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Precision Measuremenks

At the frontier of experimental capabilities:
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Departures from SM = Series in E/M
A
Heavy New Physics

ffective Field Theories ® BSM Searches

(Colliders, Quantum Gravity, Ccsmoi.ogv,...)



. | Some BSM

 Compositel
| Higgs

IR Predickions

Lore: all c-behavicurs IR cownsisktenk!

Ao _o(s,t) =leg + Cos” + 02,182t +east + -+ CnomsS t""
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. | Some BSM

 Compositel
| Higgs |-

IR Predickions

Lore: all c-behavicurs IR cownsisktenk!

Ao _o(s,t) = co + Cos” + 02,182t +east + -+ CrmS L

Which IR theories are Causal and Umi&arv i UV?




Nokakion/Cubtline

powers of b

> 1. UV, IR

=2 amplitude, dispersion relation, arcs, momenks)

e ¢ Lin
2. Impt&ca&iahs weak coupting

powers of s

strong cc)upiivxg

3. Non forward & Gravi&v

2 2 4
Ao yo(8,t) =co+cas” + o185 t+cys” + -+ cpms"t™
(e.9. tree-level)



oV, - IR



UV“IQ L«O MMQ&% LO M FroissartMartin’,...60s

5 Adams,Arkani-Hamed,Dubovsky,
t~60°=0 Nicolis,Rattazzi'06,

s = E?

: . - Mathematical Pr bies
?hvs‘“{t&i ?roparhas of 2—*? ﬂfor;o\rd am (ffzjcg;it(‘s)/sﬂ

Causality > Analytic in s € ‘C /phys

Uniﬁariﬁv > Posikive across s € R




Arcs: UV-IR Connection

A

EFT )Y

ares: Ay () = /ﬁ ds Als) _ 2 / *  ImA(s)

mi st ow
i
N
Calculable in EFT
(e.q at tree-level A, = c,, the enerqgy coefficients in EFT)

PN

A, >0 ©«=2 A, >0

S

Consistency condition for EFTs



More UV-IR Cownnecktions

Bellazzini,Elias-Miro,Rattazzi,Riembau,FR'20

Monenks pomiw@,
1 |
vgrigb?.gj%s 2 ImA
chanqge
/ dp(x)e”  —— — dS (1 ’)
0 T Js s™

Momenkts appear everjwhere LA kajsi,cs...

e.q. stones du(z) = mass diskributions

n=0: tobal nwoss M (sets uniks)

n=l: cenbre of mass <RM

n=2: moment of thertia <R2M

What bounds do monmenks sa\&sfj?



Bounds €» Posikive ?otvmomiats

Bellazzini,Elias-Miro,Rattazzi,Riembau,FR'20

- _igbr\ 1 BOg&ds Positive polynomials

EFT ares | ’ :

EF AT [ Moments in [0,1]
Characterisations

of positive polynomials

p=x"(1—x)"

- Linear

- Aima\js o0 condikions

AQ 82

p=a(t+A) > A —s2A, >0

p=qi +z¢5+(1—2)g5 +x(1l —z)q]

1.0
0.8
0.6

Ay 04

0.2

0.0
0.0

0.2

0.4

0.6 0.8

Al 82

1.0

- Nown-Linear (semidefinite)
- Finite conditions for
Finite number of arcs

N N
Q1 = Zﬁiﬂﬁz = Z@;Aiﬂ-ﬁj > 0



Bellazzini,Elias-Miro,Rattazzi,Riembau,FR'20

Two-Sided Bounds

ALL conditions nvolving N ares HY =0 |

only, written as Hankel Matrices: Hy =0
HY | —§Hxy >0

| H}V—l — AQHJQ\/‘ =0 = any enerqy within £FT

Lup to 3 ares...

./4() > 82A1 A > 82A2 A% < A> Ay

1.0F

oup to 4 arcs...
1.0

0.5 0

m:u%
R — -
i‘\‘\

08!

AQSQ 0'6f

Ay 0.4}

02!

0.0

Any moment two-sided bounded in terms of Ajand §



What are arcs i the IR EFT?



Bellazzini, Elias-Miro, Rattazzi, Riembau, FR'20 IQ &ras

2
7c5

EFT ampi.i&ude fr= 2
A(S) = Co T 0232 + 6484—|— 6686 -+ .-

Swaaller window

' hich theor \ /'
ds A(s) e J e’
, — Looks kree-level :
Ares A= | o | dme e feors
A= T
Ay = ¢ oo

Weale Coupling: An = cany2, all £ couplings captured by arcs

Strong Coupling: high arcs dominated by 2 Lloop effects!
(€:9 CWPT) Information unaccessible



2. Appti&a&ioms



1. How scgjﬁ can EFTs be?

eak COMFLW\S)

A(S) — €0 ‘|' 6282 + 6434 + 6686 -+ 0838 + ...

Na ivai.v:
all coefficients comparable

indeed, s mixed bj runining



1. How soft can EFTs be?

(wSealk @OMPL&MQ)

N

(S) — €0 ‘|_ 6282 + C4S4 —+ 6686 —+ 0838 + ...

chivei.:j:
all coefficients comparable make hyerarchies natural

indeed, s mixed bj runining



1. How sc()j& can EFTs be?

eal «t:ouptiv\g)

N

(S) — €0 _|_ 0232 + C4S4 —+ 6686 —+ 0838 + ...

Svm mekbries:
malkee hjerarc:kies nakural

Groldstone ©r - r+a

| }

£202(8W)4 AN0232_|_...




1. How sc()j& can EFTs be?

eale t:ouptiv\g))

N

(S) — €0 _|_ 0232 + C4S4 —+ 6686 —+ 0838 + ...

Cralileons 7—r+a+ B

Nicolois,Raftazzi, Trincherini 08 Sfjm A Q%T‘ Les:
| . \ . malkee hjerarr:kies natural
£:C4((937T) ANC4S + ...

Groldstone ©r - r+a
Super-Soft ™ m+atprtqa” l *
2N £202(87T)4 AN0232_|_,,,

A~ cns



1‘1 HOM S?f& &&M E)F:TS bé? see also

Bellazzini, Elias-Miro, Rattazzi, Riembau, FR'20 cak coupling Engle";eﬁguzﬂicnei' grello g’sﬁ‘lﬂg“%}%

Arcs i kree-level approxima&mw

ds A(s,t)
2 4 6 — ) L
— . . | — — C
A(s) ;{—I— CoS” + cy8™ + cgs° + » A, T 23 2n+2
10f T §)
| / ca8” > cyst > ces >
' <
0.8/
| /
i yd
c 84 0.65 A
— N,
C2 04 CNS
| 2
0.2+ CoS
S0 07 97 0% 0% 10 EFT only works here
6482 _—_ —
Co » info on &kaorv cubotf

Su,perso& theories have Low cubtoff...

.. 50 Low that su,perso&ness unobservable!
(dimension>¥ operators cannot dominate)



2"“ MQSSE"VQ Hiﬁghér SFE"M Bellazzini,Serra,Sgarla’ra,FR'19
PpH1 KT
Higher Spin resonances exist in QCD, Nuclei/atoms, Strings,...

1 2.5- :-3(;'.__‘_:_-::_::
mus > —— 0% [s L EIEERE
Lys & LEENET
o 10»1/51@ P e Agen)
Can there be Lighter HS states? B
| 0.5 Battaglieri et al’2015 (Lattice QCD)
|
Interactions grow with £<——
| Lis |
g2 s2J
A(PD — $) N
4 4.J
Mys |

Higher SFEM &Lwa:js heavier Ehawn their size-!



3. Non forward & Gravi&v



Bellazzini,Riembau,FRto appear

Tolley,Wang,Zhou'20; Caron-Huot,Mazac, F: E;M Ed&em&

Rastelli,Simons-Duffin’,vanDuong “20-'21

NON-Forward = no bounds?

Cral tle o NicoloisRattazzi Trincherini’08
L] [ ] [ ] [ ] X [ ] \
(appears in massive/modified graviky)

-~1/2<i <1

(s + %)3

If A(s,t) analytic*: arcs ot bxo !

_ ds A(s,t)
AO(t) _/m i (S_|_ %)3 o

“Proved for Liqhtest particle in theory, not in qeneral



Bellazzini,Riembau,FRto appear

Tolley,Wang,Zhou'20; Caron-Huot,Mazac, F: E;M E%Qm&

Rastelli,Simons-Duffin’,vanDuong *20-'21

NON-Forward = no bounds?
A(S,t) :%_|_(3232 _|_C4S4_|_..._|_ﬁ7232t2_|_...

G’QL&L@.OV\ Nicolois,Rattazzi, Trincherini'08
) N - . . . g
(appears in massive/modified graviky)

-~1/2<i <1

(s + %)3

If A(s,t) analytic*: arcs ot bxo !

_ ds A(s,t)

3
Ao/c2 ——=Co < C2.18
t/s 2

“Proved for Liqhtest particle in theory, not in qeneral



Bellazzini,Riembau,FRto appear

Tolley,Wang,Zhou' 20; Caron-HuotM P'M'& &
olley,Wang,Zhou 20; Caron-Ruot,Mazac, o ; Y
Rastelli,Simons-Duffin’,vanDuong “20-'21 | L‘ L‘ e
= ho bounds?

NON-Forward
A(S,t) :%_|—0232 —|—C4S4 -+ ... _|_ﬁ27232t2 + ...

GO\’.E‘L@.O’V\ Nicolois,Rattazzi, Trincherini'08
) N - . . . g
(appears in massive/modified graviky)

-~1/2<i <1

(s+3)°

If A(s,t) analytic*: arcs ot bxo !

Ao(t)E/m ds. A(s,tt) _

1 (8 -+ 5)3

“Proved for Liqhtest particle in theory, not in qeneral



Bellazzini,Riembau,FRto appear

Tolley,Wang,Zhou' 20; Caron-HuotM P'M'& &
olley,Wang,Zhou 20; Caron-Ruot,Mazac, o ; Y
Rastelli,Simons-Duffin’,vanDuong “20-'21 | L‘ L‘ e
= ho bounds?

NON-Forward
A(S,t) :%_|—0232 —|—C4S4 -+ ... _|_ﬁ27232t2 + ...

GO\’.E‘L@.O’V\ Nicolois,Rattazzi, Trincherini'08
) N - . . . g
(appears in massive/modified graviky)

-~1/2<i <1

(s+ %)3

If A(s,t) analytic*: arcs ot bxo !

Ao(t)E/m ds. A(s,tt) _

1 (8 —+ 5)3

3
Ao/e2 —5C2 < €2,18 < 5.17¢9

t/5.
Galileons have small cutoff!

“Proved for Liqhtest particle in theory, not in qeneral



BelIazzini,Riemba’u,Fl.Q"ro appear e . —
ol g o 2 Crn e Finite-t ; i
| bpg t/s=—0.95
» Lower bound .
E-cie.pehdeh&
0 ."l ] 'l‘ll. .d.'] ‘.ﬁ;.f
> Saturated by A
(=24
-1/2< | <1
s PA+T)
/ ds » Imfy(s) (51 )3
S Y/ )
3
—562 < 2,18 < 9.17¢o
Gralileons have small cubtoff!
(even smaller without particles

of spin 2,4 at cutoff)

“Proved for Liqhtest particle in theory, not in qeneral



Finike~t
A&erha&ivetv, close to k=0 ...

ak k=0 axpandabte
in powers of (7

ds A(s,t) 2| [ Py(1 4 2)
Ap(t) = , = — ds y Imf,(s) e
/m /s ; s+ D)

mi(s+5)3 0w

2D momenk
probtem

ab btree-~level: same resulk

..but beyond tree-level amplitude not analytic at t=o!
bound with this approach disappears for massless particles



EFTs
Tree-level, beyond forward:
A(s,t) :Zcp,qsptq = Co + c98° + Co18°t + ---

p,q

0f oo nmany coefficients, c:-v\i.:j 2 can lead bthe amptiﬁude:

arbitrary ‘.

»

C4 C41 C4.2
C6 ©Cg,1 Cg,2

: bounded from below
and above



3. Massive Gravi&v

pv = Py

SPE‘M“Z" mgzﬁ-‘—ﬁ R+ d«O«F«

Massive Gravi,&j ErT

M2
S [ dayg=t (R A(hh = hh) ~ (el + o)
g | | A3
C9o C2.1
Tuning of coefficients
Fierz,Pauli'1930s, Arkani-Hamed,Georgi,Schwartz’'02, deRham,Gabadatze,Tolley‘10 [
Ag = Mplm2

2
= C2.15max 5 562 »  Smax 5 5mg

- Might Solve the c.c. Frcblem
- Exp bound m; ' 2 0.1H

» Massive Gravity not c:ompa&ibt@. with unitarity bounds



4. Strong Coupling
within the EFT



. " Strongish Loupinhg

Arcs: suitable to access running
Do bounds apply for running coefficients c,(s)?

A(S) =95 + 5% [ea+ Balog(—is)] — ims®Bs/2 +5° [66 + B log(—is) + B¢ log2(—z's)] + ...

c4(S) ce(s)
cg(S)co
c4(s)?
08
00 02 04 06 08 10 0'60,0 02 04 06 08 10
ca(s)s” ca(5)s”
C9o Co
Al = 04(8) +

Ag = —6—84+ ce(s) + - -

47 16072




. " Strongish (..Qupinhg

Arcs: suitable to access running
Do bounds apply for running coefficients c,(s)?

(supersoftness still dead)

p—
=

6(8)ca/ca(s)?

Real bounds much wealker
€.9. cg(s) < 0 ok

00 02 04 o6 os 1o Some theories never ogff o oo

cx(8)5Y/cs have tree-level regime ()2
Ag= Cc2  +--. —p
A = cu(s) issumeg\mm G2 G210 2,2
1= (4
; C4(5) C4.1(s) C4.2(s)
4
Az = — o5+ Co(s) FREES | Co(s) C6.1(s) Ce,2(s)

1672 & v



. " Strongish Loupinhg

Arcs: suitable to access running

Do bounds apply for running coefficients c,(s)?

A(s) =95 + 5% [ea+ Balog(—is)] — ims®Bs/2 +5° [06 + B log(—is) + B¢ log2(—i8)] +

Real bounds Little skrongét
7 (suparsa{&mess skill dead)

[E—
[\

p—
o

6(s)ca/ca(s)?

Real bounds much wealker
] quc 66(8) < O O‘f 0.8

00 02 04 06 08 10 Some theories wnever 0.6%

c©)52c have tree-level regime e
Ay — e.q XPt
A =
Ay =

1672



L.oxusad.:bj
Cownskrained EFTs 4— mwmomenks o UML&O\TLE:’

» Only 3(2) &oeﬂpmev&s can dominate Lorentz invariance
, mei.i&v
» Mns?’l/ LHS
» massive gravity X . powersof £ >
“y
vy Co C21 (€22
s 64 €41 C42
Y
3
2

IR running important -



SM Precision tests

New Physics searches (so far)

iu&eusil‘:j |

New Physics searches (future) : EFTs

105600 200 300 400
(2019; 100 fb1) -

Energy

Qperaﬁcw Dimension

Nuf s ?‘A"‘; "‘ 1y & .f - ¥ | ”1 ~ W e? AR LA ’.’ WACA S

© PG g e
Overla &

Froissart Bound

BSM —

violate B,L




SM Precision tests

T T ] ) -
. a . | Low,Rattazzi Vichi‘12
t{U\; ASSMM &QOMS Falkowski,Rychkow,Urbano‘12
— Remmen,Rodd’' 20
Zhang,Zhou'20

Stronger UV convergence = Bounds/sum rules on

o dimension-6
k ‘ [ ] [ ]
—— = (-9 6<0 = Isospin-2 Light resonance
u—
Standard Model - 4 Experimenta

& Experiments tarqet leading effects

violate B,L




SM Precision tests

I

IR Feotures|Non-linear IR symmelries: SUppress dim-6
— —experiments target dim-¥

N 015 -1 .. . | 05
p lQuarks as PseudoGoldstini:

[ o | Bellazzini,FR,Sqarlata,Serra’17 '

00 005+ “‘ n 14 2 "

g | Lint ~ (wfylua w) |

5. ’ Pseudo-Goldstone Higqs|

£ (flak coset): Bellazzini FR'18 faqus 0

- Liu,Pomarol,Rattazzi,FR'16 “li

~0.154 . . . . . o
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15f

) dimnion-8 effect |

Lint ~ D, H'D,HWHT WY

w0 A CAD A Moael - & ‘,. nwaeintral pDouinas

Bellazzini,FR'18

Froissart Bound
Experiments target Teading effects l

BSM -

|

violate B,L




SM Precision tests

}}IR’; ﬁea&urg processes without dim=-6&
T —experiments target dim-%
» ete  /Gq — 27 wno dimension-&! e

w Het&caﬁj seleckion rules:

Azatov,Contino,Machado,FR’16

A MSM) WO°) |h(O7) l«— total helicity

‘;‘;Z;’ R - 28— dim-6 dont interfere with SM, dim-¥ do

VVag | 0 2 >

Vive | 0 2 | 2 »Positivity quide experiment

&
Froissart Bound
Experiments target leading effects
B5M 1

violate B,L




IR Effects alter Bounds

CL‘\QMSQ T'QLOL&LOV& Wilson ﬂOQ‘f “f P ATECS (on which bounds O‘F’F’Lﬁ)

///////””“” —_—

_Co Linne&r
QMV\MLMQ ’ ‘bw&rg@*\cas
/ \
v v
2 4 2 t2 S

D<K~ 1 log ~ log ~
1672~ pu 167T t

1672 5 m?




Positivity from geometry

Residues

Po ngams vs Po ifjmami;ais

“fuha&iamat"apprcath

Forward Bounhds for infinite ares
1 —2/2—2°/8+---=¢q(z)=V1—x

EFT

Focus on “Optimal” bounds
for finite many arcs,
(both forward and ab finike-t)

Two=-sided bounds

Arcs m

EFT

Suitable for EFT cutoff estimate

Ideal for running



3. Finike-t suyersaff&mess and CGralileons
Beyond forward:

Ao (s, t) = co Co 8° (32,13275 T CnomS "
At btree level: - »
Cp,qg = 0 An(s,t) = 0; %/S ds’ (me;;fls
Negative
» Optimal bounds for single t-derivative:

- C2  JCONIN
Cq4 [CA7]| R0
C6 €Cg,1 Cp,2




3. Finite-t supersoftness and Galileons
Beyond forward:

A2—>2(87 t) — Co

Al bree level:

» Cp,q — 87?./477,( ) 3q 2 /

powers of b

CoS

powers of s

2

Gralileon Nicolois,Rattazzi, Trrincherini’08

(32,182t

CyqS

mA

4

CromS T

— ({+q)!

(9q HlAt m
1\’*I o ;%(5 C])Q'I o)
ds’

Arkani- Hamed ,Huang?,2020

(3 + L

2n—|—3

/ du (1)1*1

Ome.mfs i L

|

|

Bellazzml et al, to appear

AE tree-level* x-in SjmmeErZ-j :,m[ai.:,es
A(s, t) =

+ ga(s® + 12+ u?)

C2 2 = 264

3
' 4

2

Co < C218 < &¢o

Tolley,Wang,Zhou'20

Caron-Huot,vanDuong’20

Gralileohns Eigkﬁtj bounded!

* See loop effects Later



Precision Measuremenks

vvvvvvvvvvvvvvvv

SimRon 12006 | |
0 SM o DEMY 1 )
|

............

[ ] [ ] [ ] [ ]
At the edge of experimental capabilities:
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| Composite
| Higes

Are there generic Predic&ioms common ko all BSM?
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Precision Measuremenks
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At the edge of experimental capabilities:
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‘? lO"r i1 | ] : | | ._
’,“ 10'r l :C‘E S = haune | 0.5p ﬁ
oL : C
4 0 il
{ o T
f I
101‘; ——— -0 .‘: Il
107} 3 L
107} 1N i B
1050 100 200 300 400 1000 g .
— USSR |

wWhat can be
p learned? |

What can be
#, measured?

| Composite
| Higes

Are there generic Predic&ioms common ko all BSM?
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3. Finike~t

Beyond forward:

4 ntm

2 2
Ao _yo(8,1) = cog+cas” + o185t + 48 + -+ Cnm S

At btree level:

| t
» Cpq—aq n(s,t) =0, als\mA\(?LA

powers of b

a ImA‘t 0 > 0 Martin'es

Arkani-Hamed,Huang?,2020
deRham,Melville, Tolley,Zhou'l7
Tolley,Wang,Zhou'20
Caron-Huot,vanDuong’20

q 2/
i 2n—+3
\_/CW2

Negative, bub Limited
b\j other moments

powers of s

>

10 Bellazzini,Elias-Miro,

Rattazzi,Riembau,FR'20
CyqS




