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Part I. How does the Higgs move?

Based on 19038.07725 with Gian Giudice, Admir Greljo.



How Does the Higgs Move?

Surprisingly, we don’t really know how the
Higgs boson gets from:

to

This is especially true if it is only a very
short distance. What is the propagator®




Kalléen-Lehmann - Recap

We can find the general form of a propagator for
any scalar operator in QFT. Consider the two-
point correlation function

([O(z)O(y)|2)
And the complete set of momentum eigenstates
of the Hamiltonian

PHIX) = py|X)

Which, due to completeness, gives us unity:

1=§Xj/dHX|X><X|




Kallén-Lehmann — Step 1

Unitarity!

QIO@OW)IQ) =3 / dlLx (2] O(2)| X)(X]|O(y)|Q)

= / dTTx (2P 0(0)e 27| X) (X [P O (0)e~P¥|)
X

-y / dILx X W= |(Q|O(0)|X)? .
X

We have basically just inserted 1 here.




Kallen-Lehmann - Step &2

Posgitive Norm!

d4p ip(y—x 4 2
(QO(z)O(y)|SY) :/(2w)46 ( ){;/dﬂxé (p — px)[{Q|O(0)| X)) } :
We have just inserted delta function. Rewriting
> [ dites (o - px)@IOOX) = 270°)p0 (07)
X

dp ..
(27:;3 e?W=2)9(p%) po (p?)

=/ dq’po(q*)D(z,y,q°) .
0

Gives: (Q|0(z)0)|Q) = /




Kalléen-Lehmann - Step 3

Causality!

(QT{O(2)0(y)}Q) = (AO(z)O ) |N0(=" — y°) + (QUO(Y)O(2)|NO(y” — =°)

And the Feynman propagator satisfies:

D(z,y,q°)0(z° — y°) + D(y,z,¢*)0(y° — 2°) = /

Finally gives:

(2m)% p? — g% + e

d4p

i(QT{O(x)O(y) }|2) :/(2W)46_ip(w_y>ﬂo(p2)

where 1, (p?) = — /OO de? po(q®)
0

p2 —q2 41




Kalléen-Lehmann - Step 3

Causality!

(2)0()I)0(z° — y°) +(QO(y)O(z)|V)O(y° — 2°)




How Does the Higgs Move?

We know, thanks to Kallén-Lehmann, that the
propagator is, in full generality:

OT{RRO)H0) =i [ atp e [ " ggr (@)

0 p? — q? + e

This encodes information on correlations in the
Higgs field between two space-time points. For a

free field
pr(q®) = 6(q* —mj))

and we have measured the position of the pole!




How Does the Higgs Move?

In the Standard Model we have interactions,

thus: 9 2
pn(q”) = psm(q”)
The right hand side is at least calculable...

But we don’t know all fields in nature, thus all we
can say in full generality is that

pr(q®) = psm(q®) + px (¢°)

pr(q®) >0




How Does the Higgs Move?

Returning to the momentum-space propagator:
o0 2
2 > Pr(q°)
Ap(p?) = / dq" ———5"—
0 p° — q° + 1€
The density of states is associated with the poles
and branch cuts at the mass scale of new

(multi)particle Hamiltonian eigenstates. Thus, if
the BSM states are heavy

px(¢® < M?) =0

We may make some general statements.




How Does the Higgs Move?

Expanding the propagator in small momenta we
have:

1 o0 p2 n—1
ML) = Bsuilt) ~ 573 Y en (173 )
n=1
where

1
cn:MQ/ dr px (M?/z) "= .
0

Some comments...




How Does the Higgs Move?

Staring at this we may make some observations:
1
Cr = M? / dr px (M?/z) x" 2 .
0

a) From positivity of density of states
c, =0 Vn

b) From the integrand, we have a convergent
series

Cn > Cn+1 vn




How Does the Higgs Move?

If one could measure leading and subleading
Wilson coefficients in the momentum expansion

Positivity

Positivity

it would be possible to extract constraints on the
scale of UV-completion which are stronger than
from Unitarity alone: M2 < ay/aq -




Convergence Applied (a posteriori)

Consider the front-back asymmetry in low
energy (E <45 GeV), PEP, PETRA, TRISTAN:

el ,u-t-
3ai s (1 + Z—f 3)
‘AFB(S):_ 3 7 o2
_ e

€

With this precision data alone, had we not
already discovered the Z-boson, could have
bounded, at 90%, the mass much better than

from Unitary: p— 5 170 G@




How Does the Higgs Move?

If one could measure leading and subleading
Wilson coefficients in the momentum expansion

Positivity

it would be possible to extract constraints on the
scale of UV-completion which are stronger than
from Unitarity alone!




Stating a Well-Posed Question

To consider the full suite of heavy new physics
possibilities, we need to go to full(ish) EFT...

C
Os8 = ——=2(8,Bu,)?

g Cw (
Ow = (HT oD “mDrwe T AM2?
cr <M IM2 pv
Or = o (H' D H)?
Oac = 4M2 (D Ga ) 0= M2 M2 2%
2
Co 6 gs CGG 2
ig' cB M > O = —|H Onr = HI2GqoHr o
Op = 22 (H'D"H)3"B,,, 6= 3211 ¢o = =55 [HPG** G,
@, o+ H|?
- H = 2M2 ( | | ) OR:%|H|2|D,U,H|2
Opp =2 M;BB \H|2B""B,, /
Cow a _ 99 CWB a Vir/a
Oow = Y (D W ) Ows = 72 Hfo®H B* W;w

Operators like those above capture leading
effects of heavy physics beyond the standard
model. Probing them could reveal origins.




Organising Thoughts

Nailve dimensional analysis:
1 1
H J— A — — J—
[ ] [ ,u] LC ) [w] 13/2C
Fields carry not only dimension of inverse
length, but also inverse coupling.

Fermi Scale 4

Interaction: [ ~ % ‘ﬁcomple@

Dimension: [A] = [G;lm] = [g] «<——Coupting>




Organising the UV

Higgs Only
9.)] [92] : 921
= {3 |0H On = 5iffs (94|H]?) Os = sz [H|°
Or = 2, (H'' D' H)?
.nyneth . d 2% ( 2|D“H|)2
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Organising the UV

Higgs Only
[g2] [g*] g:]
Op = 1= |0H|? On = 2M2 (8“|<_>H| )’ Os = 25 |H|°
(’)T (H’r D" H)?

2
Or = <& |H|?|D*H|?

Gauge Only
Oz = — 732 (D,G},)* Oaw = — 7= (D, Wi, )* Oz = — {37z (0pBuv)*
Mixed
ig’ cB TH“ v g2 CG’G 2 Ya, v
OBZ STV (H D H)8 B,uz/ OGG: S |H| G+ G
<=
Ow = o (He* D" H)D*W?, Owp = 4-cws HTaaHBWWa

OWW — g CWW |H|2WCL,LLVW(1
OBB — g CBB |H|2B/M/Bl“/




The lowest
coupling-dimension
Higgs-only operator.




Parameterises
BSM deviations in how
the Higgs moves.




Oblique Corrections

Oblique corrections have been a formidable toolkit in the
effort to explore the electroweak sector.

e 14
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€N hepg befon
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The latter two contribute to amplitude
growing” manner:
1 %4

AW p2 ~

Making these oblique parameters an excellent target for
hadron colliders...

A




Oblique Corrections

Oblique corrections have been a formidable toolkit in the
effort to explore the electroweak sector.

S-parameter A v ( p2 )

T-parameter
Woarameter Y )& 7

Y-parameter

The latter two contribute to amplitudes in an “energy-
growing” manner:
1 %4

AW p2 ~

Making these oblique parameters an excellent target for
hadron colliders...

A




Oblique Corrections

Makes sense to extend to the Higgs sector. Especially
since the Higgs can easily interact with new states...

A (p°)

 H-parameter: H >< .............. H

1903.07725

This also contributes to amplitudes in an “energy-
growing” manner:

A

1 H
A 2\ ~ |
H(p) pg_ %L %,

However, one needs to take the Higgs off-shell, which isn’t
easy...




Oblique Corrections

Makes sense to extend to the Higgs sector. Especially
since the Higgs can easily interact with new states...

A (p°)

 H-parameter: H >< .............. H

One can also translate basis to one in which this is a four-
fermion operator and some more involving the Higgs

i - (00)°

If new physics model interaots primarily with Higgs, then
original basis may be better for interpretation purposes.




Oblique Corrections

Most promising avenue to take this Higgs off-shell is
through four-top production:

We may relate this Wilson coefficient to the scale of new
physics as: A

H C

m% M?




A Unique Operator

Our estimate suggests meaningful constraints

are possible, but challenging at the B

-LHC:

p p — ttti, future proj. (=2/)

1903.07725

1 : cO =(47)* - naive perturbativity

L ¢ =4r — perturbative unitarity

Q)

11

10.100

10.010




A Unique Operator

Future proton colliders could do much much
better:

p p — tttt, future proj. (=27) 1603.07725

1 ¢ =(4m)* — naive perturbativity 11
:. ¢ =4m — perturbative unitarity |
10.100
10.010
0.001




A Unique Operator

CMS does better than our estimates:

Abstract 1908.06463

The standard model (SM) production of four top quarks (tttt) in proton-proton colli-
sion is studied by the CMS Collaboration. The data sample, collected during the 2016—
2018 data taking of the LHC, corresponds to an integrated luminosity of 137 fb ™’

a center-of-mass energy of 13 TeV. The events are required to contain two same-sign
charged leptons (electrons or muons) or at least three leptons, and jets. The observed
and expected significances for the tttt signal are respectively 2.6 and 2.7 standard de-
viations, and the tttt cross section is measured to be 12.6fg:§ fb. The results are used
to constrain the Yukawa coupling of the top quark to the Higgs boson, y,, yielding

a limit of-hy7777™] < 1.7 at 95% confidence level, where y?M is the SMvalue_of v;.

‘hey are also used to constrain the oblique parameter of the Higgs boson in an effec-
tive field theory framework, H < 0.12. Limits are set on the production of a heavy
scatar-ar pseudoscalar boson in Type-II two-Higgs-doublet and simplified dark mat-
ter models, with excluster caching 350-470 GeV-and-350-550GeV for scalar
and pseudoscalar bosons, respectlvely Upper bounds are also set on couplings of the
top quark to new light particles.




A Unique Operator

Abstract

a limit ofH 777 < 1.7 at 95% confidence level, where 1™

ter models, with excltusior aching 350-470 GeV-and

top quark to new light particles.

CMS does better than our estimates:

to constram the Yukawa coupling of the top qira g teS

1908.06463

‘hey are also used to constrain the oblique parameter of the Higgs boson m-a
tive field theory framework, H < 0.12. Limits are set on the production of a heavy
scatar-ar pseudoscalar boson in Type-II two-Higgs-doublet and simplified dark mat-
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and pseudoscalar bosons, respectlvely Upper bounds are also set on couplings of the




Convergence and forward scattering
amplitudes.

Based on 19038.07725 with Gian Giudice, Admir Greljo.



Forward Scattering Amplitudes

Convergence goes beyond Kallén-Lehmann.
Consider the forward scattering amplitude:

> F(q?) F(q°)
— dg? — Pol
M(s) /0 . <s—l—q2—|—z’e s — g% — i€ + Poly(s)
The Taylor series coefficients are
1 d?" M(s)

bn>1/2 = o2n!  ds2n

s=0
and also satisfy convergence...

M4 bz-l‘l < 1

tending to unity as n grows.




Forward Scattering Amplitudes

onvergence goes beyond Kallén-Lehmann.

M* bZH <

tending to unity as n grows.




Forward Scattering Amplitudes

Convergence goes beyond Kallén-Lehmann.
Consider the forward scattering amplitude:

— OOd 2 ( F(q2) . F(q2) ) —|—P01 (8)
See 2 s+q%®+ie s—q*—ic 4
The Tay~2450 1903 08 228
: 6
b _ ’ ) 20110008
n>1l/2 onl  ds2n — '7

and also satisfy convergence...

M4 bz-i'l < 1

tending to unity as n grows.




Amusing Application

The forward limit of the Veneziano amplitude is:

TS
M(s)  stan (0/7)
which gives, upon expanding,
7'('2 22n+2 — 1 an+2

2n+2)2n+1) 2?" -1 By,
and the dispersion relation gives

. 22n —1 BZn 2
nh_)ngo (2n + 2)(2n 1)22n+2 1B s .

R, =




Amusing Application

The forward limit of the Veneziano amplitude is:

nh_)ngo (2n + 2)(2n 1)22n+2 1B s




Part II: Dispersing the Fifth Force

Based on 2009.12399 with Hannah Banks.



Dark Sectors

Evidence for dark matter is now overwhelming
 Rotation curves
 CMB
 Large scale structure
* Velocity dispersions
* Gravitational lensing (Bullet Cluster)

Yet we have no clue what it is at the particle level!



Only 18% of all matter in Universe is visible.

Within that 18% we observe extraordinary
complexity.

The photon, despite not being matter itself, gave us
our first tool to explore the visible sector.



Only 18% of all matter in Universe is visible.

Within that 18% we observe extraordinary
complexity.

Similarly, it may be the light mediators, or other
states, that open the window to the dark sector.



Dispersing Fifth Forces

Suppose some SM states are coupled to some
hidden sector operator as

L = AVsm¥PsmOnus
then diagrams such as
SMy, py SMi, p}

SMa, p2 SMs, ply

will generate a fifth force, which is captured by

(Ons (2)Ons ()




Dispersing Fifth Forces

A general two-point function like

(Ons(7)Ons(y))
is completely captured by the KL

representation!

We can insert this into Born’s approximation
1 MNR ‘
V — d3 1q-r
™) =~ 1 / T -
and employ the KL representation for the
propagator in the matrix element

> p(p?)
A(g) =2 d
(9) /0 MR e




Dispersing Fifth Forces

...to derive the general form of a scalar fifth
force, regardless of the form of the hidden sector
(perturbative, strongly coupled, minimal,
complex, whatever):

>‘2 > 2\ _—pur
Vi(r) = : pudp p(p”)e

27T

Note that positivity of density of states implies
attractive force. Also, differentiating w.r.t.
distance means no turning points, implying a
monotonic dependence on distance.




Examples

For a given model we may readily extract the
spectral density using the optical theorem

() = ——Im{A(9))

Thus all we need is the imaginary part of the loop

11.:;
SM;. m SMi, p}

S M y P2 S Ms ) plz




Examples

Simple one-loop examples include:

%
(A) XOsuldl?  (B) 130smd%  (C) T5OsulVE (D) 15050,6"0"6

Extracting the imaginary part of the loops
SRGEY
there is no loop integral required since
Am{M(A - A)} =3 / AT x (27)464(pa — px)IM(A = X2 .
X

which enables straightforward extraction.




Examples

Simple one-loop examples include:

(A) ~Osuld®  (B) w505t (C) meOsulVP

1
(D) 5 Os10,6"0"6

The resulting density of states and potentials are

Operator p(1?)

V(r)

1
(A) oz (1-10)° 02— 4m?)

— SAZ.52 i K1 (2mr)

2A4 3 K2(2mr)

_3m 3n(5+m?3r?)
sno 3, K3 (2mr)

3 mb
8Ag7r3 (1‘3’? + T2 ) K1(2m7“) -

by (1252 + 2 ) Ky (2mr)




Examples

Simple one-loop examples include:

1 ) 1 _ m?

1
OsulV? (D) 1505mBu6" 0"

- ] es ;
Operator t
or S
) D “Onvent;, 1710, 0085
2 2 2 na’-l Inet O,
®) (1= 4)" o0 —am?) Dodg
©) | gt (141250 — 42 (1 - 422) % 9(u2 — am?) — 3mn(mt) ey (2mr)
1 15m3 | m?> mr
O | (e ) (- 4)! oo | HE LT IR
AN6 73 3




Examples

This makes it easy to go to higher loops. For
instance: SR

gives, without any loop calculation,

3¢/ (1 — m)(pu + 3m) ((u — m)(p? + 3m?)

S 5 s o
128274 9 E(k) —4m HK(k)> O(u” —9Im?)

ps(p?) =
However, the real punchline is that the KL
representation captures anything consistent
with QFT fundamentals.




The Experimental Landscape

The standard suite of fifth force experimental
observables can also be straightforwardly recast
in a completely general form!

Molecular Spectroscopy

A2 1 >
ABEy =—o— [ dr ¢"(r)~ ( /O dp pu p(/f)e“‘“") p(r)

_)\2 ass > 2)e M=
5V (z) = 2 P / ay P Le
0

Mpy




The Experimental Landscape

Effective Planar Geometry Exps

RN [ 2)g—hs . )
F(S) - / ap p(lu ,11)/2 (pAu + (psap - pAu) € 'UA) (pAu + (ppol - pAu) € MA)
0

Cold Neutron Scattering

00 2
lBSM(q) — 2mNV(q) — —ZmN)\2/ d,u2 ,0(,u )
0

q|? + p?
_ )‘2 OO 2\ _—pa (:ua)z
59_Gm%(1—e2)/0 du o p(p”)e [1+ua-|— 5 ]




Limits on Perturbative Models

Simple one-loop examples include:

(A) 1Osuldl  (B) 1505u00  (C) "o OsulVI (D) 15Osn,s" 0"

Which glve constraints such as

f// ( n)
10%

1)

% (GeV

m (eV)

(i) Yukawa interaction (ii) Interaction (A)




Limits on Perturbative Models

Simple one-loop examples include:

1 1

2
(A) fOsuldP  (B) 5;0smit  (C) TmOsulVIP (D) 1505u0,9"0"

A3

Which give constraints such as

he /g (m)
S (1 R 10°

% (GeV—1)

m (eV)

(v) Interaction (D)

% (GeV1)

107 4
%
%,
\ %o
\\ /)(.0
l\\ /,,‘0‘
E| \
\
104 { \ \FM
10° 4 ddp
102 ™ ™ T T ™ - - -
107 10° 10° 104 I 10! 10° 10! 102

m (eV)

(vi) %(’)SMd)g’ = Interaction (E)




What QFT Violation Looks Like...

For a scalar force with a turning point,
experimental limits change form significantly...

i he /g (m)
10 107 10™ 10 107 10" 10 100 10° 107 10° 10° 10¢

109 10° 108 107 10° 10° 10* 10° 102 10' 10° 10" 10 10
1o (eV)

Don’t have an actual concrete model of causality
violation, so this is just for a simple toy model
which has negative density of states regions.




What QFT Violation Looks Like...

For a scalar force with a turning point,
erimental limits change form significantly...

Don’t have an actual concrete model of causality
violation, so this is just for a simple toy model
which has negative density of states regions.




Part III: Summary



In the early days of QFT some pioneers found

beautiful, powerful, general results that are fully
non-perturbative. Usually expressed in the form
of dispersion relations like the KL rep.

: .b g

Gunnar Kallén Harry Lehmann
1926-1968 1924-1998



These dispersion relations are powerful tools for
understanding the possible structure of effective
field theories, when new states are heavy and
decoupled, leaving only irrelevant imprints on
the IR theory.

Not only positivity

O AN T

but also convergence

Cn 2 Cpnt1 TN

follows for two-point functions and forward
scattering amplitudes.



When new states are not decoupled and enter
physical observables on-shell we have few tools
at hand. Often resort to toy models. However,
dispersion relations still apply and allow us to
make non-perturbative statements even for very
light hidden sectors weakly coupled to us:

)‘2 i 2N
V(r) = : pdp p(p”)e

2760

As we look increasingly towards the hidden
sector we should not be beguiled by toy models.
We need a comprehensive search program and
thus a comprehensive theoretical apparatus.



Maxwell’s rotating vortices were the model that
guided the development of the equations which

arguably laid the foundations for the dawn of
modern field theory in physics.

As we seek to look beyond the Standard Model,
whether at the highest energies or the tiniest
couplings, we should not let our models hide

deeper truths which may be baked into quantum
field theory, whether we know it or not.



