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1. Motivation - The Necessity for BSM Physics

•SM of particle physics: renormalizable QFT 

extremely successful (e.g. Higgs discovery at the LHC) 

•However: SM has a Hierarchy Problem for NP associated to some scale 

•Need for NP: Breakdown EFT of Gravity at       and Dark Matter (DM) 
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Hierarchy Problem (HP) Dark Matter Puzzle

•one-loop correction to Higgs 
mass:  

•have to require cancellation: 

•natural for cut-off close to 
TeV scale      NP 
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•observational evidence: 
rotation curves of spiral 
galaxies, grav. lensing,...  

•Planck measurement: 
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How to address the aforementioned tensions with the SM? 

We explore the Fermionic Higgs Portal Operator as a viable BSM extension: 

                  with the BSM fermion    being a singlet under the SM 

Fraternal Twin Higgs (little HP), Fermionic DM 

2. The Fermionic Higgs Portal Operator 
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•core feature: Higgs as pNGB, thus: naturally light (SSB and GB EFT) 

•tackles little Hierarchy Problem: increases naturalness cut-off up to 

•introduction of top partner (SM singlet, charged under twin          ) 

•couples to SM Higgs via FHP:  

•cancels quadratic divergence of top loop when imposing twin parity 

2.1 Fraternal Twin Higgs Model
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•consider the case where    is a gauge singlet: 

•coupling ensures thermal equilibrium of dark sector with SM      WIMP freeze-out 

2.2 Dark Matter Analysis

7

1

gg æ 4¸

OÂH

SU(3)c ◊ SU(2)L ◊ U(1)Y

∆

�NP

MP l

”m
2
h

= 3�2

16fi2v2
EW

1
4m

2
t

≠ m
2
h

≠ 2m
2
W

≠ m
2
Z

2
, (1)

m
2
h

= m
2
h,0 + ”m

2
h

(2)

� = ”m
2
h

m
2
h

≥

Y
_]

_[

1032
, � ≥ MP l

10, � ≥ 2 TeV
(3)

v(r) Ã r
≠1/2

v(r) ≥ const.
OÂH = Â̄Â|H|

2

1

H =
Q

aHA

HB

R

b = e
i�/f

Q

cccccca

0
0
0
f

R

ddddddb
(1)

L = |D
A
µ HA|

2 + |D
B
µ HB|

2

SU(2)B ◊ U(1)B æ U(1)Õ
B

HA = f sin
A

|H|

f

B
H

|H|
, HB = f cos

A
|H|

f

B Q

a0
1

R

b (2)

� ≥ 5 ≠ 10 TeV
�DM h

2
ƒ 0.12, h ¥ 0.67

L
A
Yuk, top

= ≠⁄A,tQ̄
a
LH̃At

a
R + h.c., L

B
Yuk, top

= ≠⁄B,tQ̄
b
BL

H̃Bt
b
BR

+ h.c.
SU(3)B

V
�

2
e�, top

Ã �2

1
⁄

2

A,t|HA|
2 + ⁄

2

B,t|HB|
2

2 Z2= �2
⁄

2

t |H|
2

L
B
Yuk, top

∏
⁄B,t

2f t̄BtB|H|
2

LFHPM = Â̄(i /̂ ≠ µÂ)Â + cÂ

f Â̄Â|H|
2

Konstantin Schmid, Presentation of Master's Thesis

1

gg æ 4¸

OÂH

SU(3)c ◊ SU(2)L ◊ U(1)Y

∆

101 102

m√ [GeV]

102

103

104

105

(f
/c

√
)

[G
eV

]

≠FHPM = ≠DM

BR(h ! inv) (LHC)

BR(h ! inv) (proj.)

DD(LZ, 2022)

DD (XENON1T, 2018)

•severe Direct Detection constraints 
exclude minimal model completely 

•need more complex extensions  
      gauge interactions, richer dark sector 
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Why do we investigate BSM contributions of        in the             Process? 

•BSM fermion    not charged under QCD       exploit coupling to the Higgs 

       indirect: 

3. Model-Independent Study of       in 
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•amplitude in on-shell scheme:                                                  with   

•           of dark           , typical modifications:           

hh

 

hh

 

L � c 
f  ̄ |H|2

1

1

gg æ 4¸

OÂH

SU(3)c ◊ SU(2)L ◊ U(1)Y

∆

L � c 
f  ̄ |H|2

i⌃(ŝ) =
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⌃̂(ŝ) = ⌃(ŝ) +
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B0(ŝ,m

2

 ,m
2

 )�B0(m
2

h,m
2

 ,m
2

 )
�
+ (4m2

 �m
2

h)
d

dŝ
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•upshot: cannot rely on very large deviations 

•dominant SM background:  

•define Matrix-element (ME) based discriminant:                                       , 
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Spectra for            using four-lepton invariant mass: 
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Spectra for            using the ME based Discriminant: 

1

gg æ 4¸

°4 °3 °2 °1 0
DS

10°5

10°4

10°3

10°2

10°1

100

101

dæ
/d

D
S

[f
b
]

c√ = 3, m√ = 100 GeV

c√ = 3, m√ = 150 GeV

c√ = 3, m√ = 200 GeV

SM

°4 °3 °2 °1 0
DS

0.5

1.0

1.5

2.0

R
[D

S
]

c√ = 3, m√ = 100 GeV

c√ = 3, m√ = 150 GeV

c√ = 3, m√ = 200 GeV

SM

Konstantin Schmid, Presentation of Master's Thesis



100 200 300 400 500

m√ [GeV]

0

2

4

6

8

10

|c
√
|

DS , ¢ = 4 %

DS , ¢ = 8 %

m4`, ¢ = 4 %

m4`, ¢ = 8 %

100 200 300 400 500

m√ [GeV]

101

102

103

f
/|

c √
|[

G
eV

]

DS , ¢ = 4 %

DS , ¢ = 8 %

3. Model-Independent Study of       in 

13

1

gg æ 4¸

OÂH

1

gg æ 4¸
                                  
                 
Bounds at the HL-LHC: 

•statistical test of SM hypothesis, background uncertainty:  
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dŝ
B0(ŝ,m
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⌃̂(ŝ) = ⌃(ŝ) +
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3. Model-Independent Study of       in 
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Bounds at the HE-LHC and FCC: 
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4. Conclusions and Outlook
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•FHP                       is a well-motivated BSM extension (little HP, DM) 

•model-independent study in four-lepton final state: contribution of BSM fermion 
to Higgs 2-point function  
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•Outlook: Double-Higgs Production
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Backup
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•physical Higgs mass requires miraculous cancellation: 

•fine-tuning parameter:  

•solutions to little HP: push naturalness cut-off up to  

Hierarchy Problem of the SM Higgs
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•core feature: Higgs as pNGB, thus naturally light 

•construct GB EFT: start with complex scalar  

•scalar attains vev             and induces SSB                                   : 7 GBs 

•under                                 subgroup: 

•break global symmetry by gauging subgroup:  

Fraternal Twin Higgs Model I
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•symmetry breaking                               , 3 GBs get eaten, 4 d.o.f. Higgs doublet 

•increase scale up to which our theory is natural by canceling top loop introducing 
a top partner charged under a twin          : 

•cancellation due to FHP operator and twin parity: 
   

Fraternal Twin Higgs Model II
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•consider the case where    is a gauge singlet:  

Dark Matter Analysis I
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Boltzmann Equation and Relic Abundance
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•evolution of DM number density follows Boltzmann equation: 

•thermal average over cross section: 

•approximate solution: 
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Parameter Space Constraints: 

1) avoid overproduction of the measured DM relic abundance 

2) invisible Higgs decays:  

3) Direct Detection: measurement of nuclear recoil energy due to scattering of DM 
particle off a nucleus (XENON1T, LUX-ZEPLIN) 

Dark Matter Analysis II
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Direct Detection
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•nucleon mass operator: 

•trace of QCD energy-momentum tensor:  

•non-relativistic quark densities:                          

•for heavy quarks: 

•effective Lagrangian: 

•match to:                     , here:  
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Remarks on the result:   

1)    in fundamental of            : factor of      

2) symmetric under           

3) no dependence on renormalization scale
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ŝ�m

2

h

�
�Zh � �m

2

h (1)

MFHPM

gg!h⇤!ZZ = (1�� )MSM

gg!h⇤!ZZ (2)

� =
Nc

2

 v
2

EW

8⇡2f2
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•start from Lagrangian with bare fields/couplings:  

•after introducing renorm. constants: 

•impose renorm. condition: 

•for finiteness at        : condition                     (for all SM Higgs vertices) 
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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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f Discriminating effect using SM Spectra: 

We use version 8.0 of MCFM and apply similar event cuts as ATLAS and CMS. 
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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
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•use 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% 
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