/m4

] N\
Fermion Mass

Consistent with QED

Positivity bounds: a>0, b>0
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Dispersion Relation (for Positivity Bounds) (15/16)

Forward scattering amp, (Amp by Dim.8) ._ ‘_ | [
at low energy (EFT) o (F/IN*) s2 M? = mf - mj - '7'7"2,.f: - 7"7‘2..12

" (]2
*\[U“ — ‘) (1’.5 ZJ—>AI S = Z M f =0] 4+ c.c.

Z / > dsM;;_ x M}, . |Amplitude of SM —X
(eN)2 2783
e <1 +(](—>l)+CC

2. BSM states, X summation& SSu crossing
LIPS integration

_L_\

S = > g o
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Dispersion Relation (for Positivity Bounds) (16/16)

+ Useful to rewrite Dispersion Relation for Positivity Bounds

dumpdm
(Amp by Dim.8) s X K% :
o< (FIN9) 82 ’ /(6 i Yo Do e hag

M”k X K=R]I
zgkl

where M(ij — X) = mzl_%X —I-img(
- When i=k, j=I, RHS complete squares >=0
M*®* > (0 because mKXmKX > ()

* More generally,
Elastic Forward Scattering between Superposed States :

M(ab — ab) win |a>=u@'ii>, b) = v' [i)

||
wi vl u o MR = / S‘ S‘ [|u MKy - o|* + |u - MKy -V |] 0
(02 T K T

(generalized) Elastic Positivity Bounds
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Higgs Portal DM operators (5/5)
- Massive Graviton and Radion case-

- Higgs/DM and Graviton Interaction:
_SH cpwpH 0_90 VT
j12% j0a%

M
nggs/DI\/I and Radion Interaction:
£ Cn r T 4 % ok
VFY, \/EM

- 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 far as cyc, > 0. (attractive force for the graviton)
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WIMP case

Relic Density (3/3) -Graviton and Radion case-

A=2 TeV, my=950GeV CPogo=—1, \=2 TeV
C3=03=C'3=dy=d'y=—1.5C} 55,6 C¢ )H2¢2 C3=03=C'3=ds=d"4,=—1.5C";p4,-6 C? )H2¢2
5 0 0 1 _ 1St A A AAAAAATT A A AL AAT _
(O e o, = 01 : |
10} ] 10}
5t Qh?>0.12 ] 50 Positivity satisfied
g [ Positivity ] & | -
= [ satisfied 3
I O T 0
o [ = 2
O _ O Oh?>012
=l -5
-10 -10
= L T ST . : N
-5 -10 -5 0 5 10 15 600 700 800 900 1000 1100 1200
Czgo my [GeV]

0(1) _ (DMHTDVH)(WLSO@VQD) O() _ (DMHTDMH)((?M@V@



