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OUTLINE

Viable non-decoupling new physics can make the scalar
sector differ significantly from SM.

We consider WW — hh at future colliders and the pattern
of NP effects in wy : Koy : Ky

1 2h
ZHZ'LL) |:1 + Ky 7 + Koy

h? m?
_ 2 + - h 3
ﬁ_mW(W"W#+2c§V vz}_ Kxh

2v

(Note custodial symmetry xy = s etc.)

20 precision(ish) H dKy \ SKoy \ OK
HULHC | 2.5% | 30% | 100%




AN INVITATION TO NON-DECOUPLING
NEW PHYSICS



THE SM IS AN EXPANSION IN FIELD SPACE

haviour at this unexplored
point.

Plot two components of
the Higgs field, ¢4, ¢,.

SM presumes certain be-

[ We live here.)

D= 35 r~
. + By ohe [0
v T E Yk R

A T

‘Electroweak symmetry\
\is broken.

J

U ——) .
Standard Model Lagrangian ['S restored.

Electroweak symmetry}

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 + ﬁ\CD\Z\DCD\z + ﬁ@mmﬁ +...

haviour at this unexplored
point.

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

SMEFT presumes certain be-

q--h

‘ + (EDY +he e

Tk ‘59}‘59’«&1 -

+ ~ 2500 more

SMEFT Lagrangian 4



DECOUPLING NP GIVES SMALL EFFECTS EVERYWHERE

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

1 1
L~ DO + ﬁ\CD\Z\DCD\z + ﬁ@mmﬁ +...

haviour at this unexplored
point <

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

SMEFT presumes certain be-

T

Angle from lengths of the
pole and its shadow:

5000
stadia

Syene;,

SMEFT Lagrangian 5



DECOUPLING NP (SMEFT) CORRELATES HIGGS OBS.

1 1
L ~|DOf" + [OF|DO" + 0D + ..

As can be seen in the broken phase

L. SNV B
/:—>492W W {(v+h) +2A2(v+h) +4/\4(V+h) +...

2
%%g%W*W* G <1 AN )

2N2 T LAA
v o3V
2 n
2 % 1BV
+h (1+3A2+4A4+...>+...]

2

Note my — 0 when v — 0 and correlation (kv ~ roy = 13).



WHEN IS SMEFT NOT ENOUGH?

(Cohen, Craig, Lu, and Sutherland 2021)

Sy

-

Like a Laurent expansion Like a non-convergent expansion
o0 ‘(D‘zh oo ‘ ‘?We
L= 3 G IDOf L=3 kD)
k=R in <0 k=0

in<\®

1) When electroweak symmetry 2) When new physics effects are
is broken as v — 0: there are large when v — 0: there are
extra sources of electroweak new particles that get most of
symmetry breaking their mass from the Higgs.

Both HEFTy cases have particles mass m < 4xv.




VIABLE NON-DECOUPLING MODELS

[See Tim's talk yesterday!]

Use HEFT when fraction of mass(-squared) from Higgs:

.
fmax > 5
Study scalars and fermions in various electroweak irreps,

with approximate Z, symmetry. Consider

© Ky Kg

- perturbative unitarity constraints on coupling to Higgs

- Higgs decay

- Direct searches (charged components decay promptly
via the least detectable lowest dimension operator)



WHITE SPACE MEANS EXPERIMENTALLY VIABLE

(Banta, Cohen, Craig, Lu, and Sutherland

Neutral singlet

Charged singlet (Q = 1)
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Disallowed regions in
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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
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\ 08
06
finax
\ 04
02
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Mass [GeV] Mass [GeV]
Hypercharge 1/2 Doublet Charge 2/3 Color Triplet
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06
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Mass [GeV]

Hypercharge 0 Triplet
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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

first-order

strongly

phase transition

Red, solid

lower bound for
stochastic grav-
itational wave

background @ LISA

..a necessary condition for electroweak baryogenesis.




ww — hh




VBF di-Higgs production sensitive to sy, kv, K

Helicity amps when s > mg, (Contino, Grojean, Moretti,
Piccinini, and Rattazzi 2010)

1
.A(++ — hh) :EQZ("{ZV — /{%/)

1
A(+= = hh) == g’}

S 2 1 2052 mp 2
A(LL — hh) :ﬁ(ﬁz\/ — HV) + Eg (2/{\/ — ,‘62\/) + ?(:ﬂi\/lﬁ; — Zfiv)

+1 5 5 s N s
P R T S
2g v u—mi  t—mj -



ANALYSIS

Mild NLO corrections to production

W NLO Uncertainty (i € [0.5,2]Q) W NLO Uncertainty (i € [0.5,2]Q)
I LO Uncertainty (1 € [0.5,2]Q) [ LO Uncertainty (u € [0.5,2]Q)
— LO (1= Q) 10 - LO (u=Q)
10!
£ £
) )
102 FCC-hh
10° mj; 2 800 GeV m;; > 800 GeV.
-10  -05 00 05 10 L5 20 —10 05 00 05 1.0 L5 20
Kay Kay
1.00 100 T oomm=mmm e
< 0,95{ ________________________ ‘ < 0.95{ T 1
0.90 0.90
- -05 00 05 1.0 L5 20 - 05 00 05 1.0 L5 20
Koy Ray

From pp — bbbbjj, bbrrjj or ee — bbbbee, bbbbvwv.
Binned analysis in mpp.

(70% b-tagging/100% 7-tagging eff. Syst. uncertainty ~ 50%)
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CAN FUTURE COLLIDERS DO BETTER WITH K5,?

3.0
ee-Collider (0.5 TeV, 1 ab™1)
2.5 ee-Collider (0.5 TeV, 5 ab™!)
B LHC (13 TeV, 126 fb')
2.0 BN ce-Collider (3 TeV, 1 ab™!)
W HL-LHC (13 TeV, 3 ab™!)
1.5 B ce-Collider (3 TeV, 5 ab™!)
B FCC-hh (100 TeV, 30 ab~!)
,5 1.0 -==ky bounds from LHC-data
=== xy bounds at HL-LHC
. Prodict
05 SM-Prediction
0.0
—0.5
~1.0 —t v o - 2 - -
0.85 0.90 0.95 1.00 1.05 1.10 1.15
Rv

Koy = [0.95,1.1] 95% CL FCC-hh. k) = 1 above. Current sy
limit from (rad et al. 2022)
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POPULATING Ky, Koy, k) SPACE




EXTENDED SCALAR SECTORS, TREE-LEVEL

1 1 1 _
L= Z i(ah,)z — iMizjhihj —+ ZQZW+W [C,‘jV;Vj + 2C,‘jV,'hj -+ C,‘jh,‘hj}

i

2.00 p
L7 e
~ 1.50 e
C,‘ j vin j -
Ry = ——, 125 i
(C,’jV,‘Vj) 51001
~n 0.75
Koy = Cjhin;.
0.50 P ode
~ ~ 0.25 Georgi-Machacek Model
where M2f; = mif;. .
0.00
0 0.7 0.8 0.9 1.0 1.1 1.2 1.3 14
Ky

Note roy > ki, always. kyy = ki in alignment limit A; oc v;.

Koy enhancement with triplets. Direct searches: (Ismail, Logan, and

Wu )
16



Kx ENHANCED IN ALIGNMENT + DECOUPLING LIMIT

In the presence of cubic interactions between multiplets,
Ky free.

In their absence, if ¢, is a small angle denoting mixing
into non-SM Higgses, masses m2:

Ky =1 — O(€?)
Koy &1 — O(€%)
mZ 1
~ 2
Ky ~1 —2260 <m—% _Z> :

a

17



EXTENDED SCALAR SECTORS, LOOP-LEVEL

2
L = Dy — m|dal* — 2X| 4] (CDTCD —~ V2> :

2.00
=== HL-LHC bounds on ky
)\2 Vz 1.75 Virtual Singlet
S T
@
1.254
: b )\2\/2 )
Ry~ | —U—-— £ 1.001
48m2m2
¥ 0.75 1
14 AV2 v 050
Ky =~ - . :
2m?2 2
2 mg, my 0.25 ]

0.00 T T T T T T T
100  1.02 1.04 1.06 1.08 110 112 1.14

Ray

Wavefunction normalisation corrections kyy = 2.

(D = #real d.ofs)

K enhanced in the non-decoupling limit Av* ~ mZ > m.

A9V contributions to h2W2,, operator aka A(++ — hh).)

167w2m2, pv

(Note order



COMPOSITE HIGGS

MCHM5
Ry = 71— f
15
Koy =1—2¢ 310
1— 25 0.5
R = 0.0
/1 —
g 0.5
({ = 7, £ — 75 for hyper’boﬁc) 71%00 025 050 075 1.00 125 150 175 2.0

All custodial G/H models with compact G have
1 — k&, k% — Koy > 0. (Alonso, Jenkins, and Manohar 2016)
ky could be enhanced (Durieux, McCullough, and Salvioni 2022)

All decoupling physics (SMEFT) follows the blue/green line
(Alonso and West 2022)
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COMPLETING THE CIRCUIT: CH-DILATON MIXING
g@fz+<x>2-2<h> <X>4 <h>
L= - (X ) (A v ).
4 o) AT o) MMF

(Bruggisser, Harling, Matsedonskyi, and Servant )

2.00

Ky NHvCHMC(ﬁ _ S¢\/ ;1.25
Koy ~K}2V 4S¢C¢\/ 1 — 075

Ky M —4cds, NG

a
0.25 Higgs-Dilaton Models
a

® SM
2 . 2 L 0.00 - - -
(5 =5(= oo ¢ h—-x |mxmg) 06 07 08 09 10 L1 12 13 14
J \ X/ Ky
(0<e<)
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THE RESULT

2.00
== Real-Singlet Scalar
w2 Higgs Doublet Models
1.75 1 == Minimal Composite Higgs Models
Hyperbolic Composite Higgs Models
1501 T
Higgs-Dilaton Models
1.25 W HL-LHC Constraints (3 ab™1)
BN CLIC (3 TeV) Constraints (5 ab™!)
= B FCC-hh Constraints (30 ab~)
2'1.00
Current y bounds from LHC-data
—— Projected xy bounds at HL-LHC
0.75 ® SM
0.50 4
0.251
0.00 i P |
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 14

Ry

To get an interesting signal in x,, before k,, require

significant mixing with < 1TeV states.
21



k) 1S KING?

Non-decoupling NP has a finite parameter space. At HL-LHC, kg4
rules out coloured particles, k, makes inroads, k) approaches

unitarity bound.

Charged singlet

Inert doublet

: 25‘7
L% 3

50%

1.0y
1
09k 5%
i
0.8F5
w15 25%
otty 10%

06E! 50%

3

0.5 5= -
200 400 600 800 1000

Mass [GeV]

200 400 600 800 1000

Mass [GeV]

10

0.8

‘max
0.7

*> 50%

EW triplet

§ 956,
%w%

St
200 400 600 800 1000

Mass [GeV]

K~ OF Kg

Blue, solid:
perturb. unitarity Ape

Higgs cubic

Purple, dot-dash:
Direct search

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

22



SUMMARY

The world is SM-like at v = 246 GeV, may be wildly
differentat v = 0.

8Ky ~ 10% at FCC-hh, 100 TeV, 30ab~', but x, often more
interesting from BSM perspective.

[FCC measures up to here.]

A
@ﬁ

LHC measures here.

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

23
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HEFTY MODELS POORLY FIT BY DIMENSION 6 SMEFT

HC HwH

HL-LHC could probe the correla- i }{
:jP—-*

tions of a single SMEFT operator
across different Higgs multiplici-
ties. (Henning, Lombardo, Riembau, and

Kzy | Oww

Riva 2019) wo | Quwl

X

These correlations may be broken. = | o }

Z 00| & 0 L 0] R
-5 /
-0.2| -1
-1
sold, dashed:
—04 1
0.1 0.3 1 3 10 01 03 1 3 10 2 1 0 1 2

) 8 ) ) Ky
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HEFTY PHYSICS BREAKS CORRELATIONS

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

i 2
m, ¢y m

£ = Loy — 03 113 64 h 4 Z Cn 712 [
2v ‘802 ol

+6A—‘hz Z,l+()m niy MWHW, +oﬂ—h Z"Z, +(5W2 h PWHEW,

Conm’ Cwn 2m}
+Z{7m Zh"Z“Z 4 G Wn w

v un

,"W“*W;} +

n=3

_ Con T
- 6“’"’htt - Z i T iy

n! vn
n=2
Process o Process J”
hZt = hz? [40v1 — 28v2 + Leva) Tt — 70
2z — 7 — B8y, — 2v; + devs o 2ty
RW = Z2W —L[46v1 — 2002 + Levs] Zh > iyt
7 >
127 = ZWAW= | =8 — 20vs + e ud
R S W s — 2502 + el r 2
N 1 by — s+ L
h [46v1 v+ 50vs) Fatn— 22
hZW* — hZ W 3681 — 138vs + 2¢v] 2ot
BWHW* = RWHW* | (3661 — 133y2 + 204) P
AWV = RV —[288y1 — 985 + cvs) trh =+ 1,72 %
v
hZ? — hWHW— —V2[320v1 — 110va + Sevy) tnZ L Zh -+
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HEFTY MODELS PRODUCE A STRONGLY FIRST ORDER EWPT

(Banta 2022)

Neutral Singlet Charged Singlet Hypercharge 0 Triplet
10 10 e
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perturb. unitarity

Green, dashed:

strongly first-order phase
transition
Red, solid
lower bound for stochas-

tic gravitational wave back-
ground @ LISA

Mass [GeV]
Tp dv, 274
a = (A\/eﬁ_lAieﬁ> 9xm Iy R
4 a7 30
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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:
0.9k ] 0.9k :
Direct search
0.8F 1 0.8}
fmax fmax Ber, solid:
o-7¢ 1 0-7¢ perturb. unitarity
0.6F 1 0.6} .
5 [ — 0.5 b EW precision test (S)
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Purple, dot-dash:
Heavy Mass [GeV] Heavy Mass [GeV] .
Direct search

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