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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)




Kimiko YAMASHITA 6/32

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
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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 BCH
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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*O][(D, @) D' ] Ona = Te[W,,, W*8][(Ds®)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 o 20T . “Expected:99% CL
~ | — B { ____ Observed 95% CL
“ < e
H—E :
\
\\
} ......... \ ........ —
/
/
]
0 £ A 5-? V-4 -10 \ 0 '10' | I4
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 3 4
S S S S ,
M = Co+ Cipty HCg + Cagps + Cafs + 48
QY
M | [IR]E behaviors r completion:
—~— Lorentz invariance
C2 > O, Unitarity
Cs> 0,aé Causality
Positivit
)A—_’___A)
M E


https://indico.ph.tum.de/event/4408/contributions/3825/attachments/3292/3974/Berlin-2.pdf
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Positivity Bounds
2 3 4

S S S S .
M — C0+ Clw'k%"' ng"' C4w+ ac

massless scalar 2-2 forward elastic scattering:

forward: 1=0

! |
p P < -
| |

|+l —[+]]
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 (ky, ko ! Ki,Ko) = 8! or (Ki, ko ! anything)

Positive

1. Analyticity” = Froissart Bound:
IM (s,cos! =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(S, O) Im(!) Froissart
3 ' 0 | Bound
S N s(ln3s)2 s (Ins)?
IR=UV i — 0(s —>$oo)




Kimiko YAMASHITA 12/32

Positivity Bounds

IR

1 M(s,0
1 [ M3,0)
271 s3
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Positivity Bounds
v o) (e
1 " ™ v 2)83)
20

ds(M(s+i",0)! M(s! i",0) /s> =@mm(.0)
————— = (2i)! O’

ds(M(! s! i",0)! M(! s+i",0)/s?

M
1 ¢ ' M 1)
2

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/ dsSUtOt(S) > ()

T JM 83
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Positivity Bounds
IR
1 0
= dSM(S, ) = C2
271 s3

2

S S S .
M = Cqy+ C1W+@W+ C3—+Cs—— + a

1/(21mi)IM,. /s*{=C,{M¥). ..IR

=1/(2mi)IM. /s* >0 ...UV

I C,0...IR

14/32
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Positivity Bounds
Example of Positivity W. Heisenberg, H. Euler, Z. Phys. 98, 714 (1936)
Heisenberg-Euler Lagrangian:
. Jrang X = 2(F +iG).
L= —F—— dss—? exp(—m?s)
8x? _1 v_ L (g2 2
: F = {FuwF* = o (H2- B7)
X[( )29Re coshesX {3 )26] 1
es —1—%(es ~ - o
Im coshesX * g = ZFWFW:E‘H
202 (h/mc)?
=3(E*—H*)+ X[(E*—~H?)*+7(E-H)*]4-- - -
45 mc? >0 from J. Schwinger, Phys. Rev. 82,
664 (1951)

[:eﬂ‘ — —%F2y_|_ —+ I
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Positivity Bounds 7= 7. =2 (82~ 5)  Fu = e

Example of Positivity G-

VR

1 - o
(FwF" =E-B

"HSHY & Yo ()*+
N\

-#%&1011

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) I (FIN*) 2 M? = mf + mj - 7’7"2,.f: - 77'2..[2

]2 1
*\[U“ — ; ZJ—>AI (8 — 2\12 =1 > 0.0,

2 ds

Z / > dsM;;_ x M}, . |Amplitude of SM —X
A)2 2783
+(j < 1)+ cc

2. BSM states, X summation& s! u crossing
LIPS integration

_L_\

o= G (e g o




Kimiko YAMASHITA 18/32

Dispersion Relation (for Positivity Bounds)
+ Useful to rewrite Dispersion Relation for Positivity Bounds

. dumpm
(Amp by Dim.8) _ s X K% :
| (FIN*)s? ) _ /(eA)2 Y ;‘ "y (.7 o l)

o F! M||Jk|
Mik = —=

where M(ij — X) = mzl_%X —I-img(
- When i=k, j=I, RHS complete squares >=0
1
MY I Q 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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- Derivative Coupling for Higgs and Dark Matter Fields
O4), 2 =(DyH D-H)(1H"1 ")

H 2 2

02, » =(DyH DHH)(1-" ")

- 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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I"HHSY68 ()*+%6,-%6"/(*) (3% Q'$")"1")2%$" D)

- Positivity bounds from the superposed states:

0%, , =(DyH D-H)(I "1 ")
0@, , =(DyH D*H)(1-" ")
O|4 — unl plll | ||! n

Oy% =(DyH D/ H)(D'H D*H)
o,(fi = (DyH D,H)(D*H D'H)
O, = (DyH D*H)(D\H D'H)
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- Results:
Bounds Channels (|1) +|2) — [1) +[2))
Cipt + Cyt > 0 1) = 1), 2) = [¢s)
Cii +Cyd + Cyt > 0 1) =[¢1), [2) = [¢1)
c? >0 1) = [¢1), [2) = |¢2)
CH%z 20 1) =|¢1), [2) =p)
Cepr 20 1) =1le), [2) =1p)
2/ (C +C) + C)Con =2,/Cpt [61) + 1/~ (Cie + CP ) L),
> (|c§}3¢2 + c§3¢2‘) 2) =|1)  Superposition
1) = 2./Ci |d1) +1/CE 5 10,
2/(C8) + 02 + CE)Cp > . X 7160 +y/ e ig
= —2,/Cypn |91) + \ CH2¢2 |p)

Superposition

Higgs portal DM Of, . = (DyH D-H)(1#"1 ")

02,2 = (DyH DFH)(1-"1 ")



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

/




Kimiko YAMASHITA 23/32

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)
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- Higgs-portal interactions linear in the Higgs boson "
Lh Jinear = e h[ (cs — o)A gv® m@go — (dy — dﬁl))\va*(aMOy]

- Feynman diagrams for DM annihilation processes

when ¢’;=csand C’ 4—04 (## —" —->3%re absent
o we e

K

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

©
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A= 2 TeV, my=950GeV CPogo=—1, \=2 TeV
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N=1TeV, my=3my N=2 TeV, my=950GeV

q q
> C(Z)H2¢>2=‘1 , C3=d3=d=2

N
s
AT
e

% %
2

7
LS TA AV
AAATAA

RRRRR
RN
BN
S5

N

N

SRR
SR

RIS
AR

R}
N

%
7
A
’i"? f?' 4'74'1
e

N
PRI
RESKRE

s
ROanee

.
RN
N

e y
75 m;g‘n ARG
'I’A' KN ? 2
T T H H
AR
AL 7 rr,
AR

5

S
SERNS
SN
S
S
S

X
R
R

7

&
NN
S

A A A aTa A )
TS AT TR A g T4 AT T4 s ’A""A'A’.’A"g 4 2%
A 49&’1{;"4 AR
A A A A AU A
s
AT
i
T
505 s
AL
VA

e

=t

7%

N

NRNEE |
N
s

NN

IS

N
N

RRIRRKE

R
SR
R
RERERRRR!

S

N,

A

NN

'

K}
SIS
2

N

575
AR s
i

%!

i
7374
2%
7t
4%
V4%
7
%74
7
o

RRERRRY
o
R
Y
)
N
RSN
KRR
"N

RN
SN

S0

R‘h‘.k‘\:k‘

NSNS RIS
W

RRRRRRY

A

oo

75
A

KRR

RS
BN
SNRIRERRS

RSN
N\‘
oo
KRR
SN

\!ﬂ
SR
N
RN
N

s
SR

1
4

03

o
2%z
G

R
SRR

&

ISR
FNRNSIRNRAN
ot
NN
NSNS

W
"R}
N

o
3

Kt

S8

RN
RRRRRRRR
N

&
R
S
.
R
KRR

R

R
R
ISRRRIRR

£

KRR
KR
AR
NN
RN
RRY
N
S
N
RRRER
X}
SN
N
SRR

RRSY

S

RN
SRR

Z

N
RERRRY
RRRRRS
S}
RIS
R
RRS
NN
5
RRRRRRRRY
SRR
R
N

KRS
R
K}

8 S
RRICRRRIR
RRRRRERN

MA;\’

SN
BRI

R}
KRRt
KRR

&
N
K3
S
SRRERRRRR
NS

NS

R RINARBINRRN NS
=
R

K

RS

RSN ‘hzn
0

8
3
L

1y Fara )
[
S s

NN
SIS

1

3

R
3
Y

7z
4

NN
ISR
N
RIS
S

)
N

77
AP
LA

N

7t
755
URAUB A DDA S LSS
TS AT TS ! "
AR,
%

7
i "%”r"ruu s
AR
R A,
s

A

7%
7

N
RERRS
RRN

N
RERRERRR
o

7

m
SR8
RRRRRY

S

RN

SN
,

SRRN

e A
AR A I
2
A,

7 a7

i o




863"(/5)%,/)/5)"6

Note on some cases:

- When c’3=cz and c',=c,, ## —" ->3$&re absent:
1

Lh,linear — W h [2(03 — Cg))\HU:Sm?OSOQ _ (d4 _ dil))‘HUB(a#@)Q

- In this case ## —""&%"&%()*%++ can be constrained by
Indirect detection

- If we assume that only massive graviton is involved,
## —"" also vahish at , -wave, but ## —"  /[++%re , -

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

Adapted from Fig. 1 in G. Aad "#$%&TLAS], JHEP 08, 104 (2022)

! * For our dim-8 operators,
H < H in Fig. is integrated out

o 11

* Higgs takes vev

« (Covariant Derivative
contains vector bosons

O, , = (DyH D-H)(1 KT ")

0®

H 21 2 :(DUH DHH)(| M " ,,)
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- 95% upper limits: 0.11 pb
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G. Aad "#$%UATLAS], 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

(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

@), =(DyH D-H)(IH" ")

o2 = (DyH DHH)(L-" ")
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- High Luminocity LHC (HL-LHC) Search
¢ Amplitude for W*W' /zz | 1

. O|(_|2)2! . shows only
Mondelstam ,

s and mass dependencies
q . OS)Z, , causes ! dependency also

Checking angular distributions 04, . = (DyH D-H)(! F"1 ")

may help to distinguish
between Ol(j)z! , and Oﬁ)z! ) 0%, , =(DyH DFH)(1-" ")

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



