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Effective Field Theory (EFT)

- EFT
heavy degrees of freedom decouple

for large-distance phenomena
or small momentum scale
- EFT interaction terms:
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Positivity Bounds
UV theories
- EFT is for the energy scale of A
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
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Positivity Bounds

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:

F F
/LOTY[WWW“”]TY[WMVV“‘* ] ATfTr[WauW“ | Tx[W), W"‘?
F F
i T W, W Te (W, W] =2 T (W W Tr[Woas W)
1 v — ;2 O-_ I)”'V 17 MV = U_I 1 I,po
\ WH" =g 5 14 WH =ig 5 (2euup0W /

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 E

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

- 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

[ ] [ ]
constraining them CMS-PAS-SMP-18-001
5917 (13TeV) e 591 (13Te)
T o e oy o B Fons —
2 ool Seimnay TUEpee 1 o 100 Fem
= = Ghiane = r / T~
[ e < r ~_~
< D L I R o3
10 = N w50 / X
e A et AT A SO0
AN Y% NN Y [\ AN ]
r/oy / \ h 0 \ N\
L/ 1/ ) N F RN \ ]
G, / ! Y 7 ] L AN vV \ ]
U | SN ] X NN RE RN
RS \ 2 7] F N ) s
AN - -50[- N -
10 - - AN ~S— DA
A i g ] i ~T ]
L e ] S00F T ‘

- ‘—10 -50

0 50
fso/A* (TeV)

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

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

Os,1 = [(D,®) D 2)[(D, @) D" ] Ou, = Te[W,,, W¥5)[(Dg®)t D+ @]
—~ ——————— T (13TeV) 35.9 b (13 TeV)
<t = ! 7] —~ 11
: . CMS — — Expected 68% CL 5 SN el .
= 100|-Frelmisary.... = Expecied 950 Cl R L ) Pl e 30y
— - T~ _ Obgerved 9502, CL © 20— L . “Expected:99% CL
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“ < | B
H—E :
\
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} ......... \ ........ —
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50 f 45_(|3V_4 S0\ o 0
Allowed S’O/A (Teve) Allowed fM,O/A A(Tey )
owed § Os0 = [(D,®)' D, ®]|[(D*®)T D" ®)] Ot = Tr[W,, WH][(Dg®)T DA @)

Positivity restricts the directions in which SM deviation is possible
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Ref: Slides by Francesco Riva

POSItIVIty Bounds https://indico.ph.tum.de/event/4408/con
tributions/3825/attachments/3292/3974/
Berlin-2.pdf
- Effective Theory Forward Amplitude (IR):

2
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Positivity Bounds
S 82 83 84
MZCO"‘ClMQ !@é\ﬂ+03M6 | C4M8 R
>
massless scalar 2-2 forward elastic scattering:
forward: t=0
¢
|+ — [+
elastic

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

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
massless scalar 2-2 forward elastic scattering amplitude:
M (8, O) Im(s) Froissart
3 0 | Bound
S N s(ln3s)2 s (Ins)?
IR=UV i — 0(s —>$oo)
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Positivity Bounds

IR
1
1 dsM(s,O) _
271 s>
M =Cy+ C} i | |
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Positivity Bounds
uv o) R
-M M
L™ s (M(s + i€,0) — M(s — i€,0)) /s* = @)mMsO
B - _ = (2i)Im M(s,
omi J,, QL Hi60) - Mls —ie0) /57 Z@hm e
| M 111)
— [ ds(M(=s—ic,0) — M(—5+1i€,0)) /57
T J_ oo

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

— g/ dssawt(s) =l

T JM 83
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Positivity Bounds
IR
1 M(s,0)
— ds : _ C
271 s3 .
S 82 83 84
M:CO_I_ClMQ | M4—|-03M6IC4M8|---

1/(2111)IMr/s3 (=C,/M%)...IR

=1/(2mi)M\/s3 >0 ...UV

> C,>0 ...IR
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Positivity Bounds
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
r J, F = {FuwF* = o (H2- B7)
X[( v Re coshesX {3 )26] 1
es —1— ~ R S
gIm coshesX e g = ZFMVFMV =FE-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)

L:eff:—%FQV—I— -+

Including this
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Positivity Bounds 7= 7. =2 (82~ 5)  Fu = e

Example of Positivity ., _ 1, #. _ 7 3
= 1 Fu " =

DO | =

Photon Energy
k ~g4/m4
Fermion Mass

I

‘Ceff — —F a,fz -+ bg2 CP even case

Consistent with QED

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

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 0

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_\

o= G (e g o
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Dispersion Relation (for Positivity Bounds)
+ Useful to rewrite Dispersion Relation for Positivity Bounds

. dumigdm
(Amp by Dim.8) s X K% :
o (FINY &2 ’ /(6 i P 5 A

F szk
Mk = =&

where M (17 — 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



Higgs Portal DM operators -positivity side-

- Derivative Coupling for Higgs and Dark Matter Fields

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

0%) . = (D, H' D' H)(9, 00" ¢)

- Sensitive to high-energy prosses
- Subject to satisfying positivity bounds

- Spin-2 massive graviton and spin-0 radion mediated DM
model is a candidate of this scenario as the partial UV
completion
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Higgs Portal DM operators -positivity side-

- Positivity bounds from the superposed states:

OS2 = (D, HI D, H)(0"00" )

0% 2 = (D, H D" H)(8,00" )
O, = 0,00" 00, 00"
o) = (D,H'D,H)(D"H'D"H)

2 1%

0?) = (D,H'D,H)(D*H'D"H)
0\¥) = (D,H'D"H)(D,H'D"H)



Higgs Portal DM operators -positivity side-

- Results:
Bounds Channels (|1) +|2) — [1) +[2))
Cipi +Cjj1 > 0 1) =1é1), 2) = |¢s)
Cyt +Cpi +C1 > 0 1) =1¢1), [2) = [¢1)
c? >0 1) =¢1), [2) =|¢2)
gz > 0 1) =1¢1), 12) = I¢)
Cot 20 1) =1p), [2)=1p)
2/(CR+CRACRCs | 1) =2y/Cpaln) +1/~(CHha + CP) 10,
> — (|c§}3¢2 + c§3¢2‘) 12) = |1) Superposition
=2,/Cpt |$1) +1/Ci). 2
2\/(023 + Cil + Ci)Cips 2 Ci) o o \// @
= _2\/ o4 |¢1 + CH2¢2 |90>
Superposition

Higgs portal DM O} . = (DMHTDVH)W@’”@
O 2 = (D, HI DI H)(8,90" )



Higgs Portal DM operators - dim4 and dim6 -

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

1
 6A% (Clm o+ deamp | H|* + 8chhgmiy|H|® 4 4y Ny |H[*
-|-4C3m<pmH90 |H|2 + 4C§AHm¢¢2|Hl4lb
1
A (dlm Y(Oup)” + Adymiy | H|*| D, HI* + AdyAu |H|*| D, H|?

252 P [D, H + 2dumiy | HP(0,0)° + 2dihu | HI (0,9

/
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Higgs Portal DM operators
- Massive Graviton and Radion case-
- Higgs/DM and Graviton Interaction:

Cy C
—— G"T,, — £ GWT,f,,

M
nggs/DM 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)



Relic Density

- Higgs-portal interactions linear in the Higgs boson h
L Jinear = AT h[ (c5 — ch)Agv® m@go — (dy — d)Xgv*(0,0)°

- Feynman diagrams for DM annihilation processes

when c's=czand C’ 4—04 cp—>h—>ff are absent
¢ we e

K

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

©



Relic Density

Cago=—1, A=2 TeV
A=2 TeV, m¢_950GeV C3—d3—C3—d4—d 4—2 C3=d3=C'3=d4=d'4=2
I _ 15_"_ """""""""""""""" i
(e o, = 01 | | §
101 i dy N Positivity satisfied
; Qh?>0.12 | -
5/ " 51
8 I Positivity § 1
N I satisfied N
o | O [ amso012
=3 -9r
-10} -10
. TTETIITURTITTY PRVITITNPITIY. . ] o [ A
-15 -10 -5 0 5 10 15 600 700 800 900 1000 1100 1200
1
ct )H2¢2 mg [GeV]

O 2 = (D H'D,H)(9"00"p) O%) . = (D, HID'H)(0,00" )
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Relic Density -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
=il - L g
S [ = [ 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]

Ofd e = (D HD,H)(9"00"¢) O\ . = (D, H'D"H)(8,00" ¢)
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N=1TeV, my=3my N=2 TeV, my=950GeV
q q
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Indirect Detection

Note on some cases:

- When c¢’;s=c; and ¢',=c,4, @p—h—1f are absent:
1

L Jinear = e h|2(cs — cg))\Hv‘?mich — (dy — dy)Agv* (D,0)*

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

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

wave dominant



LHC Search

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

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

X * For our dim-8 operators,
H in Fig. is integrated out
N © X

* Higgs takes vev
« (Covariant Derivative
contains vector bosons

Oggqﬂ = (D,H'D,H)(0"0d" p)

0%@2 = (D, H'D"H)(8,90" ¢)



LHC Search

- 95% upper limits: 0.11 pb
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G. Aad et al. [ATLAS], JHEP 08, 104 (2022)

V8 =13 TeV LHC, Lip; = 139 b~ | ¢V®¥ X Bipy 5 0.11 pb [my =1 TeV)
A=1TeV, m, =375 GeV cross section from EFT operators
(Ci 2, Ci) 2) = (40,40) 0.28 pb  Excluded
(0}}3 2,0(2) ,) = (32,32) 0.11 pb  Excluded
(C’(l) (2> ,2) = (40,0) 0.012 pb
(ng }2 .) = (0,40) 0.097 pb

Oy

0,

e = (DL HT D, H)(0"00" )

(2)  _

122 = (D H D' H)(9,00" ¢)



LHC Search

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

(2)
* Ojp2,2 shows only
Mondelstam s

s and mass dependencies
q . Ogggﬂ causes t dependency also

Checking angular distributions 0§;3¢2 = (DMHTD,,H)(E?%@”@)
may help to distinguish
between O'%) ,and 02

H2902 H2g02
X. Li, K. Mimasu, KY, C. Yang,
C. Zhang, S. Y. Zhou, JHEP10(2022)107

Ogng = (D, H'D"H)(8,90" ¢)
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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 positivity and relic
density, direct and indirect 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



