The Higgs EFT is a black hole
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Study the (simplified) EFT of the SM scalar sector

On first principles, what is the difference between scalar sectors of:
» SMEFT: built out of fields (E that linearly realise electroweak
symmetry, and
» HEFT: built out of fields h, 7 that don't?
With the simplifications of
» ignoring fermions & vectors;
» (global) custodial symmetry;
» no lagrangian terms with more than two derivatives.
We draw heavily on recent work in the literature
» (Alonso, Jenkins, and Manohar 2016)
» (Chang and Luty 2019)
» (Falkowski and Rattazzi 2019)

to understand the importance of analyticity and convergence in a
geometric setting.
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SMEFT (Standard Model Effective Field Theory)

see also (Alonso, Jenkins, and Manohar 2016) for details

Comprising four equivalent real scalars

61

> | ¢ e e 1 [ 1t+ig

=g |0 27O H_ﬁ<¢3+i¢4>
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where O € O(4) D SU(2) x U(1). Electroweak symmetry is
linearly realised on the ¢.

Then the terms in the Lagrangian are
Lo o 1o o 2 o
Lsm = 5(90-99) = ;M¢- ¢ —v7)
12 oz o 1 T\ (T a2 zo7 4
Loverr = 5A(G- 6)(06-06) + 58 (6-6) (6-99) = V (4-6) + 0 (5%)
[Canonically A(0) =1]
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HEFT (Higgs Effective Field Theory)

see also (Alonso, Jenkins, and Manohar 2016) for details
Built out of a singlet h and a unit vector ri comprising three
Goldstone fields 7'

nm :7r1/v0
N n2:7T2/V0

n4:\/1—n%—n§—n§
upon which the electroweak symmetry is non-linearly realised
h—h , A—0ni,0e 0(4).

The lagrangian is

1 1 1
Lsm = 5 (0h) + 5(vo + h)? (97)° = ZA(H + 2uoh)*

LHEFT = %(8h)2 + %[VOF(h)]Z((‘)ﬁ)Z —V(h)+0 (8% .

[Canonically F(0) =1, V/(0) = 0]
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Do SMEFT and HEFT describe the same physics?

In other words, can we write SMEFT as HEFT, and HEFT as SMEFT?

Ultimately SMEFT <« HEFT is just a field redefinition

¢=f(h)ii(r);

(Eg. B
¢ = (vo+h)ii(n);

for SM <> H(EFT).)

Since when did physics care about a field redefinition?
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Geometric picture of scalar effective field theory
(Coleman, Wess, and Zumino 1969)
Field redefinitions that leave the S-matrix unchanged are real
analytic and invertible!

5"
¢=¢>[n]Zzénfn”~n+n2+773+---

so each field choice is a choice of coordinates on a real analytic
manifold.

On this real analytic manifold, lagrangian defines a metric and a
potential function

. . ) i5 j
L= 2()0600 ~ V(o) =3 ( O 5;‘;) oo — V(1)

We want the lagrangian to be analytic, so we can expand in a
series of local EFT operators

o 1
(Z A (L ¢k")a¢'8¢>ff(ZHV,kl...kn(O)qskl...qsk")

INOTE: No derivatives as working to fixed derivative order in £
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Geometric picture of SMEFT & HEFT

Cartesian vs. polar coordinates, see (Alonso, Jenkins, and Manohar 2016)

O(2) sym. axis

You are her

O(2) orbits
0(2) fixed point
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When is a HEFT not a SMEFT?

1) When it's a funnel (Alonso, Jenkins, and Manohar 2016)
0(2) sym. axis

Lerr = S (0044 [woF (W07~ V (h)

Require geodesic distance of closed O(2) orbits to be non-zero
everywhere

F(h) #0

then there's no fixed point about which to expand in SMEFT
coordinates.
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When is a HEFT not a SMEFT?

2) When it's a cone
1 1 .
Lrert = 5 (9h)*+5[wF (N]*(97)*=V (h)

(To avoid a singularity, it doesn’t suffice for
F(h), V(h) to be analytic in h, because the chart
is degenerate at the singularity. Cf. r in polar coor-

dinates. Diagnose singularity through curvature in-

variants.)

In coordinate invariant language, at the putative conical
singularity, R — oo and/or V2V — 00.2

?For any non-analyticity, 3n, (V?)"R — oo and/or (V?)"V — oo

In HEFT coordinates, if F(—v) = 0 for some v, then F”(—v) #0
and/or F'(—v) # vl,, and/or V/(—v) #0. Eg.
[V2v = BELZD — v MELY o6 5 V(—v) # 0]

—1
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Non-analyticities from integrating out massless particles
Look for discontinuities in the partition function

exp(iSef[psm]) = /D¢BSM exp(iS[psm, dasm])

when varying background of SM fields ¢gu.

Example: ‘heavy’ vector A, funnel
. | I
Lyy = —A, 09" — 5(/\//2 +Ag - §)AL ALK

1 1 = =
— . M
AL = 2 M2t =0u¢p - "¢

. J

©-

Example: ‘heavy’ scalar @, cone

1 =
Lyy = —§¢(82 + M2+ 2 P)®

Mz+/\(;,q;_3> 1 [8H (M2+/\5~¢7)]2

2 2 24 M2+ 2g- ¢

1 Lo
1672 AL = —Z(MQ +A¢-$)%In
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Amplitudes are covariant quantities

1 1 i i 1 1 n
L= § (Z mgfj,ky..knékl cee ¢kn) 8(25 a(ﬁ/ - (Z mv’klmkn(ﬁk s ¢k )

The partial derivatives gj; (,...k,) and Vi k, must combine in
amplitudes form coordinate invariant objects: covariant
derivatives of the Riemann curvature tensor and potential

= SRr;hhmjih...h + Vi(mimb...h)

11/16



Slngularlty causes factorial growth of amplitudes
f R diverges at fixed point, so does Taylor ex-

pansion about vacuum

R _
Zn: hh...h

As R = —2ghhg7ri7rj Rﬂ-ihhﬂ'j + gﬂiﬂ—jgwkﬂl R7T,-Trk7rj7r/r then

h N

n n|

i

| Rec; bt sh.. h|—> g,mr} and/or

|
|R7TI7Tk7TI7rj ih.. h| - — (gﬂ',ﬂ'/gﬂ'kﬂ', gﬂiﬂjgﬂkﬂ'/)

at our vacuum in the large n limit.

(Similarly if V2V = ghhV,, + g™i™i Vir;x; diverges at fixed point

n!
‘ V;7r,-7rjh...h| - Fgﬂ','ﬂ'j

in the large n limit.)
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...and an exponential growth in the inelastic cross section
(Chang and Luty 2019),(Falkowski and Rattazzi 2019)

I
e ny — n:
M(7TI7TJ —h ) = SRﬂ'ihh‘ﬂ'j;h...h+v;(7r,'ﬂ'jh~-h) |R‘rr,-hh71'j;h4.4h‘7 |V;7r,»1rjh...h| — Wgﬂ’,‘ﬂ’j

Reprising (very schematically) the argument of (Falkowski and
Rattazzi 2019)

d, n
12 3 M(mim; X 23 [ M(mim; > )
X n ’

n

n

~ Z mﬁ(s — nm%,) IR+ \/__\2

n

N Z,}. (M;V)Q)nﬁ(s — nm?) ~ exp (M)

leading to perturbative unitarity violation at s ~ (47v)>.

(Ultimately unitarised by the particle whose mass comes entirely from EWSB. E.g.

m? = AHJ2 < (4nv)2.) 13/16




Summary (1)

A geometric picture makes manifest the connection between scalar
field theory and its amplitudes, and the physical significance of
non-analyticities.

A custodially symmetric HEFT can be thought of as having a
singularity at the point on the scalar field manifold where
electroweak symmetry is restored, caused by massless BSM fields.

This begets

> \’/’—,', growth in amplitudes with n Higgses (v is geodesic
distance to singularity from our vacuum);

> perturbative unitarity violations s < (47v)? .
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Summary (2

XSMEFT

Singularity infinite distance away. From in-
tegrating out massless particles.

XSMEFT

Singularity finite distance away, HEFT
power counting and exponential growth of
amplitudes. From integrating out massless
particles.

~ SMEFT

Valid SMEFT expansion about fixed point,
does not converge at our vacuum. Imprac-
tical.

{4 (

v SMEFT

Valid SMEFT expansion converges at fixed
point and our vacuum. All BSM particles
get minority of mass from EWSB.
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