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The x-Framework

@ Ratios with respect to SM couplings:
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The x-Framework

@ Ratios with respect to SM couplings:

o — 8i
L=
giSM
[LHC Higgs Cross-Section WG '13]
@ The Gauge-Higgs sector:
_ 1 2h 1 m?
L= my (W;W ot EZMZ“) [1+HV7 +hav 5| = b

Precision (20) H 0Ky ‘ OKoy ‘ 0K
HL-LHC | 2.5% | 30% | 100%

[ATLAS 23, CMS '22]
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The x-Framework
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The x-Framework
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The x-Framework
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The x-Framework
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Collider Constraints on ks

@ Probe these couplings through WBF Higgs pair production.

[Figy et al '03, Figy et al '08, Dreyer et al '18, ATLAS, CMS ]
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Collider Constraints on ks

@ Probe these couplings through WBF Higgs pair production.

[Figy et al '03, Figy et al '08, Dreyer et al '18, ATLAS, CMS ]
@ The WBF signal region is extraordinarily stable and can be
constrained through statistics.
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Collider Constraints on ks

@ Probe these couplings through WBF Higgs pair production.

[Figy et al '03, Figy et al '08, Dreyer et al '18, ATLAS, CMS ]

@ The WBF signal region is extraordinarily stable and can be

constrained through statistics.
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Collider Constraints on ks

o pp — hhjj — bbbbjj/bbrtT"jj.

[ATLAS '15, '16, '18, '23, CMS '17, '22]
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Collider Constraints on ks

e pp — hhjj — bbbbjj/bbr*7"jj.
_ [ATLAS '15, '16, '18, '23, CMS '17, '22]
@ e"e” — hheTe /v.U. — bbbbeTe™ [v,r..

[Maltoni et al '18, Chacko et al '17, Vita et al '17]

[Maltoni et al '18]
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Collider Constraints on ks

o pp — hhjj — bbbbjj/bbrtT"jj.

[ATLAS '15, '16, '18, '23, CMS '17, '22]
e ete” — hhete /v, — bbbbete™ /v,
[Maltoni et al '18, Chacko et al '17, Vita et al '17]
@ Events were generated in Madgraph, showered in Pythia8.
Objects reconstructed using FastJet with b-tagging efficiency
70%, T-tagging efficiency 100%.

[Alwall '14, Bierlich '22, Cacciari '11]
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Collider Constraints on ks

o pp — hhjj — bbbbjj/bbrtT"jj.

[ATLAS '15, '16, '18, '23, CMS '17, '22]
e ete” — hhete /v, — bbbbete™ /v,
[Maltoni et al '18, Chacko et al '17, Vita et al '17]
@ Events were generated in Madgraph, showered in Pythia8.
Objects reconstructed using FastJet with b-tagging efficiency
70%, T-tagging efficiency 100%.

[Alwall '14, Bierlich '22, Cacciari '11]

@ Scan over ky and kpy through HELAS routines (fixed k) = 1).

[Murayama et al, '92]
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Collider Constraints on ks

o pp — hhjj — bbbbjj/bbrtT"jj.

[ATLAS '15, '16, '18, '23, CMS '17, '22]
e ete” — hhete /v, — bbbbete™ /v,
[Maltoni et al '18, Chacko et al '17, Vita et al '17]
@ Events were generated in Madgraph, showered in Pythia8.
Objects reconstructed using FastJet with b-tagging efficiency
70%, T-tagging efficiency 100%.

[Alwall '14, Bierlich '22, Cacciari '11]

@ Scan over ky and kpy through HELAS routines (fixed k) = 1).

[Murayama et al, '92]
@ Bins around reconstructed di-Higgs invariant mass (M) and
construct 2 statistics.
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Collider Constraints on ks

o pp — hhjj — bbbbjj/bbrtT"jj.

[ATLAS '15, '16, '18, '23, CMS '17, '22]
e ete” — hhete /v, — bbbbete™ /v,
[Maltoni et al '18, Chacko et al '17, Vita et al '17]
@ Events were generated in Madgraph, showered in Pythia8.
Objects reconstructed using FastJet with b-tagging efficiency
70%, T-tagging efficiency 100%.

[Alwall '14, Bierlich '22, Cacciari '11]

@ Scan over ky and kpy through HELAS routines (fixed k) = 1).

[Murayama et al, '92]
@ Bins around reconstructed di-Higgs invariant mass (M) and
construct 2 statistics.

X2(kv, kav) = (bsm(rv, kav) — biw) Vit (bhsw(kv, kav) — blyy)

_ 2 . 2 i j 2
° ij - 8stat.(SlJ + Erel.bSM b]SM + Esyst. .

Wrishik Naskar (University of Glasgow) SUSY 2023 July 17, 2023


https://arxiv.org/abs/1802.07616
https://arxiv.org/abs/1711.05300
https://arxiv.org/abs/1711.03978
https://arxiv.org/abs/1405.0301
https://arxiv.org/abs/2203.11601
https://arxiv.org/abs/1111.6097
https://inis.iaea.org/collection/NCLCollectionStore/_Public/23/088/23088283.pdf

Collider Constraints on ks
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@ xy limits from Single Higgs data. [ATLAS Collaboration '22]
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Collider Constraints on ks

3.0
ee-Collider (0.5 TeV, 1 ab™!)
2.5 ee-Collider (0.5 TeV, 5 ab™")
B LHC (13 TeV, 126 fb7)
2.04 BN ce-Collider (3 TeV, 1 ab™!)
BN HL-LHC (13 TeV, 3 ab™!)
1.54 B ce-Collider (3 TeV, 5 ab™!)
BN FCC-hh (100 TeV, 30 ab™t)
§ 1.0 —==- Ky bounds from LHC-data
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This serves as a motivation to check what signals the myriad of BSM
models have on the x parameter space!
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Scalar Extensions: Tree-Level

e Considering a generic EW scalar sector,
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Scalar Extensions: Tree-Level

e Considering a generic EW scalar sector,

L= |DOs* - V(D).

AeM
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Scalar Extensions: Tree-Level

@ Considering a generic EW scalar sector,

L= [D4* - V().

AeM

@ The charged current interactions:
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Scalar Extensions: Tree-Level

@ Considering a generic EW scalar sector,

L= DO - V(D).

AeM

@ The charged current interactions:

EDZ (0h)? — V(v, h)+ 28 2WHEW™ [Cyvivj + 2Cyvih; + Ciihihy]
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Scalar Extensions: Tree-Level

@ Considering a generic EW scalar sector,

L= DO - V(D).

AeM

@ The charged current interactions:

EDZ (0h)? — V(v, h)+ 28 2WHEW™ [Cyvivj + 2Cyvih; + Ciihihy]

C,'J'V,'I‘lj

(Gyvivy)?

NI

Ry = = (C,-jn,-nj) Cos|, |Ray = C,-jn,-nj .

-
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Scalar Extensions: Tree-Level

@ Considering a generic EW scalar sector,

L= DO - V(D).

AeM

@ The charged current interactions:

EDZ (0h)? — V(v, h)+ 28 2WHEW™ [Cyvivj + 2Cyvih; + Ciihihy]

C,'J'V,'I‘lj

(Gyvivy)?

NI

Ry = = (C,-jn,-nj) Cos|, |Ray = C,-jn,-nj .

-

@ Therefore, | Koy > l{%/ , equal in the alignment limit.
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Scalar Extensions: Tree Level

2.00

1.75 1

=== Real-Singlet Scalar
2 Higgs Doublet Models

K = Koy
Georgi-Machacek Model
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Comments on k)

e k) is enhanced in alignment + decoupling limit
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Comments on k)

e k) is enhanced in alignment + decoupling limit

e In the presence of cubic interactions, k) is a free
parameter.
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Comments on k)

e k) is enhanced in alignment + decoupling limit

e In the presence of cubic interactions, k) is a free
parameter.

o In their absence, if ¢, is a small angle denoting mixing
into non-SM Higgses, masses m2, looking at the
decoupling limit:

ky ~1 — O(€?)
Koy =1 — O(€?)
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Scalar Extensions: Loop Level

2
L =[DOsf> — m2|da|* — 2)|04)? (cb*cb — %) .
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Scalar Extensions: Loop Level

2
L =[DOsf> — m2|da|* — 2)|04)? (cb*cb — %) .

)\2‘/2
T e
A2y2
~1-D—ur—
fav 4872
A2v2 2
~1+D—k———.
A + 127r2m(2p mf,

(D = Number of real dofs)
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Scalar Extensions: Loop Level

L=[DOuP — m2[da —2M[0a (0T0 — =

2

2

A2v2
~1
" 9672 m?
A2y2
~1-—
v 4872 m2
)\2 2 A 2
Ky~ 14D AV AV
127r2m% m?

(D = Number of real dofs)
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=== HL-LHC bounds on k
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Scalar Extensions:

A2y2
~1-D- 227 _
" 9672m2,
A2y2
~1-D- 227 _
Fav 487r2m§20
A2y2 22
~14+D—r—rn—.
oA + 127r2m3, m?

(D = Number of real dofs)

@ Wavefunction normalisation corrections kpy = KY,.
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Scalar Extensions:

A2y2
~1-D- 227 _
" 9672m2,
A2y2
~1-D- 227 _
Fav 487r2m§20
A2y2 22
~14+D—r—rn—.
oA + 127r2m3, m?

(D = Number of real dofs)

@ Wavefunction normalisation corrections kpy = KY,.

Loop Level

=== HL-LHC bounds on ky
Virtual Singlet

1.50 1
1.251

£ 1.004

0.50 7

0.00
1.00

1.02

108 110 112 114

Ray

104 1.06

2

@ £y enhanced in the non-decoupling limit Av? ~ mi, > m,27.
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Composite Higgs Models [Agash et a4, Contino et a1 07

e MCHM4/5

/43\/:\/1—6

Koy = 1—2¢

Ky =1/1—& (MCHM4)
1-—2¢

R) =
Vi—¢

(E=%, 6 ¢,

sin — sinh for hyperbolic)

(MCHMS5)
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Composite Higgs Models [Agash et a4, Contino et a1 07

e MCHM4/5

/43\/:\/1—6

Koy = 1—2¢

Ky =1/1—& (MCHM4)
1-—2¢

R) =
Vi—¢

(E=%, 6 ¢,

sin — sinh for hyperbolic)

(MCHMS5)

@ All custodial G/H models with compact G have

1 — K3, K2 — Koy > 0.
[Alonso, West "21]
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Composite Higgs Models [Agash et a4, Contino et a1 07

P MCHM4/5 — MCHM4/5
2.54 = Hyperbolic Composite Higgs
’ sinz deformation
sinh 2 deformation
ky =\1—-¢& 207 o su
Roy = 1-— 2§ 151
3 104
Ky =1/1—& (MCHM4) 054
1- 25 0.0
Ky = ———= (MCHMB5)
1- 5 —0.5
2 —1.0 T T T T T T T
({ = %, £ — =€, 0.00 025 050 075 1.00 125 150 1.75 2.00

sin — sinh for hyperbolic) "
@ All custodial G/H models with compact G have

1 — K3, K2 — Koy > 0.
[Alonso, West "21]
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Composite Higgs-Dilaton Mixing

2f2
L= wiw- <

X

(x)

2
h

-2 -
>sm (f

)= (35) e (7).

[Brugisser et al '22, Goldberger et al '07]
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Composite Higgs-Dilaton Mixing

e () o (1) (i) ()

[Brugisser et al '22, Goldberger et al '07]

oy ~RMCM \/—
Koy NI{Q/'VCHM% —2/C(1 = &)s2

Ky AR MMEE — 4c2s,\/C

(&= ‘;—Zg = /;;\ ¢— h—x mixing angle)
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Composite Higgs-Dilaton Mixing

e (et (2)- () o )

[Brugisser et al '22, Goldberger et al '07]

175
MCHM 1.50
Ry =Ky - 5¢\/Z 125 )
Koy NKJQAVCHM 2 -9 C(l _ 5)52¢ 51.00 .
0.75 :
MCHM 3
R\ NKA 4C¢5¢>\/_ 0.50
0.25 Higgs-Dilaton Models
2 2 ° S
€= ‘FTQ = ,/;z\v ¢— h—x mixing angle) 0.00 =

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 14
Ky
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Real-Singlet Scalar

2 Higgs Doublet Models

Minimal Composite Higgs Models
Hyperbolic Composite Higgs Models
K} = Koy

Georgi-Machacek Model
Higgs-Dilaton Models

HL-LHC Constraints (3 ab™?!)
CLIC (3 TeV) Constraints (5 ab™!)
FCC-hh Constraints (30 ab™1)
Current ky bounds from LHC-data
Projected £y bounds at HL-LHC
SM
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Summary and Conclusions

e We have constrained the Ky — Koy parameter space
through WBF-hh production across a myriad of
collider searches.
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through WBF-hh production across a myriad of
collider searches.

e Motivated phenomenologically important BSM
searches to populate the parameter space.
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Summary and Conclusions

e We have constrained the Ky — Koy parameter space
through WBF-hh production across a myriad of
collider searches.

e Motivated phenomenologically important BSM
searches to populate the parameter space.

e k) serves as an independent test, particularly for
renormalisable scalar extensions (significant
enhancement).
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Thank You

Questions?
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Beyond Tree-level: RG Evolution of ks

@ Linearising ks about the SM point (ky = Koy = k) = 1):
5/6\/ :/{?}:F -1 s
0Koy =Koy — (H?;F)Z,

(Sli)\ :Iiifr —1.
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Beyond Tree-level: RG Evolution of ks

@ Linearising ks about the SM point (ky = Koy = k) = 1)

0Ky :meff 1,

eff\2
0Ky =Koy — (/fv) )
Skiy =KST — 1.

@ The RGE equations (upto O(dx?) corrections):

d 2 3 2 + 2 3m 2
167° ——— 3Ky =dky (2':; - W + Koy VW

m2 3m? 40m?
5Kay =8 - 5K —h_ W
2V =Okv ( v2 ) + oy < 22 3v2
27Tm2  9(m? 2 2m? 15
(— Th _ (mW+mZ)>+5Kv< n;h>+5m\(2\';h>

2v2 2v2
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