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            problem:  

                          expect solutions to arise close to TeV scale 
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The Hierarchy Problem of the SM
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1) Higgs no relevant degree of freedom above some TeV (Composite Higgs) 

2) Higgs couples to BSM top partner (SUSY, Little Higgs, Twin Higgs) 
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And indeed, there are approaches...
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   Twin Higgs:    is SM singlet            motto: exploit coupling to Higgs           

    .1) Higgs self-energy in  

2) Di-Higgs production 

3) direct production of    -pairs in off-shell Higgs decays (VBF) 
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How to probe a Twin Top at Colliders?
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1) Higgs self-energy
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•main modifications in the tail 

•larger for smaller fermion masses   

•relative deviations small:  

1

O(0.5)%
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1) Higgs self-energy
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�
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dŝ
B0(ŝ,m
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i⌃(ŝ) =
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2) Di-Higgs production
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3) Off-shell Higgs decays (VBF)

•VBF signature: jets in forward direction 

•search for missing transverse energy 

•but: 2 sources of suppression 

   1) Higgs propagator scales as  

   2) phase space suppression 
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Results 

Konstantin Schmid, University of Padova, 29/02/2024
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Backup
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Event Cuts 4-lepton analysis at the LHC
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Event Cut Description

140 GeV < m4¸ < 600 GeV four-lepton invariant mass
|÷¸| < 2.5 pseudorapidity range for the leptons

pT,¸1 > 20 GeV highest lepton transverse momentum
pT,¸2 > 15 GeV second highest lepton transverse momentum
pT,¸3 > 10 GeV third highest lepton transverse momentum
pT,¸4 > 6 GeV fourth highest lepton transverse momentum

50 GeV < m12 < 106 GeV invariant mass of the leading lepton pair
50 GeV < m34 < 115 GeV invariant mass of the subleading lepton pair

Konstantin Schmid, University of Padova, 29/02/2024



QCD-improved spectra 4-lepton analysis
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•estimate higher-order QCD effects using    -factors defined as ratio of fiducial 

cross section to certain order in QCD to LO QCD prediction 

•numerical values: 

•QCD-improved spectra: 
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ŝ�m2

h

�
�Zh � �m2

h (1)

MFHPM
gg!h⇤!ZZ = (1�� )MSM

gg!h⇤!ZZ (2)

� =
Nc2 v

2
EW

8⇡2f2
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Matrix-element based discriminant
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B0(ŝ,m

2

 ,m
2

 )�B0(m
2

h,m
2

 ,m
2

 )
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 �m
2

h)
d

dŝ
B0(ŝ,m

2

 ,m
2

 )

����
ŝ=m2
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�

SU(N)
c ! �c 

c = 2, f = 3vEW,m = 100GeV

DS = log
10

✓
Ph

Pgg + c · Pqq̄

◆
. (3)

Ph, Pgg, Pqq̄

gg ! h
⇤ ! ZZ, gg ! ZZ, qq̄ ! ZZ

1

1

c = 0.1
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•Poisson distribution to construct likelihood and profile-likelihood ratio 

•Asimov data set: counts in bin correspond to expectation value 

•Asimov approximation for significance including background uncertainty: 

•condition:                       with CL = 95% 

1

LMHPM = ˆµ„ ˆ
µ
„

ú ≠ µ
2

„|„|2 ≠ ⁄„|„|2|H|2, (1)

LDHPM ∏ cd

f 2
ˆµ|„|2ˆµ|H|2 (2)

‡tot =
⁄

1

0

dx1

⁄
1

0

dx2

ÿ

i,j

fi(x1, µ) fj(x2, µ) ‡̂ij(x1x2s, µ). (3)

Event Cut Description

140 GeV < m4¸ < 600 GeV four-lepton invariant mass
|÷¸| < 2.5 pseudorapidity range for the leptons

pT,¸1 > 20 GeV highest lepton transverse momentum
pT,¸2 > 15 GeV second highest lepton transverse momentum
pT,¸3 > 10 GeV third highest lepton transverse momentum
pT,¸4 > 6 GeV fourth highest lepton transverse momentum

50 GeV < m12 < 106 GeV invariant mass of the leading lepton pair
50 GeV < m34 < 115 GeV invariant mass of the subleading lepton pair

Zi =
ı̂ıÙ2

A

(si + bi) ln
C

(si + bi)(bi + ‡
2

bi
)

b
2

i + (si + bi)‡2

bi

D

≠ b
2

i

‡
2

bi

ln
C

1 + ‡
2

bi
si

bi(bi + ‡
2

bi
)

DB

. (4)

1

LMHPM = ˆµ„ ˆ
µ
„

ú ≠ µ
2

„|„|2 ≠ ⁄„|„|2|H|2, (1)

LDHPM ∏ cd

f 2
ˆµ|„|2ˆµ|H|2 (2)

‡tot =
⁄

1

0

dx1

⁄
1

0

dx2

ÿ

i,j

fi(x1, µ) fj(x2, µ) ‡̂ij(x1x2s, µ). (3)

Event Cut Description

140 GeV < m4¸ < 600 GeV four-lepton invariant mass
|÷¸| < 2.5 pseudorapidity range for the leptons

pT,¸1 > 20 GeV highest lepton transverse momentum
pT,¸2 > 15 GeV second highest lepton transverse momentum
pT,¸3 > 10 GeV third highest lepton transverse momentum
pT,¸4 > 6 GeV fourth highest lepton transverse momentum

50 GeV < m12 < 106 GeV invariant mass of the leading lepton pair
50 GeV < m34 < 115 GeV invariant mass of the subleading lepton pair

Zi =
ı̂ıÙ2

A

(si + bi) ln
C

(si + bi)(bi + ‡
2

bi
)

b
2

i + (si + bi)‡2

bi

D

≠ b
2

i

‡
2

bi

ln
C

1 + ‡
2

bi
si

bi(bi + ‡
2

bi
)

DB

. (4)

Z >
Ô

2 erf≠1(CL)

Statistical analysis
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Off-shell Higgs decays (VBF)

Konstantin Schmid, University of Padova, 29/02/2024

100 150 200 250 300 350 400

0.001

0.005
0.010

0.050
0.100

•                       (trigger efficiency) 

•optimize cuts on         and 

1

ET,miss > 180 GeV

1

ET,miss > 180 GeV

�÷j1j2

mj1j2

1

ET,miss > 180 GeV

�÷j1j2

mj1j2


