
Causa/ity and effective theaies
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hat is the Space of consistent 5-matrices

?

↳ boundaries

↳ Is QCD at a Boundary ? Under which assomptions?

Hard .

To day : scape-separated setters C- f-Ts
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known

heavy Effect of Short-distance/beau modes (nounou)

Ën on long -distance/ light observables : expand in 4m#

E- light C-☒ : - Fluids at l" lmeancuepath
- pions betow Milan
- StandardModel beton M = Muent

?

-
Gravity belon M'-Ms a Mpl

r r r

Causatify restrict} tte possible Series.
Ému [Pham+Truong

'8s]
EX: Real Scolari &>¥¥

"

[Adams
, Arkani-Hamed,

Bukovsky Nichts
, Rattazzi

'os]

⇒ gaz, →
'

e)Manifest via fouinard dispersion relation

→ ü) Build time- machine if % c-0 .

[Bellorini,Mino
,
Rattazzi,Riembauu , Kira,

:) is easier to systématise .

-

Zhou
, Wang , Tolley, Trott, ]

de Rham Melville - . . . . in

we'll learn that:

→ lots of info away from
fouinard limites (1-+0)

→It pays to uge
full Crossing Symmetry



EFTS : 1. Identify light DOES and symmetnies [ "Landau]
2. write

down moet General L

→ Relevant Unmanned)
3. Power -courtines → Irnelevunt

Ex : Neal Scalon Q .

L → ¢15 + m
'

) ¢ + as + 7¢
"

+ Hm, f- - t giooqoot - - - + 75¢47 . - =

To day is about and line .

Important: of is not
a'phiiiicalobs

'

: slt] -~sL¢ teindredefinition )

↳ with : ¢→ d- ↳ Îlot - i. trivial,-ukin tenuto attacks : Ôtna .

↳ +
d' &' '

- triviale cubic '
-

GQ}
.

All Observable effects can be pushed into d
#
¢
"{modemmod total den .

I
polynomial 5-matrices .

-F- as ¥ : 7¢
" → -7

d' qu →
_

]

EN 5¥

Ë
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sobservabt.es



Each contact int. has a scaling dimension and spin
I Imax angular nom. in any Channel,

C-× : ¥ Î tu , fixed- s : - Ît (sit) - f
'
: spin 2

fixed- ti -Pt ( sit) - S
} : <pin 3 "rst in Regge

limit
"

.

dimloihpin } . fixed - u : _s'Ktu) v ~ S
}
: 5pmÎ

un S2

§d§, → 0
Spin is important for dispersion relations.

Causality constants relate UVTIR via analyticity :
~ tua ,,

↳

gds-MC-i-tls.tl §←#É amas F
%"Î:"

son
'

T
K-subtacted dispersive svmrvke

A contact term of spins is killed by all >T - subtacted sum rites #

-

Fn spinning external partiales : contacts -- pote inspirais :

manitous : +§ÉÉ ~Çf#¥ >polynomial at low energies
-

1-
, 4

Sdf f ⇒ spin Y
f- = const is a Spiny interaction .

(Rien
")

- cnn.de

We San that §¥ FISH) -o is a spin 2 sunnite

(note it is
"

anti-svbtiacted
'

: super convergence).



List of 5M interactions

- H"
→ vie

. ] Unpnobed by dispute.
Etat

"

← ~ """

ypotenfialheso-disp.us]e. -
marginal

[npublished ; but see
: Durieux

, Kitahara
,]Machado

,
Shadmit Weiss Ho

All EASE is definitely construired :

O -
-
- - Knin)

J
C) expert

1¥!
it All contacts involving a graviton now

with spin 72 !

""#

[Chowdhury
,
Gadda
,
Gopatka

gravity: Janagae , nirvana
' la]

'

u

'

) ont } modifications to6RlinsenericDlhavespin2@manhyfdeistcin.Maldacen]tlhibuedov '
l y



2-72 scattering
comments :

i) fixed angle scattering can Show timeadvances
[ Giddings 1- Puto '09]"

g..mg
, ↳

causait.cm#sreoalimit "
"

ftimo tonb fixed)"

-

. ii) stxongest statements invite Crossing :

Particle ↳ 3 = antipouliche 3→ l
' 1¥ a

ci , -5f⇒ Spacelike .



1-tecontourne'IlAxions & use Ls Analyticity (causatifs)
boundedness (unitaires)I_-mmm~_yÏ¥#Ë¥ÏÆùation

i)Analyticityofmlqtlout.side (¥ ✗ (real axis with SI au>ma
+ a Crossing path from 5-ma toum)

ü) Boundedness .

a)
"

Monn ipace IMG ,HIP /→0 , to .
i.e. : _ string Theory : ans"a¥-

- Froissard bound
"

spin 72 Gvmrvtes converge
"

.

b)Minimal : smeaed / MaG)Is / e- const as Ista
"

Spin > 1

À Qlp) = wanepaeket { compact support
in nom . converge

"

.

Fastdecay in impact panam

anges yet easier toprove
! kigonouc.ly valid in AKHET .

[ SCH
,
Minne

, Rastelli, Simmons -Muffin
'

H)



☐jgpersive"m"
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wieaistiacted
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151--0 (1- < o )
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7¥

§MEH = } Im Mvv g.E In
Ed

T
= {#§ dmmf.in

""

I-m-a.is) ff1 +¥. )
J P

mma oscillant .

µ
± { Légendes with pos. coefficients.

-

-n'Etes 0

e- m?M

-

•

.

[Pham +Tuong
'

8s]

IÉ GÉO ! single out G's by expanding arouna fouinard Limit.
[Adams etat!?

⇒ g. = {hip > 0
,
etc

.

Today : keep 6F10

Clearly
,

<⇒ " o ⇒ 6,70 .
Gravity is attractive ! Ë̂

Han to bound other coup /ings
? Laurent Series arouna Forman limite

Yidds divergentsums ! 11-273+4f--
= Î



Warm - up : Gio ⇒ Neau Fouad sum rues
ËË ¥-0

spin 2 : /
E- ±-

spin y : ~
_

.

- L -

Just expand around f-0 :

✓

~

c.
tu

- mtn

_

-

mm

-

Clearly (with 6=0) : Guo
, g} a- 391mg . µ

= En)

balower -bound? G}
= e Em, , - #< y > ←

expected because Stu

is a spin 2 Interaction.

Reed to bound impact parameter of Intermediate heavy States
!

Kev IR- crossing : high -spin States cuit caipletoostionqly!
-



Nul / [ Totley Wang + Zhou
'
20]

Constants : [SCHT van Duang '
ao]

vu
[Huang" +Arkani- Hamed

'

f0]

IR Crossing 44mmetnies Carstairs light- light - heavy caiplingg.

# < 1-
<
1- À

"

m"
'

m
"À &

☐
2

As fanas sum ru
les Core

,

all heavy states have size BE-1m .
( ie . black holes

,
long strings

,
ethcant couple)strongly enouqt, to be significant

Result : 2-sided bands on all coefficients (dividedby first) !

%:*→
= =

compatible with
geometric Series !

1- →
1- +4

n'→ ma nuit
- ÷



Mae ou non -gravitational Scalon EFT

the K:S ff7- hadron

gives the outer Curve I> maenull
constants

(see Huang 's talk )

convergence with adding null constants flanger Hankel matrices) is Fast in this example .

The Kinks are simple 5-matrices :

= :-.

Stv spin - o

Unknown
fan:/y
/•Ï

••æ

of external
theories



What do we bound ?

C- × : EFT of a single Real Scalon , belon cutoff Kale M

C- hiahesdenivutives

Problem : Lagrangien isn't a physica observable ! Ratter
,
we focus on M

XH
*

Naive/y : EFT parameters ⇐ Taylor coefficients around 5,1-90 .

Problems '. - Taylor Series ill-defined since Kops are non -analytic

- contradiots EFTSpirit: parameters should be matche
d through expérimente
at the Seale mm

,
Not wo.

↳ ?⃝ un appnoach : bound observables that are :

zit
i) Linear in S-matrix

ii) Dominate# by Ist, Ht -MI
Iii) Reduce to gp if 5-matrix → tee - level EFT

these observables will bebounded nonperturbation,but haiden
to internet if EFT

is strongly interactive

(physio above M could be strongly coupled )



-

Method to bound other
-

terms :
'

e) Use hishnusubtlacted sunnites to eliminati all comptines
with s
"
Reggegoth.

Ex :

"

Null constants
"

: IRCng relates the coefficients of 5¥
"

and -54 .

⇒ Imposed sum rites

-mtn t - o
.

-

finite Gum ! !
Cselt

,
Marai
,
Rastelli 1- Simmons-Duffin 'ai]

ii) Construct Wave functions Utp) with positive heavy action :

A

If : Go Wp) ÉÎËÏE, 5) 70 Un>M
,

J
. µ

bourdon light
Then

,
ff41p) ( 4%+2%+9} pa) 70 .

interactions

Linear Programming: optimise Utp) to get optimal constant on 9,9}, etc .



Such Yip) exist !

Amongotten properties :
- compact support in P (ex: § 4-pjdpcoslpbt-HY-f.tl 70)

i

- positive in b

We do not know a General basis forgera:c d.
.

In practices we make a polynomial ansah and use linear programming.

fa the Scolan EFT, we find an allowed Cone :

with % 7
- # 8k¥

stu d'¢41

%#
- Ê÷↳fÊÈ)(au :|est

| négative sa allowed bygravit} .FÉpvvrleihQED.to/nauity?
allowed

[deRhain t Spring)
q

CD
"



The 6-70 limit of the
"

wauepud.it
"

bounds giue theSave :

r Tr

(
E

PID
-

L

waepaepat gum rues
→ $""""" deal with Graviton pole (perhaps also I oops

?)

→ Much easier to Justify physically vsMË o)



What to expect for graviton scattering ?
IOP

preliminary :
"

max Susy : Miou = d'YQ) . ( N + %Ï t - r
. )

"

anti - subhacted
'-

sum -rites exist : /Mp3) E const . ⇒ lending sum inules measure Genty ! !

i) go is sub heading in Regge limit ⇒ expect upper bound
on Equi

à) UV spectral density canif van ish ⇒ lower boland (use 0 Einai Ea)

Indeed : O ' OM %Ë ç % & 3,000 8k¥,
Cbverrieni

, Penedono tvieira
'

"]
( SCH

, Mnac, Rastelli 1-Simmons-Duffin
'

21]

Tte /over bound seems

Çaturaled in IIB modulispace ! ! ! The upper bound is easily Satisfied by

Veneriano -Shapiro (25} -12,4<3.000)

⇒ ¥-5 it saturatied in some Theory ?

C Benn
,
Kosmupuvlos, Zhibædov

'

21]

Are we missing some constants?



Conclusion

causa /ity ⇒ two - sided bounds

0h Generic EFT
coefficients

"

causal EFT
"

is a pleonaçm ! (=
"

causal whatover
"

)

↳ Limites ou causal modifications
of GR? Longing)

↳ Lots to . explore : 0£ Inez
? Kinks? dinb? loops ?

↳ Is Ads more censtraininy than Flatspue
?

,

Causatifs certainly
holds more surprises . . .

<


