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A CHOICE OF TWO EFTS FOR THE STANDARD MODEL (SM)
Heavy new physics looks like new >1< X
contact interactions.

Encode the contact interactions as EFT operators, either:
- SMEFT: built out of the Higgs doublet o, ...
K~ [OQPdR; Ky ~ [ODD); Ky~ |B]°.

- HEFT: built separately out of the Higgs h and
Goldstones 7, ...

Kf ~ h]_chR; Ky ~hortor—; Ky~ h°.



THE SM IS AN EXPANSION IN FIELD SPACE

Plot two components of . .
[ P J haviour at this unexplored

the Higgs field, ¢1, ¢».

SM presumes certain be-

point.
/ —(We live here.)
s ~ (7)2 \. J
] ol
- =R v
. + (EDY rhe [

; T Yy bk .
W Reve Electroweak symmetry
: \is broken. )

U SS T ')
Standard Model Lagrangian

— Electroweak symmetry
is restored.

We observe that Higgs physics is SM-like at our vacuum.
We assume it is SM-like at the EW symmetric vacuum.



DECOUPLING NP GIVES SMALL EFFECTS EVERYWHERE

SMEFT is a Taylor expansion in ¢ about ¢ = 0.

1 1
L~ Do + ﬁm?\m‘? 1 ﬁ@mmﬁ +...

haviour at this unexplored
point.

Plot two components of
the Higgs field, ¢1, ¢».

SMEFT presumes certain be-

(e live here.)

+ (LD +he R
T ‘6(5,“3?’4\4 -

+ ~ 2500 more

SMEFT Lagrangian



DECOUPLING NP (SMEFT) CORRELATES HIGGS OBS.

1 1
L ~|Do|* + ﬁ|¢|2|D¢|2 + ﬁ|¢|‘*|Dq>|2 +..

As can be seen in the broken phase

T 2wn S IPVVENES I
£—>492W W {(v—i—h) +2A2(v+h) +4/\4(V+h) +...

] 2W*V\/*[v2 A
492 oz s T

v 3V
2vh [ 14+ — 4+ —— + ...
+v(+/\2+4/\4+ >

2
2 (143 BV
+h <1+3A2+ 4A4+...>+...]

. 2
Note my — 0 when v — 0 and correlation (ky &~ roy = 53).



WHEN IS SMEFT NOT ENOUGH?

(Cohen, Craig, Lu, and Sutherland 2021)

Sym. axis

Like a Laurent expansion Like a non-convergent expansion
= e
L= > ¢ L= Z c,

k=k <0
nin <

1) Extra sources of electroweak 2) New particles getting most of
symmetry breaking their mass from the Higgs.

Both HEFTy cases have particles mass m < 4xv.




LOOP LEVEL SINGLET EXAMPLE

Luyv —|0¢‘ + = (65)

1 1
— | 13|02+ Xo |0 + (m + K |®| )52+Z)\55‘*
%/_/

=m?(|o[*)

Choose m?, k > 0 so S does not get a vev
2

1 K 2
— ¢2 A (D2
Lo =001+ 31 mz(mz)(a' "

1 2 3
2 2 4 4 2 I

®° — Mg |® m*(|® In —/—— + =
+ 1|17 = Ao @7 + s m (] )(”m2(¢|2)+2>



EFT CONVERGENCE

Expand Higgs potential, V, in SMEFT and HEFT

s r=>5 L r=>5
. )
HEFTH HEFTHE
m? 1.0 --8-4-a-a-a-a-a-g . 1.0f--B-m-g-w-a-a-a-d
r= ] 3 dey dey
5 RV
0
) ) 2 ) ) 0.5 0.5
m*(|®[) =m" + k[P
0.0™ 0.0™=
4 6 8 10 2 4 6 8 10
F Fomax
Im h 15 r=2 L5 r=2
Pole of V HEFTE . HEFTH
r HEFT 1 ey L0 - - - - Sey 1O
2m? \ 2
( ™ 0.5 0.5
Re h 0.0= 0.0t
4 6 8 10 2 4 6 8 10
—Vo Funn Fana



VIABLE NON-DECOUPLING MODELS

‘Loryons’ get most of their mass from the Higgs

v/W/Z/g Wv<

gauge bosons

Interactions:

Signals:

v/9
h -

v/9

Higgs couplings pair production




WHITE SPACE MEANS EXPERIMENTALLY VIABLE

finax
[

Fina
o7

(Banta, Cohen, Craig, Lu, and Sutherland )

Neutral singlet Charged singlet (Q = 1) Inert doublet
1.0 1.0 i1 T 1.0ps
| A :
0.9 09F & 0.9F8
iy ! !
iy ?
0.8 o0.sfl: 1 0.8 i
frnax 1 ' finax :
0.7 0THE Si 0.7HE
=4 t
0.6 0.6 !; G 0.6F8
t & :
05 0.58 3 st
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Mass [GeV] Mass [GeV] Mass [GeV]
EW triplet Colour triplet (Q = — 1) Colour triplet (Q = 2)
1.0 1.0
0.9 " 0.9
; ]
05f ' 0sh 1
Jimax B o Jumax 2 —
ot oS!
0! @i
=i =i
a; -y a:
i ! nt 6= |4
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Mass [GeV] Mass [GeV] Mass [GeV]

Disallowed regions in
colour:

K~ OF Kg

Blue, solid:
perturb. unitarity Ape

Higgs decay

Purple, dot-dash:
Direct search

Plots: fraction of mass squared from Higgs (fmax) vs. total mass.



THESE MODELS PRODUCE A STRONGLY FIRST ORDER EWPT

08

06

04

08

06

04

(Banta )

Neutral Singlet

Charged Singlet

200 400 600 800 1000 1200
Mass [GeV]

Hypercharge 1/2 Doublet

200 400 600 800 1000 1200
Mass [GeV]

Charge 2/3 Color Triplet

200 400 600 800 1000 1200
Mass [GeV]

200 400 600 800 1000 1200
Mass [GeV]

Hypercharge 0 Triplet

200 400 600 800 1000 1200
Mass [GeV]

Charge -1/3 Color Triplet

200 400 600 800 1000 1200
Mass [GeV]

K~ OF Kg expt. con-
straints

Blue, solid:
perturb. unitarity

strongly  first-order
phase transition

Red, solid

lower bound for
stochastic grav-
itational wave

background @ LISA

..a necessary condition for electroweak baryogenesis.




THE FUTURE: HADRONIC

At HL-LHC, kg rules out coloured particles, x, makes inroads,
k) approaches unitarity bound.

Charged singlet Inert doublet EW triplet
1.0 ; L0pr 10 - Ky OF Kg

o T N
0ol 5& 0ski 5% 09 ; 3% Blue, solid:
O8FL 0853 087 turb. unitarity A

o [ 25% Fone { o 25% Fone 950 per ho
0.7F ﬂ()% 07 10% 0.7 ﬂ()%
50% 0.6 " 50% 0.6 ;;;>i 50% ) bi
| S b i Higgs cubic
200 400 600 800 1000 08 200 400 600 800 1000 08 200 400 600 800 1000
Mass [GeV] Mass [GeV] Mass [GeV] Purple, dot-dash:

Direct search

Nightmare scenario of neutral scalar singlet remains open.
kx ~ 5% measurement of FCC-hh closes off everything.

1



THE FUTURE: LEPTONIC

(Crawford and Sutherland )
Neutral Singlet
]-.Oj‘ T L L B A B
0.8f I
| Ot
0.6¢ Wavefunction

renormalisation

o
i~
—
I

Fraction of mass from Higgs

Unitarity | N2
0.2] First order PT L(S,qh = m# (%)
--- FCC-ee ]
0‘0’\_“ LISA Ll P |

0 200 400 600 800 1000 1200
Mass [GeV}



SUMMARY

Nature is SM-like at v = 246 GeV, but may be wildly
different at v =0, due to non-decoupling physics.

Gives generic signals in k, and k)

[Future colliders measure up to here.j

Non-decoupling NP is a finite
! target space for future colliders

\ LHC measures here. |
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HEFTY MODELS POORLY FIT BY DIMENSION 6 SMEFT

HL-LHC could probe the correla- e M
tions of a single SMEFT operator
across different Higgs multiplici- | z}--‘f
ties. (Henning, Lombardo, Riembau, and

Riva 2019) o | G ﬁf
v | O

These correlations may be broken. = | o. :’3’

X
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+<)41—I7Z“Z +5w1

=5

ol 2
CZn MY 0 f‘u
+y {m vnhZ Z,+
3

< M, - Ctn Mt
— 0y —htt — /”ff + -
n Z g

n=2

Process X oo
W72 = hZ? [48y1 — 20v3 + Sova)
Wz — 73 —B4dy, — 2vs + Levs

WWE = Z2WH
WZ = ZWHW
WAWH 5 W
hZWt — hZWH
AWV — pW
hWHW= — hW W=
hZ* — hWWHW =

—V/2[320v1 — 116v2 + devs

—3[40y1 = 28v5 + jevsl
—ﬁ[-u&m — 20ya + fovs)
—[40v1 — 20v2 + jevs
[360y1 — 13dv2 + 2cve]
[368y1 — 130y5 + 2cvs]
—[288v1 = 9dv2 + cvs]

2
. My,

nlgn—2

2m?

pn

n

i hWHW + 622

HEFTY PHYSICS BREAKS CORRELATIONS

(Abu-Ajamieh, Chang, Chen, and Luty 2020)

ZhZZ“Z + JM

A" W“*W,f} +

W h‘zwqwuh

Process
fptg — Zh?

B = Zigty i
Zh — higty ,\/%
o7 = toh? &
[ =
Inte = 7%h —VC
2 ih -V%
Zh =t Z —yEE
trh — 1,27 ’fﬁ
trZ = t17h -4
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HEFTY MODELS PRODUCE A STRONGLY FIRST ORDER EWPT

(Banta 2022)

Neutral Singlet Charged Singlet Hypercharge 0 Triplet
10 -
o° Orange, dotted:
Fume %8 o % K~ OF kg expt. constraints
o4 r Blue, solid:
02 ] o2f ) perturb. unitarity
700 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 500 1000 1200 )
Mass [Gev] Mass [GeV Mass [Gev] Green, dashed:
Hypercharge 1/2 Doublet Charge 2/3 Color Triplet Charge -1/3 Color Triplet stron.glvy first-order phase
10 o transition
o8 Red, solid
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o0n tic gravitational wave back-
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2
S3 Tn « dVes 9x7’Ty
= x40 a= (AVef — —A—— —
T 4 drT 30
Vo dss Sy
=21 B/Hx = —| — —.
Tn dT lr, Ta
Tp > 10 Gev log(B/Hx) < 1.2log o + 8.8




HEFTY (CUSTODIALLY SYMMETRIC) FERMIONS

(Banta, Cohen, Craig, Lu, and Sutherland )

LH doublet + RH doublet LH doublets + RH triplet  Disallowed regions in
1.0 T T T T T T

1.0 colour:
0.9F 1 0.9F :
Direct search
0.8F ] 0.8
,fmax ,fmax Blue, solid:
o.7¢ 1 0-7¢ perturb. unitarity
0.6F ] 0.6F .
- (.5 PSP EW precision test (S)
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
H N [G V} ° N [G V] Purple, dot-dash:
eavy Mass e eavy Mass e .
y ¥ Direct search

Plots: fraction of mass from Higgs (fimax) vs. total mass.
Assuming no mass splitting among components of multiplet
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