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BSM Higgs Lecture
Motivation for BSM Higgs & BSM Higgs sectors

Sven Heinemeyer, IFT (CSIC, Madrid)

Shanghai, 10/2025

1. Why Higgs~?

2. The SM-like Higgs at the LHC

3. Motivation for BSM Higgs

4. BSM Higgs Introduction

5. Higgs Singlet and Doublet Extensions

6. The Higgs Sector of the (N)MSSM
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1. Why Higgs?

Construction principle of the SM: gauge invariance

Example: Quantum electro-dynamics (QED)
field quanta: photon Ay

nucleus

lLLagrangian:
1 .
LQED = —ZFMVF'UV + w("f)’uD,u —m) .

) is the electron spinor, A, is the photon (vector) field

D, denotes the covariant derivative
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Construction principle of the SM: gauge invariance
The QED Lagrangian is invariant under the local U(1) gauge symmetry,
Y — ey (1)
Ay — A+ éaluoz(:c) : (2)

Introducing a mass term for the photon,

1
_ 2
Lphoton mass — §mAAuAM 3
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Construction principle of the SM: gauge invariance

The QED Lagrangian is invariant under the local U(1) gauge symmetry,
P — e @y (1)
1

Introducing a mass term for the photon,

1
_ 2
ﬁphoton mass — 57”,414#14” 3

however, is not gauge-invariant. Applying eq. (2) yields

1 1 2 1
EmiAMAM — Emi A AR 4 EA“@LQ - 6—28Ma oMo

= the gauge bosons must be massless!
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Current status of knowledge: the Standard Model (SM)

l_'I 1_'_1\11_'..-1
l ALI{I 1

=

= all particles experimentally seen (as of 2011)
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Current status of knowledge: the Standard Model (SM)

l_'I 1_'_1\11_'..-1
l ALI{I 1

=

= all particles experimentally seen (as of 2011)

= but it predicts massless gauge bosons ...
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Problem:
Gauge fields Z, W, W~ are massive
explicite mass terms in the Lagrangian < breaking of gauge invariance

Solution: Higgs mechanism
scalar field postulated, mass terms from coupling to Higgs field

Higgs sector in the Standard Model:

Scalar SU(2) doublet: & = 0 N
¢ ! Oﬁ_ i
Higgs potential: jd 2
, ; /p >0
V() = p? |@To| + x|ofol”, A>0 N |le) 3
H<0
uz < 0: Spontaneous symmetry breaking / - -
SR @]
minimum of potential at D) = = S
p (®0)l =55 = 3L
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b = 1 0 (unitary gauge)
v2 \ v+ H

H: elementary scalar field, Higgs boson

LLagrange density:
CHiggs — (Ducb) T (Dﬂcb)
— 9dQrPdr — guQrPcup
— V(®)
with
iD, = 0y — goIW, — g1Y By

b . " ury, 0 v
¢ = iopd Qr ~ , D~ , De ~
dL (¥ O

Gauge invariant coupling to gauge fields
= mass terms for gauge bosons and fermions
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1.) VV®P coupling:

X U X X
f— — +- -
1 1 1 gfv1]=7 1 v
- — — === = =gr— =
y q+§q[\/§q q—my T2 T
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
RN — last unknown (now measured)
UV % ~ o H parameter of the SM
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
RN — last unknown (now measured)
UV % ~ o H parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings
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3.) mass of the Higgs boson: self coupling

A= M3z /v?
v H
X N My = vV free parameter
RN — last unknown (now measured)
UV % ~ o H parameter of the SM

= establish Higgs mechanism = find the Higgs & measure its couplings

Q1l: How can we measure Higgs couplings??

Q2: What else should be measured?
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The LHC

LHC:

pp collisions at /s < 14 TeV

— 27 km circumference
— two general purpose detectors:

ATLAS and CMS

— one B physics detector: LHCDb
— one heavy ion detector: Alice

Saigt-Gemisy
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The (un)official (optimistic?) LHC time line:

03/2010: first collisions at record breaking energy

2010: <0.05fb~ 1 (at /s =7 TeV)

2011: ~5fb~ ! (at /s =7 TeV) = first physics results!

2012: ~20fb~ ! (at /s =8 TeV) = Higgs discovery!

2013 — 2014 shutdown, further splice checks, repairs, ...

2015 — 2018: ~ 40fb—1 per year = physics results at /s = 13 TeV

2019 — 2021: shutdown, preparation for “higher luminosity”

2022 — 2026: 2 50 fo—1 per year = physics results with “high” luminosity
2026 — 2028: upgrade to HL-LHC

2029 4+ X (X > 0): HL-LHC
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The (un)official (optimistic?) LHC time line:

03/2010: first collisions at record breaking energy

2010: <0.05fb~ 1 (at /s =7 TeV)

2011: ~5fb~ ! (at /s =7 TeV) = first physics results!

2012: ~20fb~ ! (at /s =8 TeV) = Higgs discovery!

2013 — 2014 shutdown, further splice checks, repairs, ...

2015 — 2018: ~ 40fb—1 per year = physics results at /s = 13 TeV

2019 — 2021: shutdown, preparation for “higher luminosity”

2022 — 2026: 2 50 fo—1 per year = physics results with “high” luminosity
2026 — 2028: upgrade to HL-LHC

2029 4+ X (X > 0): HL-LHC

YOU live in an exciting time!!!
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LHC Results: Executive Summary (take home message)
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LHC Results: Executive Summary (take home message)

Standard Model has been rediscovered!
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LHC Results: Executive Summary (take home message)

Standard Model has been rediscovered!

Groundbreaking discovery in the Higgs searches!
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LHC Results: Executive Summary (take home message)

Standard Model has been rediscovered!

Groundbreaking discovery in the Higgs searches!

No clear evidence for BSM physics - yet! But ... :-)
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Properties of the SM Higgs boson

1.) Decay to fermions:

coupling:
1/2
decay width:

2\ 3/2
~_ nvouMyg o 0 0o T

with N, = number of colors

Bulk of QCD corrections for decays to quarks are mapped into

mg(pole) — mg(M7)

Q: What is the strongest/most important decay?
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Properties of the SM Higgs boson

1.) Decay to fermions:

coupling:

9rFH = [\/EGu}l/sz

decay width:

oo .. 3/2
F(H — f]) = Ne-t=Em3(ME) (1—4 f)

2
42 Mz

with N, = number of colors

Bulk of QCD corrections for decays to quarks are mapped into

mg(pole) — mg(M7)

Dominant decay process: H — bb
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2.) Decay to heavy gauge bosons (V =W, Z):

coupling:

gyvH = 2 [\/5 Gu} i M

on-shell decay width (Mg > 2My/):

GuM3 M3 M M2\ 12
r(H—VV)=¢é—+-H (1 v+ 12—M§j> (1 —~ 4—M‘2/>

1627\~ M3 A 2

with 5W,Z =2,1

off-shell decay width (My < 2My/):

3GaM
F(H—VV*) =6, 1gW3HM$ x Integral
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3.) Decay to massless gauge bosons (gg, v7v):
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3.) Decay to massless gauge bosons (gg, v7v):

Q: How is this possible?
The Higgs does not couple to massless particles?!
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3.) Decay to massless gauge bosons (gg, v7v):

Q: How is this possible?
The Higgs does not couple to massless particles?!

Q: What are the most important loops~?

Sven Heinemeyer — School on Precision Higgs Factory Physics, 13.10.2025 I/18



3.) Decay to massless gauge bosons (gg, v7v):

via the top quark loop with

215 23 2
log ( H

c=""_
12 6

= huge QCD corrections

G, o2 M3 |4 2
F(H —~vy) = H H‘—eg — 7‘
12827313
via the top quark and W boson loop
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Total width:
sum over all decay widths

FH,tot L= Z F(H — dd/)
dd’

r(H—>tt) + T(H—bb) +T(H—=>cc) + ...
+ T(H—>77) + T (H—>p ) + ...

+ T(H—->WW)) + 1(H— 22 + 1(H = ~vy) + ...

+ ...

Branching ratio:
probability that a particle decays to a certain final state

r(H — dd’)
BR(H — dd’) :=
I H tot
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Theory predictions for the SM Higgs: branching ratios
[LHC Higgs XS WG '13]

"q:)' 1:_ ] | | | | | | | |_E§
S b owy W T i
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3
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Theory predictions for the SM Higgs: branching ratios
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Higgs production modes at the LHC:

¢ Gluon Gluon Fusion e W/Z Fusion
pp— 99— H pp— 99— qq+WW/Z2Z — qq+ H
p g Q —
__H . 7
) jﬁ} = I
p "y
X\ =
e Higgs-strahlung e Associated production with ¢t
pp— W*/Z* - W/Z+ H pp — tt + H
q Z!Hf q £ 7 f
>ﬂTfr<ff (EDUINEE~
AT i ! f g wETTL -
q H dominant

[taken from M. Miihlleitner]
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Theory predictions for the SM Higgs: LHC production XS

\'s= 14 TeV

[ | 111 II|
LHC HIGGS XS WG 2010

| ]
100 200

300 400 500
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Various possible (LHC) “observables” for the Higgs discovery:

— normally given as a function of Mgy

e Local pg value:

probability that the observed signal/number of events is caused by
“background only” (i.e. the SM without a Higgs)

® Ocxcl./OSM:

excluded cross section divided by SM cross section:

if for a certain My a cross section smaller than the SM cross section
excluded, this Mg value is excluded, as it would have led to more events
than observed.

e signal strength u:

_ o(pp — H) x BR(H — dd/)observed
o(pp — H) x BR(H — dd")gpm

should be “around 1" to find agreement with SM
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Why July 4th is celebrated (not only in the US):
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3. Motivation for BSM Higgs

Fact I: The physics world changed on 04.07.2012:

(@] IIIIIIII|IIII|IIIIIIII|IIII|IIII|IIII

ATLAS 2011 2012 CMS Vs=7TeV,L=511fb" {s=8TeV,L=531b"

Q‘ GJ 1 I T T T T T | 1T | T T | T T | T T
T ~0bs S _1%& 1%
8 ls=7Te f=a648h’ ... g 10 ANNN 26

= =
(s=8TeV: [Ldt=5859h"  [Mlo + 107 2
1 o atabalefet-? Aubebobebebebetebebutebebebetebebetebetebebebebetepufnpebetebetebetebebeteputepupepepe:— N | o) (_U 10_3;E \Mﬁ;sg
{0TES TN T A e e 1o O B a
o x 9 0% 240
B A b ST N/

4 6 [ Sel _;I
18.5 """""""""""""""""""""""""""""" 4o 10 ?_ .'-“ ?50
P 10" & =

10 = Sy -
10—7 ------------------------------------------------------- 50 10_825 Yaae . E:
10°® 10-9; --------- ;6(5
9 L e N . F | == Combined obs. 3
110(_)12 60 1 0_10 E| === Expected for SM H =
o ‘ 10 ME|— s=7Tev -
||||||||||||||||||||||||||||“1|||||||||| E—\f_ 8 TeV §70
110 115 120 125 130 135 140 145 150 10_12 = I | I - I L 1 1 I | L1 I | I I L T 1 I L T 1 I L [ ==
m, [GeV] 116 118 120 122 124 126 128 130
my, (GeV)
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Fact I: The physics world changed on 04.07.2012:

35.9-137f0" (13 TeV) 35913710 (13 TeV)
\||II|I|I|III|III|III|III‘I\Illl\l\llllll ® Observed o Obeeved
M 1 (Stal B SYS M g (slat @ sysl
ATLAS e Total Stat. [ Syst. SM C S ) .;s(ls;stu@ . C S l:z:s;astn .
_ Taa Preliminar sl Preliminar et
Ys=13TeV, 245-798 h ¥ el Y st
— +20 (stal @ 5ys) —— 20 (stal © sysl)
my= 125.09 GeV, [VH\ <25 B o fal 6 sys B o fat @ syst
- 76¢ : " -
Py, = 76% Total Stat. Syst Mo - 3 =
' +007 L i
e = 1,04 £009(£007, g5 ) § E .
+024 018 +0.16 Y = L
VBF == 120 oo (L0170 —013) :
B M ——
| o <040 +028 +0.29
WH i ’ 130 s (g oo Mo e - |
i i i —=—
= 105 o (£024, o) | I 3
L ——
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Cross section normalized to SM value 0 05 1 15 2 25 0 05 1 15 2 25
Parameter value Parameter value
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Fact II:

The SM cannot be the ultimate theory!

Some sub-facts:

1. gravity is not included

2. the hierarchy problem

3. no unification of the three forces

4. Dark Matter is not included

5. Baryon Asymmetry of the Universe cannot be explained
6. neutrino masses are not included

7. Some interesting experimental anomalies . ..
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Fact 1 & II:

We have discoved an SM-like Higgs!

The SM cannot be the ultimate theory!

Conclusion: The discovered Higgs cannot be “the SM Higgs”!
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Fact 1 & II:

We have discoved an SM-like Higgs!

The SM cannot be the ultimate theory!

Conclusion: The discovered Higgs cannot be “the SM Higgs”!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
= any hints from LHC results (as guideline/toy example)?
Q’: Which model?
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Fact I & II:

We have discoved an SM-like Higgs!

The SM cannot be the ultimate theory!

Conclusion: The discovered Higgs cannot be “the SM Higgs”!

Q: Does the BSM physics have any (relevant) impact on the Higgs?
= any hints from LHC results (as guideline/toy example)?
Q’: Which model?

A1l: check changed properties of the hiss

A2: check for additional Higgs bosons
check for additional Higgs bosons above and below 125 GeV
— any evidence yet? :-)
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Back to fact II:

The SM cannot be the ultimate theory!

Some sub-facts:

1. gravity is not included

2. the hierarchy problem

3. no unification of the three forces

4. Dark Matter is not included

5. Baryon Asymmetry of the Universe cannot be explained
6. neutrino masses are not included

7. Some interesting experimental anomalies . ..
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Back to fact II:

The SM cannot be the ultimate theory!

Some sub-facts:

1. gravity is not included

2. the hierarchy problem

3. no unification of the three forces

4. Dark Matter is not included = BSM Higgs
5. Baryon Asymmetry of the Universe cannot be explained = BSM Higgs
6. neutrino masses are not included = BSM Higgs

7. Some interesting experimental anomalies . .. = BSM Higgs
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Back to fact II:

The SM cannot be the ultimate theory!

Some sub-facts:

1. gravity is not included < and here?
2. the hierarchy problem < and here?
3. no unification of the three forces < and here?
4. Dark Matter is not included = BSM Higgs

5. Baryon Asymmetry of the Universe cannot be explained = BSM Higgs

6. neutrino masses are not included = BSM Higgs

7. Some interesting experimental anomalies . .. = BSM Higgs
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Back to fact II:

The SM cannot be the ultimate theory!

Some sub-facts:

1. gravity is not included = SUSY
2. the hierarchy problem = SUSY
3. no unification of the three forces = SUSY
4. Dark Matter is not included = SUSY
5. Baryon Asymmetry of the Universe cannot be explained = SUSY
6. neutrino masses are not included = SUSY
7. Some interesting experimental anomalies . .. = SUSY
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My favorite motivation
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My favorite motivation

Gravitational

HIGGS 2013 Waves 2017
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My favorite motivation

Gravitational
HIGGS 2013 Waves 2017

= Why is there more matter than antimatter? = (EW) baryogenesis

= requires First Order EW Phase Transition (FOEWPT)

FOEWPT not possible in the SM — BSM Higgs sector required
FOEWPT can cause Gravitational Waves (GW), detectable with LISA, ...
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Phase transition: BSM vs. SM [taken from V. A. Rubakov and D. S. Gorbunov]

Vers(9) Vers(9)

= BSM Higgs sector required to realized FOEWPT
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Bubble formation can lead to Gravitational Waves

= Interesting interplay of Higgs physics and Gravitational Waves!
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GW observatory: LISA

Approved launch date: ~ 2035

Sven Heinemeyer — School on Precision Higgs Factory Physics, 13.10.2025




BSM Higgs sectors can (should) behave very different from SM Higgs
[K. Radchenko '24]

EW vacuum

Deeper minimum

Deeper minimum

Absolute minimum

= much more complicated structure, very2 little known . ..
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4. BSM Higgs Introduction
The main questions:

e \What are the couplings of this particle to other known elementary parti-
cles? Is its coupling to each particle proportional to that particle’'s mass,
as required by the BEH mechanism?

e What are the mass, total width, spin and CP properties of this particle?
Are there additional sources of CP violation in the Higgs sector?

e \What is the value of the particle’s self-coupling? Is this consistent with
the expectation from the symmetry-breaking potential?

e Is this particle a single, fundamental scalar as in the SM, or is it part of
a larger structure? Is it part of a model with additional scalar
singlets/doublets/. .. 7
Or, could it be a composite state, bound by new interactions?

e Does this particle couple to new particles with no other couplings to the
SM (“Higgs portal” )7 Is the particle mixed with new scalars of exotic
origin, for example, the radion of extra-dimensional models?
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Models with extended Higgs sectors:
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Models with extended Higgs sectors:

Q: Do you know any BSM Higgs models? :-)

Sven Heinemeyer — School on Precision Higgs Factory Physics, 13.10.2025 /37



Models with extended Higgs sectors:

1. SM with addional Higgs singlet (RxSM, ...)

2. Two Higgs Doublet Model (2HDM): type I, II, III, IV

3. 2HDM with singlet extensions: N2HDM, S2HDM, 2HDMS, . ..
4. Minimal Supersymmetric Standard Model (MSSM)

5. MSSM with one extra singlet (NMSSM)

6. MSSM with more extra singlets (urSSM)

7. SM/MSSM with Higgs triplets (GM, ...)
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Extended Higgs sectors

Compatibility with the experimental results requires:
e A SM-like Higgs at ~ 125 GeV

e Properties of the other Higgs bosons (masses, couplings,...) have to
be such that they are in agreement with the present bounds

y n.oe 2 __ 2 _ 2 ~ g2
The “sum rule™: >, Ihvv = 9He\VV and we know Ih1osVV ™~ U\ V'V

= not much room left for BSM Higgs couplings to gauge bosons

Sum rule “violated” only by triplets or higher representations . ..
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Model Motivation?
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Model Motivation? = experimental data as guidance!
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Model Motivation? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson “couplings”
— Dark Matter (properties)
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Model Motivation? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson “couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘couplings”
— Dark Matter (properties)
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Model Motivation? = experimental data as guidance!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson “couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson “couplings’
— Dark Matter (properties)

= good motivation to look at SUSY! :-)

But we cover everything (RxSM, 2HDM, N2HDM, ...)
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5. Higgs Singlet and Doublet Extensions

Models with extended Higgs sectors:

1. SM with addional Higgs singlet (RxSM, ...)

2. Two Higgs Doublet Model (2HDM): type I, II, III, IV

3. 2HDM with singlet extensions: N2HDM, S2HDM, 2HDMS, . ..
4. Minimal Supersymmetric Standard Model (MSSM)

5. MSSM with one extra singlet (NMSSM)

6. MSSM with more extra singlets (urSSM)

7. SM/MSSM with Higgs triplets (GM, .. .)
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T he simplest showcase: has all the interesting features

SM plus one real singlet (RxSM):
Fields:

= ot S = (vg+ ps)
T\ Loty | T T2

LLagrangian:

Lrxsm = (DFD)T (D) + (848)(8uS) — V(P, S)

Potential: (with an additional Z> symmetry)
V) T
V(®,8) = —m2aid — 4252 + (oo, 52) | 71 277
SA3 Ao 52
= —m2dTP — 4252 4+ A (PTD)2 + Ap5% + A3(PTd)S?

Original basis: )\1, )\2, )\3, v, Vg
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Potential is bounded from below for

4X1Ap — A3 >0

A1,A2 >0
Unitary gauge:
0
b = 1
ﬁ(’U-FP)
1
S = —(w
\/5( s+ ps)

Expansion around the minimum:

Lmass = (p,pg) M? ( P )
PS

2)\11)2 A3VVg P
= (p, ps) 5
A3Vvg  2A205 PS
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The matrix is diagonalized with the angle «a:

h \ [ cosa —sina I,
H Sina  COS« PS
Mass eigenvalues:

m%,H = A2+ sz% + \/(Ava - AQU%)Q + (Azvvg)?

One eigenvalue ~ 125 GeV, the other one above or below

o IS given by

A
Sin2a = 5 3;)?)5 5
\/()\11) — A2v5)< + (A3vvg)
2 2
COS2a = A2U5 — A1v

V102 = 2002)? + (Azvvg)?

Physical basis: my, my, a, v, tan g ;= v/vg with v = vg), ~ 246 GeV
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Express original basis in terms of physical basis:

_ 1 > > . D

Al—ﬁ(mhcos a + my Sin a)
1 2 . D 2 2

A> = ——= (Mm% Sin“ « mZr COS“ «

2 2v§< h i )
1

Az = m2; —m?2) sin 2a

3 2WS( 7 —m7)

Only the SM doublet couples to SM particles (with doublet component p)
h \ [ cosa —sina I,
H Sina  COS« PS

= All Higgs couplings are suppressed w.r.t. the SM

9h—SM—-SM = COSagH\,—~SM—-SM
gi—SM—SM = SINgrc,,—SM—-SM
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SM limit (alignment limit):
— mp ~ 125 GeV: o« — 0, cosa — 1

— mp ~ 125 GeV: aa — 7/2, sina — 1

Sum rule:

> _ 2 2 2 N BN _ 2
> (an)” = gpyy + 9hvy = (€8T a +sin® a)gf, vy = 97,0

7

Decay widths:

M(h — SM) = cos®al (Hspm — SM)  with  mp,,, — my,
M(H — SM) =sin“al (Hsy — SM)  with  mpy,, — mpy

[These mass setting are implicitely assumed in the following.]
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Trilinear Higgs Couplings:

1 : :
Aphh = ;[Agvscg Sin o + 2A3v COS sin? o

—|—4>\2vssin3a —|—>\1vcos3a]
— A = )‘SI\/I in SM limit

1
ANhH = —[)\31)5 cos> a + v(2A3 — 3\1) cos? a Sin &
v

—vg(A3 — 12XAp) COsS @ sin®a — Azvsin> oz]

5 25)3=0in SM limit

v
AHHH = ...
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New possible decay mode (for myg > 2my,)

\ 2 4 2
I‘(H—)hh)=|hhH|J1—mh
STmyg

Total decay widths:

_ 2
["htot = COS™ al p\, tot
I‘H,tot = sin2 « I‘HSM’tot -+ F(H — hh)

Branching ratios:

['(h — SM
BR(h — SM) = ( ) BR(Hgy — SM)
[ htot
M(H SM M(H SM
BR(H — SM) = (H = ) = sin? « (Hsm = ) (= BR(Hgpn — SM) for
I H tot I H tot
M'(H hh
BR(H — hh) = (H = hh) mpy < 2mp,)
I H tot
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Two Higgs Doublet Model (2HDM):
Fields:

i +
Dy = & Dy = 5
1 — . y 2 — .
%(01 + p1 +in1) %(vz + p2 + in2)

Potential:
Vo= b b2 — oIy + . dld)? + 2<I>T<I>2
m31|P1|% + m3o|Pal? — mIs( >+ C)-I- ( 1)+ —=(P,Po)

+A3(Pld)(PLdo) + Ag(Dldo) (dLady) + 22 [(cb*cb )2 + h.c.]

Physical states: h, H, (CP-even), A (CP-odd), H* (charged)
Mixing angles: o diag. CP-even sector, 3 diag. CP-odd/charged sector

“Physical” input parameters:

oo, tanB, w, My, My, My, Mys, mi;
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Assumption (often): h ~ hios

Z> symmetry to avoid FCNC:
CD1—>CD1, CIDQ—)—CDQ

Extension of the Z> symmetry to fermions determines four types:

u-type d-type leptons

type I O O O
type II O b D1 — MSSM type
type III (lepton-specific) P P OR
type IV (flipped) P b4 P

Unitarity/perturbativity and EWPO: = M4 ~ My ~ Mg+

SM/alignment limit: cg_, —+ 0 for h ~ hqios
Sg—q — 0 fOr H ~ hips
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Higgs-boson couplings in the 2HDM

[ —

_I_

Sum rule:

f=u,d,l

2.

h;=h,H,A

€X — SB—as

5]‘—/] — CR—q s

= Y EL[Frn+ ¢l FrH 4 igh Frss A
oMyl WaWhh; + SgM €] 2,2

el =0

2 2 2 2 2 2 _ 2
ghvv T 9nvv + gayy = (sin“(8 — @) + cos®(f — @) )ghg\,vv = JHgyvV

Type 1 Type 11 Type I11/Flipped/Y | Type IV /Lepton-specific/X

& | Sp_atCpqaetf | 8g_s+Cpg qcotf 585 + Cy_x/COL B 58-u + Cp—y/COL B
52 Sp—o + Cp—a GOt B | 8p—u — Cp—otan g 8g—a — Ca—o tan 88—o + Cp—a @0t B
fﬁl Sg—a + Ca—a COt B | Sg_q — Cg—a tan $8—a + Cg—a COt B $8—a — Cp—q tan
134 56— S8 s B
E4 | €5—a — S0t | €5_p —85_ge0b B | Eh_ — 85-oC0ES Ch—a — Sp—acOt
£l | Chma — S5—aCOt B | Ca—a + Sg—_atan B | Cp_o + Sp_otan €l — 8p—a COL D
€y | Coma — Sp—aCOt B | Ca—a + Sg—atan B | cs_q — Sg—q coOt B Ch—a + Sp—a tan g
13 CB—a CB—a C8—a C8—a

X —cot 8 —cot 3 —cot 3 —cot 3
& cot —tan g —tan A3 cot
&y cot B —tan g cot 8 —tan
£% 0 0 0 0
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Higgs-boson couplings in the 2HDM

Sum rule:

L

_I_

— check alignment limit!

= Y EL[Frn+ ¢l FrH 4 igh Frss A

f=u,d,l

2.

h;=h,H,A

é—X — SB—as 61‘—/] — CR—q s €V

1
MWW h + SgM €], ZuZhy)

A=

2 2 2 2 2 2 _ 2
ghvv T 9nvv + gayy = (sin“(8 — @) + cos®(f — @) )ghg\,vv = JHgyvV

Type 1 Type 11 Type I11/Flipped/Y | Type IV /Lepton-specific/X

& | Sp_atCpqaetf | 8g_s+Cpg qcotf 585 + Cy_x/COL B 8g—a + Cg—a COL B
53 Sp—o + Cp—a GOt B | 8p—u — Cp—otan g 8g—a — Ca—o tan 88—o + Cp—a @0t B
fﬁl Sg—a + Ca—a COt B | Sg_q — Cg—a tan $8—a + Cg—a COt B $8—a — Cp—q tan
134 56— S8 s B
E4 | €5—a — S0t | €5_p —85_ge0b B | Eh_ — 85-oC0ES Ch—a — Sp—acOt
£l | Chma — S5—aCOt B | Ca—a + Sg—_atan B | Cp_o + Sp_otan €l — 8p—a COL D
Efq Ch—o — 5550t 0 | €p_n+ Spntan s Ch—a — S8—a COL B Ch—a + Sp—atanp
13 CB—a CB—a C8—a C8—a

X —cot 8 —cot 3 —cot 3 —cot 3
& cot —tan g —tan A3 cot
&y cot B —tan g cot 8 —tan
£% 0 0 0 0
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Next-Two Higgs Doublet Model (N2HDM): — (nearly) NMSSM type
Fields:

B = ¢1|_ b~ = ¢3— Pg = +P
1= . » P2 ~ TS T IS
%(’Ul + p1 + in1) %(vz + p2 + in2)

Potential:
2 2 2 2 2 ot A1, 4 >, A2, ¢ 2
Vo= mip| P[] + map Po|” — mip(Py CI92-|-h-co)-I-—(<|>1<|>1) + 5 (Py®2)
+,\3(¢T¢1><¢T¢2> + A (Pl do) (Dhady) + 22 [(cb*cb )2 + h.c.]

+= m§d>5+ +§7(¢§¢1)¢%+?8(¢2¢2)¢5

Zp symmetry: &1 — P71, o — —Py, g — Pg
Zh symmetry: @1 — ®1, Py — Py, g — —Dg (broken by vg = no DM)

Physical states: hq, ho, hs (CP-even), A (CP-odd), H* (charged)
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Extension of the Z> symmetry to fermions determines four types:

u-type d-type Ileptons

type I O by by
type II Py b4 P
type III (lepton-specific) P P R
type IV (flipped) P b4 P

= exactly as in 2HDM

Three neutral CP-even Higgses:

( h’l \ ( P1 \ Ca, Cas Sa;Cas

h2 — R 9 R — _(CCV1SC¥28063 + Salca3) CaiCasz — SaySanSas

\ 73] \rs)

_CC\{18C\{2 CC\{3 + 80(180{3

- (CCHSOé3 _I_ Sai;Sas CCV3)

Sa,
Ca,Sas

Ca,Cas
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Coupling to massive gauge bosons: (identical for all four types)

ch,vv = cgRi1 + sgRio

hq CazCh—ay
ho  —Cg_qaqSazSaz T CazsSp—qa
h3 —CazCB_qqSas — SazSf—ay

Coupling to fermions: (same pattern as in 2HDM)

u-type (Chz-tt) d-type (Chz-bb)

leptons (cp,r7)

type III (lepton-specific) éiﬂ? ﬁ ﬁ
type IV (flipped) i ﬁ &
53 cg sg

“Physical” input parameters:

2
a123, tang, v, wg, Mhyozy MAS Mg+, m7,
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A model with triplets: Georgi-Machacek Model (GM)

Field content:

In the GM model, the SM Higgs doublet ¢ with a complex triplet ¥ (hypercharge ¥ = 1) and a real

triplet & (Y = 0). These fields are represented as:

o P g+
(p:( )a X = %+ ) 5: 50

(po (2.33)
x" &~
Neutral fields:
| |
0 0 - 10 0 0 ., 0 0 0
0" =—=o+ ¢, +i¢;), X =vy+t—0= tix) & =vgt+s,
V2 V2
Two vevs:
4M3
V= vﬁ, +8vy, = — R (246GeV)?.
8
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New mixing angle:

\/gvx.

V :
COs Oy = —¢, sin Oy =
% %

T hree neutral CP-even Higgs bosons:

1 2
W =cosa ¢’ —sina | — 0=r+\ﬁ O

| 2
H’ =sina ¢"" +cosar | — 0*”+\ﬁ O

2 |
Hoz\ﬁ or L _or
5 35 \@% :
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Coupling modifiers of neutral Higgs bosons:

h? V8

Ky =co0s6fycosa ——=sinOysina,

V3

0 V8
Ki! = cos By sin & + —= sin Oy cos .,

V3

HY | HY 2 .
Kyw = —=Sin 6y, K,7> = ——=sin6y.

V3 V3

Difference w.r.t. 2HDM:
0\ 2 0\ 2 8 .
(K{}) +(1<{}’) :00329H+551n29H21.

= couplings larger than in SM possiblel
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6. The Higgs sector of the (N)MSSM

Motivation for BSM physics: the Hierarchy problem

Mass is what determines the properties of the free propagation of a particle

Free propagation: ~---—-—-——————-—- - inverse propagator: i(p? — M%)
f

Loop corrections: . __ <> _____ inverse propagator: i(p® — M7 + ZfH)
f

QM: integration over all possible loop momenta k
dimensional analysis:

2m
f > [ .4 1 f
D~ Nf/\f/“(kz_m;ﬂkz_m;V)

4
. f 2 d”k o [dk
for A — oo : ZHNNfAf</k—2+2mf/?
—— ——

— quadratically divergent!
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For A\ = Mp|2
sI o~ MG~ M3, = M7 ~10°0M3F
(for Mg <1 TeV)

— no additional symmetry for My =0

— no protection against large corrections

— Hierarchy problem is instability of small Higgs mass to large corrections
in a theory with a large mass scale in addition to the weak scale

E.g.: Grand Unified Theory (GUT): 6M7 ~ M+

Note however: there is another fine-tuning problem in nature, for which we
have no clue so far — cosmological constant

Sven Heinemeyer — School on Precision Higgs Factory Physics, 13.10.2025 1/58



Supersymmetry:

Symmetry between fermions and bosons

Q|boson) [fermion)
Q|fermion) = |boson)

Effectively: SM particles have SUSY partners (e.qg. fL,R — fL,R)

SUSY: additional contributions from scalar fields:

fL.R
JL.R 2
H ,,~~ H H ' }) H
_____ ¢ >« - > @t
fL.R
1
I~ N; >\2/d4k s+ 5~ | + terms without quadratic div.
fL N fR

. F a2 22 A2
for A — oo: 2 9 NfAf/\
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= quadratic divergences cancel for

Np, =Ny = Ny
2 2
>‘f"‘ = )\f

complete correction vanishes if furthermore

Soft SUSY breaking: m% — m% + A2 )\% = /\§

= I N I A4

= correction stays acceptably small if mass splitting is of weak scale

= realized if mass scale of SUSY partners

MSUSY 5 1 TeV

= SUSY at TeV scale provides attractive solution of hierarchy problem
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Supersymmetry (SUSY) : Symmetry between

Bosons <« Fermions

@ |Fermion) — |Boson)
@ |Boson) — |Fermion)

Simplified examples:

Q |top, t) — |scalar top, ?)
Q |gluon, g) — |gluino, g)

= each SM multiplet is enlarged to its double size

Unbroken SUSY: All particles in a multiplet have the same mass

Reality: me #= my; = SUSY is broken . ..

.. .Via soft SUSY-breaking terms in the Lagrangian (added by hand)

SUSY particles are made heavy:

MSUSY = O(l TeV)
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The Higgs sector of the MSSM
Comparison with SM case:

Lsm = myQrPdr + muQrdeup
d-quark mass u-quark mass

U . N O v
Qr = , Pe=100P", P — , De—
d ’ v 0

In SUSY: term Q;®* not allowed

Superpotential is holomorphic function of chiral superfields, i.e. depends
only on ¢;, not on 7

No soft SUSY-breaking terms allowed for chiral fermions

= Hy(= Hy) and Hy(= H») needed to give masses
to down- and up-type fermions

Furthermore: two doublets also needed for cancellation of anomalies,
quadratic divergences
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The MSSM Higgs sector:
Enlarged Higgs sector: Two Higgs doublets

eo— (H11> (U1‘|‘(§b1+iX1)/\/§)
1 = 2
Hy

¢1
= () (st aana)
Hz vo 4 (2 +ix2)/V?2

V = miHiHy +m3HoH, — mis(eqp HYHS 4+ h.c.)

12 2 2
g - +g _ _ g _
+ (H1Hy — HyH»)? 4+ = |Hq H>|?
— 8 _ 2

gauge couplings, in contrast to SM

physical states: h9, HO AC0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
(¥
tg = U—Q, MEX = —m%Q(tﬂ + cot )
1
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Tree-level result for my, myg:

2
M h
1
2

M3 + M2+ \/(M3 + M2)2 — aM2M3 cos? 28

= my, < My at tree level
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Tree-level result for my, myg:

2
M h
1
2

M3 + M2+ \/(M3 + M2)2 — aM2M3 cos? 28

= my, < My at tree level

Q: What are the implications?
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Tree-level result for my, myg:

2
M h
1
2

M3 + M2+ \/(M3 + M2)2 — aM2M3 cos? 28

= my, < My at tree level
= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
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Tree-level result for my, myg:

my;

M3 + M2+ \/(M3 + M2)2 — aM2M3 cos? 28

N | —H S

= my, < My at tree level
= Light Higgs boson h required in SUSY

Measurement of my, Higgs couplings

= test of the theory (more directly than in SM)
LHC measurements: M; ~ 125 GeV

Is this a problem?
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Quantum corrections to the MSSM Higgs mass

Higgs propagator: h h

Inverse propagator:

—i(q® —m?) — —i(q®—m?+5,(¢7))

>, (¢?): renormalized Higgs self-energy

Loop corrected mass2: M2 = m? — >, (m?)
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dominant 1-loop: AM? ~ XXX = Tutorial on Wednesday

Numerical estimate: €2/(4m) =a =1/137

my = 175 GeV

My, = 80 GeV (My = 90 GeV)
sw=1/2

sing =1
my = 1000 GeV
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dominant 1-loop: AM? ~ XXX = Tutorial on Wednesday

Numerical estimate: €2/(4m) =a =1/137

my = 175 GeV

My, = 80 GeV (My = 90 GeV)
sw=1/2

sing =1
my = 1000 GeV

dominant 1 — loop : AM? ~ 7000 GeV?
2 _ 2 2
Mj, = mp tree + AMj,
M, tree = My

dominant 1 — loop : My ~ 123 GeV
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dominant 1 —loop : M; ~ 123 GeV
= many, many, many, ... more refinements have been calculated

= stops above the TeV scale naturally yield M, ~ 125 GeV

Comparison with LHC searches:

-1
(s = 8,13 TeV, 20.3-139 fb March 2021
; 900 ESURN] LU AL [ U] LTS — Observed limits
B L] . - o E dl, o
8 800 - ATLAS Preliminary R
— - 1, production Data 15-18, ¥ = 13 Tev, 139 1b
S+, ~F Limits at 95% GL B monoiet |, bir 7
= 700 ER gt [2102.10874]
— B e . r
E g ’ i = 0L E =ty - bW T > bif
600 E ] [2004.140860]
B 1 LG oWy i by
B 7] [2012.03798]
500 - ] et tE st BWE L b T
5 ] [2102.01444]
400 E 7] Data 15-16, Y5 = 13 TeV, 36.1 0
C q = W T by
300 & =] [1709.04183, 1711.11520,
B 7] 1708.03247, 1711.03301)
200F 4 =«i-w
C 7 [1903.07570]
1 00 - —: Data 12,ys=8 TeV, 20.3 b
1 B bwg i by
- [1506.08616]

1000 1200
m(t,) [GeV]

200 400 600 800

= M; = 125 GeV is in perfect agreement with the non-observation of stops
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Upper bound on My in the MSSM:

“Unconstrained MSSM' :

My, tan 8, 5 parameters in i—b sector, B, mg, Mo

for my = 173.2+0.9GeV and my S 2 TeV

(including theoretical uncertainties from unknown higher orders)
= in agreement with all LHC Higgs measurements and stop searches

Obtained with:

FeynHiggs

www.feynhiggs.de

[H. Bahl, T. Hahn, S.H., W. Hollik, S. Passehr, H. Rzehak, G. Weiglein '98 — '25]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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Upper bound on My in the MSSM:

“Unconstrained MSSM' :

My, tan 8, 5 parameters in i—b sector, B, mg, Mo

M, < 135 GeV | Note: 125 < 135!

for my = 173.2+0.9GeV and my S 2 TeV

(including theoretical uncertainties from unknown higher orders)
= in agreement with all LHC Higgs measurements and stop searches

Obtained with:

FeynHiggs

www.feynhiggs.de

[H. Bahl, T. Hahn, S.H., W. Hollik, S. Passehr, H. Rzehak, G. Weiglein '98 — '25]

— all Higgs masses, couplings, BRs, XSs (easy to link, easy to use :-)
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Example for M; prediction in a simple MSSM scenario (I):

FeynHiggs, tan/ =20

140 [ .
135 F ;

130 | Xi/Ms = V6

[ATLAS/CMS +1o
125 F

120 |

Mh [GGV]

115 f
110 |

105 |

100 L :
103 104

MS {GBV}

= M; ~ 125 GeV can easily be reached
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Example for M; prediction in a simple MSSM scenario (II):  [kuUTs report "20]

FeynHiggs, Mg =2 TeV, tanpg =20

130 . .
- ATLAS/CMS +lo .
125 F =
>
fb) I
S 120} -
|
=
115 F -
11 [ | [
03 —9 0 5 A

Xi /Mg

= M;, ~ 125 GeV "easier” with mixing in the scalar top sector
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The SM/alignment limit:

[J. Gunion, H. Haber, hep-ph/0207010]
— CP conserving 2HDM in the Higgs basis ({H1) = v/v/2, (Hy) = 0)
V= . +32:(H]H)?>+ ...+ [AZs(H]Hp)? + Zg(H{H1)(H{H) + h.c|+...

= CP-even mass matrix;:

R 2 2 2
Z6’U MA + Z5'U

with mixing angle cos(8 — a) = cg_,,

Decoupling limit: M% > Z;v?
= m2 ~ Z1v2, |cg_o < 1|, h is SM-like

Alignment limit: Zg = 0 and Zy < Zs + M3 /v?
= h is identical to the SM Higgs, Cg—q = 0
Ze =0 and Zy > Zs + M3 /v?
= H is identical to the SM Higgs, Cg_q =1
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Some NMSSM Higgs theory (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets

oy - (Hll>:( +<¢1+i><1)/ﬁ>
Hf é1
= ()= (s otz
’ H3 + (¢ +ix2)/V2

Vo= (mi+p PH A+ 3+ [2)HoHy — mis(eqpHPHS +h.c)
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Some NMSSM Higgs theory (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
H, — (H% ) _ (Ul+(¢1+i><1)/\/§>

Hf 1
e (B
’ H3 vo 4 (o +ix2)/V?2

S

Vo= (M35 + [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

>
g<+ g° 2

— — g —
+ (H1Hy — HoH5)? + 5 |H1H>|?

K
+ MeapHTH3) + 1572 +m3|S|[* + (AAN(eapHTH3)S + SA:S% 4 h.c.)

Free parameters:
N, K, Ak, Mg+, tan B, peff = Avs
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Higgs spectrum:

CP—even : hi,ho, h3
CP—odd :aq,an
charged : H"‘,H‘

Goldstones : GO,G+, G

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 =0 =0
— X1 X2 X35 X4 X5
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Mass of the lightest CP-even Higgs:

2 .2 2 : 2
M}, tree,NMSSM = M, tree, MSSM T+ MZg_2 sin® 25

Mass of the CP-odd Higgs:

MSSM : Mﬁ = —m%Q(tﬁ + cotp) = uB(tg + cotf)
NMSSM 1" M3" = perrBefr(tg + cot3)

With Bgesf = A\ + K S, leff = AS = one very light aq

Mass of the charged Higgs:

1
MSSM : M7 = M35 + Mg, = M3 + §U2g2

2
NMSSM : MZs = M3 + v? <% - /\2>
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Mass of the lightest CP-even Higgs:

2 .2 2 : 2
M}, tree,NMSSM = M, tree, MSSM T+ MZg_2 sin® 25

Mass of the CP-odd Higgs:

MSSM : Mi = —m%Q(tﬁ + cotp) = uB(tg + cotf)
NMSSM 1" M3" = perrBefr(tg + cot3)

With Bgesf = A\ + K S, leff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M%Ii_MA—I—MW_MA—I— 242

2
NMSSM : MZs = M3 + v? (% - ,\2>

MSSM . tree NMSSM . tree NI\/ISSI\/I ,tree

= M1SSMee < I MSSMITEE one ight ay, Moot > My

H=*
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