HAVE YOU HEARD? M IT’S CALLED THE
THEY DISCOVERED HIGGS
THE GOD PARTI... BOSON!
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1. The SM Higgs & Motivation for BSM Higgs

2. BSM Higgs sectors: RxSM, 2HDM, N2HDM, MSSM, ...

3. BSM Higgs sectors: collider phenomenology & more
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BSM Higgs Lecture
The SM Higgs & Motivatin for BSM Higgs

Sven Heinemeyer, IFT (CSIC, Madrid)

Daejeon, 09-10/2025

1. Why Higgs~?

2. The Higgs in the SM

3. Higgs mass predictions before the LHC

4. Electroweak Precision Observables (EWPQO)
5. The (SM) Higgs at the LHC

6. Motivation for BSM Higgs
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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 bw 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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Solution: The Higgs mechanism

The simplest implementation uses one elementary complex scalar Higgs field
that has a vacuum expectation value » (vev) that is constant in space
and time. The Lagrangian of the new Higgs field reads

Lo = Lo kin + Lo pot (3)

with
Lo kin = (Dp®)* (DFo) | (4)
~Lao pot = V(P) = p?|®|% + A" . (5)

Choices for A and u?
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Solution: The Higgs mechanism

The simplest implementation uses one elementary complex scalar Higgs field
that has a vacuum expectation value » (vev) that is constant in space
and time. The Lagrangian of the new Higgs field reads

Lo = Lo kin + Lo pot (3)

with
Lo kin = (Dp®)* (DFo) | (4)
~Lao pot = V(P) = p?|®|% + A" . (5)

Choices for A and u?
— X has to be chosen positive to have a potential bounded from below.

— 1?2 can be either positive or negative (to be chosen “by hand”)
12 < 0 yields the desired vev
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The complex scalar field can be parametrized by
two real scalar fields ¢ and 7,

S(z) = %cp(x)ei"(x) , (6)
yielding
w2 o Ay
V(6) ="+ 2 (7)

Minimizing the potential one finds ...
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The complex scalar field can be parametrized by
two real scalar fields ¢ and 7,

d(x) = %¢(az)em(x) ,

yielding

2
7 A
V(g) = 50° + 0% .
Minimizing the potential one finds ...

dv
9| p=gg

Only for Mz < 0 this yields the desired non-trivial solution

= 11260+ A3 = 0 .

_ 2
b0 =\~ (= (6) =:0) .

(6)

(7)

(8)
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Higgs sector in the Standard Model:

+ S — ;
Scalar SU(2) doublet: & = ¢ :
¢O S A
Higgs potential: Y
e ]
2 = :
V(g) = p?|®fe[+ x|ofa[", X>0 S| o
B/
2 . / - o)
p< < 0: Spontaneous symmetry breaking _
@]
— 2 v

minimum of potential at |[(®Pg)| = =

1/4/2 is convention . ..
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Unitary gauge: a(z) = —n(xz)/v

The Kinetic term now reads

(D) (DHD) 2 (0u0)2 + P62 A A (9)

where ¢ is the charge of the Higgs field.

Expand the Higgs field around its vev,
¢(xr) =v + : (10)

The remaining degree of freedom, H(x), is a real scalar boson,
the Higgs boson.

The Higgs boson mass and self-interactions are obtained by inserting eq. (10)
into the Lagrangian (neglecting a constant term),

1 K &
—LHiggs = Em%{H2+§H3‘|‘EH4 ; (11)
with
5 5 m2 m2
mg = 2)\v , /ﬁ}:?)TH, 6:3,0—5] . (12)
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Inserting eq. (10) into eq. (9)
(neglecting the kinetic term for ¢),

1 5 1
LHiggs—photon = §mAAuAM + GQQQ’UHAMAM + 562‘12}[214#14”

— first term: the photon mass,

m% — 62q2v2 .

— second term: Higgs-photon-photon interaction
— third term: Higgs-Higgs-photon-photon interaction

Another important feature can be observed:

the coupling of the photon to the Higgs is proportional
to its own mass squared!

= characteristic prediction of the Higgs mechanism!

(13)

(14)
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Masses for the fermions:

Similarly a gauge invariant Lagrangian can be defined to give mass to the
chiral fermion ,

Lfermion mass = vabE P yYr+C.C., (15)

where y,, denotes the dimensionless Yukawa coupling.

Inserting ®(z) = (v + H(z))/+/2 one finds ...
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Masses for the fermions:

Similarly a gauge invariant Lagrangian can be defined to give mass to the

chiral fermion o = (7. p)’,

Lfermion mass = ywﬁ% b yYrp+cC.C.,

where y,, denotes the dimensionless Yukawa coupling.

Inserting ®(z) = (v + H(z))/+/2 one finds ...

r . — i @H T
fermion mass = MY YR + N Yrvr+C.Co,
v

Again the important feature can be observed:

By construction the coupling of the fermion to the Higgs boson is
proportional to its own mass MMy

(15)

(16)
(17)
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Alternative view: masses arise from the interaction with the vev:
1.) VV®D coupling:

X XU X XX X
2 J 2
1 1 1 gv 1 1 2 2
> — = M*=g"— =M
2 2 "'"Ej:qz {(ﬁ) q2] M2 g >*9
2.) fermion mass terms: Yukawa couplings:
x'z) X >.<
for e+ 4 +-
1 gfvl 1 v
_ _ p— oM = — = M X
" +Z [fq] d—m; T2 re
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2. The Higgs in the SM

The electroweak sector of the SM is described by the gauge symmetry
SU(2);, x U(1)y. The bosonic part of the Lagrangian is given by

1 1
Loos = =7 BuwB" = ZWi, Wi + | Du|® = V(®), (18)
V(D) = p?|df + AP . (19)
IS a complex scalar doublet
_|_
- ( “ (20)
¢
Covariant derivative:
.7 .Y

g and ¢’ are the SU(2);, and U(1)y gauge couplings
7% are the Pauli matrices
fabe gre the SU(2) structure constants
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Choosing /ﬂ < 0 the minimum of the Higgs potential is found at

<q>>:\/1§(0> with ::‘/_TMQ' (24)

d(x) can now be expressed through the . the Higgs boson and three
Goldstone bosons ¢1 23, (Q: why three? )

1 ( #1(2) + iga(a) )

d(xr) = — 25
) + H(x) + i¢p3(x) (2%)

V2

Diagonalizing the mass matrices of the gauge bosons, one finds that the
three massless Goldstone bosons are absorbed as longitudinal components

of the three massive gauge bosons, while the photon remains
massless,
1 .
=75 (Wi FiWg) (26)
= CWWS — SV\/B,LL N (27)
= SWWE’ + cewBy - (28)

Weak mixing angle: 0y, = arctan(g’/g), and sw := sin 6y, cw := COS Oy,
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The Higgs-gauge boson interaction Lagrangian reads,

_ 1 H 2
LHiggs—gauge = MI%/WJ_W H 4 §M§ZMZ“] (1 + ?>

1 >, kK_3 & _ .24
_TMZH?2 - g3 >t ple
o H 3 41 (29)

with
1 1
My = Zgv, MZ=§\/92+9’2% (30)
M2 M?2
(MM =) Mg =v2xv, w=3"1H ¢=3"1 (31)
U U

From the measurement of the gauge boson masses and couplings one finds

The two massive gauge boson masses are related via

My g

— = . 32
M \/gQ—l—g’Q o (32)
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Fermion masses in the SM:

LHiggs—fermion = QE bbr + QE betr+ h.C (33)

Qr = (t7,b;)" is the left-handed SU(2); doublet.
Going to the “unitary gauge” the Higgs field can be expressed as

1 0
Plr) = V2 ( v+ H(x) ) ’ (34)

and it is obvious that this doublet can give masses only to the
bottom(-type) fermion(s). A way out is the definition of

_ i 2gr L v+ H(x)
o)

which is employed to generate the top(-type) mass(es) in eq. (33). Inserting
egs. (34), (35) into eq. (33) yields

: (35)

_ H _ H
EHiggs—fermion — bb (1 + ;) + tt <1 + ;) (36)

where we have used ) = ¢} p + ¥ hdr and my = yv/V2, mi = yw/V2.
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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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Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;W; — W;Wp

forE—>oo
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Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;yW; — W W7

forE—>oo

Q: Why is this dangerous?
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Another effect of the Higgs field:
Scattering of longitudinal W bosons: W;W; — W; Wy

for E—>oo

= violation of unitarity

Contribution of a scalar particle with couplings prop. to the mass:

Mg = ::}H{C: + EH _gWWHM4 + O(1)
W W T for E — oo
E2
Mtot=MV+MS:M—4<95VWH—92MV2V)-I-...
1%

= compensation of terms with bad high-energy behavior for

IgwwH = g My
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Cross section with/without the Higgs:
[taken from M. Schumacher '12 / C. Englert]

o(W;W; — Wi W;) at tree-level

10000 |

1000 |

o [pb]

Stanciarrﬁ Model
10 |

- C. Englert

I\L-H-L'\--\ r':r
154 LW
A v
. 1{_. By

MHiggs=1100GeV N\ i

I'IIDUU | IIII ”‘I;JOUU
Ec_m_ [GEV]
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3. Higgs mass predictions before the LHC

Running of Higgs self-interaction:

H o H
H H H H N
N :> X
Renormalization group equation:
d A 3 [,2 > 4, 1 4 2, 22 ] Q2
— = —— |\ A — — (2 , t=10 —=
T o + A\g; 9t+16<92+(92+91)> g 3

Two conditions:
1.) avoid Landau pole (for large A ~ M%)
2.) avoid vacuum instability (for small/negative \)
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1.) avoid Landau pole (for large A\ ~ M%)

@ = el
dt 812 ,
A(v9)
2y
= MQT) = T 302) o (O
-~ 8n2 ©9 (v—2>
8 2.2
AN) <0 = MI% < T 3\2 . upper bound on My
3109 (72)

2.) avoid vacuum instability (for small/negative A):V(v) < V()= AA) >0

% = 81 [ g¢ t16 ( g§+(g§+g%)2)]
2
= ANQY) = /\(vz)—[ gt + 1 ( 295 + (g§+g%)2)] 09 (f}? )
02 4 1 /\2 |
—g; + — 16 ( 92 + (92 + gl) )] log <U—2> . lower bound
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Both limits combined:

my = 174 GeV

800.0
LU | LU | LU | LU LU | UL Il_§
700 EE =
=— A= 10° GeV —
500 E- —3 600.0 |
= 10° GeV —
= 300 4 S
O " | ()]
& - ] O 4000
'—'m 200 — = Landau pole
2 »
100 200.0 |
70 .
Potential bounded from below
50 L1 11 | L1 1 | L1 1 L1 11 | L1 1 1 | L1 1 1 00103 106 109 1012 1015
100 125 150 175 200 225 250 A (GeV)

m,; [GeV]

/\: scale up to which the SM is valid
N = Mgyt = 130 GeV < My < 180 GeV
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Mg = 125 GeV = we live in a meta-stable vacuum!
[Degrassi et al. '12] [Alehkin et al. '12]

200
182
> i 180
& 150
= - 178
= : = 176
% 100 _ Stability 8 174
= o 17
& 2.
= 59l 170
168
ol 166
164
0 50 100 150 200 120 122 124 126 128 130 132
Higgs mass M), in GeV Mpy [GeV]

... If there is nothing else than the SM up to the Planck scalel
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Electroweak Precision Observables (EWPO):

Comparison of electro-weak precision observables with theory:

EW Precision data:
My, Sin? Oetr, a

are

Y

Theory:
SM, MSSM , ...

Test of theory at quantum level: Sensitivity to loop corrections, e.g. H

SM: limits on My

Very high accuracy of measurements and theoretical predictions needed
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Precision observables in the SM (and BSM)
My, sin?0gse, My, (9 —2)u, b physics,

A) Theoretical prediction for My, in terms

of Myz,o,Gp, Ar:

2 Mgy ,
MW( _M2> \/_G,u(l_l_A)

)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]
2

Ary_joop = ANe! - gvv\\;AP +  Arrem(Mpg)
M
~ 6% ~ 3.3% ~ 1%
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Precision observables in the SM (and BSM)

Mw, Sin2 Qeﬂ:, Mhr (g—Q)M, b physics,
A) Theoretical prediction for My in terms

Of MZ,O(, G:U” AT
22, (1 - M % (14 4
_ My .
v M2Z2)  V2G,
)

loop corrections

B) Effective mixing angle:
: /
1
Sinzeeff‘:— 1—Reg—‘]f

Higher order contributions:

29.09.2025

1/25
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Comparison of SM prediction of My, with direct measurements:

80 . 5 March 201|2 : : | : : :

1102 2 Iy [_1LHC excluded
Ar = — 922 ng log <—H> | —LEP2 and Tevatron
96 < c Myy | - LEP1 and SLD
68% CL
>
general for EWPO: 8 80.4 -
M M2
MW MW &
leading term: log(Mgy) 1 &
first term ~ M2 with ¢3 80.39m
1

m, [GeV]

[LEPEWWG '12]
= light Higgs boson preferred
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Overview about all EWPO: [GFitter '18]

||!||||!||||!|||||||||||||||||§| -GlobaIEWfit
M,| @ H fltj[eri- 0.0 Em |ndirect determination

H| @ : : :
: E : -®- Measurement [ fitter|su)®
|: -15 |||||||||||||||||||||||||||||||||m
e

My | o EE
0.3 My | - —o—mmm
0.2 Wi e

-1.5
-1.0
-0.9 R?
0,1
0.1 AL
-2.1 A (LEP)
-0.7 A (SLD)
0.1 Sin2@z?t(QFB)
00 0.8 sin®0. (Tevt.)
A A

Ob | & & c
Bl — | A,

A(LEP)
A(SLD)

.2 _lept
sin (Iaeﬂ (QFB)
sinze:ffpt(Tevt.)

AO,c

E | | E E . 1-0.7 Rg
0.5 m,
o |02 Aa® (M2)
as(Mg) 1.3 O(s(MZ)

3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3

(ofit ~ Omeas) / Omeas (oin girect 0)/ o,

t
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Results for My from other EWPO:

) l11l| Ig T II1III| [ [ IIIH]l
Tevatron sin‘(8,) M.} —F — 1075
Tevatron M,, —— 66
____________________________________________________________________________ e
light Higgs preferred by: ATLAS |Vlvv _________________________________ I _“__ ___________________________ 92 o,
My, Al (SLD) LEP M, * 82,
g [ R .
heavier Higgs preferred by: LEP AFB ____________________________________________________________________________ 463-25395
+
Abg (LEP) LEPAl —p= — 132
= keeps SM alive SLDA 0 352431
SMitwoM,| I 902
LHcaverage JJJII | 1 | lJIIIlT | | lllllJl 125.1i0.2
610 20  10%2x10° 10’
M, [GeV]
= light Higgs boson preferred
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Global fit to all SM data:

6 March 2012
[ )

L|m|t

= 152 GeV

= My = 9412 Gev Aatyo =
5 -
— 0.02750£0.00033
o/ —~1 1 T\=sy o 0.02749+0.00010
My < 152 GeV, 95% C.L. .- - el low O data
3 -
Assumption for the fit: 27
SM incl. Higgs boson
1 -
= no confirmation of |LEP LHC
Higgs mechanism 0 excluded . A excluded
40 100 200
m, [GeV]
= Prediction before discovery: in the SM: My < 160 GeV
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Latest global fit to all SM data:

N9

[T T 171 | T T | T T T T1 T T T T1 | I I|I I | T 1T 1]

Pl - ' 5l

= My = 9072 Gev < gsp [ow | e il
gE. SMftwoM, measurement N L o5

“agreement” at 1.8 355_ =@~ LHC combination [PRL 114, 191803 (2015)] _E

1

25

Assumption for the fit: 2— —

SM incl. Higgs boson 150 E
= no confirmation of | S A S— o

Higgs mechanism 05 3 E

OEI 1 11 | 111 1 | I .| | L] | | | | | I | | 1 191 1 | 1 11 IE

60 70 80 90 100 110 120 130 140

M, [GeV]

= slightly rising *“tension” over the last years ...
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Experimental errors of the precision observables:

today | Tev./LHC | LC GigaZ
§sin? 0r(x10°) | 15 <15 -~ 1.3
S My, [MeV] 12 <12 2-3 2-3
dmy [GeV] 0.7 <0.5 0.1 0.1

Relevant SM parametric errors: §(Aapag) =5 x 1072, §M, = 2.1 MeV

(5mt =2 (5mt =1 5mt = 0.1 5(Aahad) (SMZ
§Sin? Oar [107°] 6 3 0.3 1.8 1.4
A My, [MeV] 12 6 1 1 2.5
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Improvement in the Blue Band plot:

o o
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(note: artificially MM = 120 GeV)
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Most precise My test with the ILC: [GFitter '13] [LEPEWWG ’'13]

For GigaZ used: M, = 6 MeV, 8m, = 0.1 GeV, 8oy =47x10%, dsinfe? )= 1.3x10%, &R =4x 10°

NR20_||||||||\‘||\\||\\||||\||\\\|‘||IBIJIII‘\II\‘II\\_ 20 L UL !
< 18 I_ SMfit pre u,:tlon using current uncertainties (5, Q= fit) fitter SME_I | :
DSM fit pre |ot|on using estimated GigaZ uncertain' s (8, = Riit) 4 J
4o . -
. 15- -
" % _
--------------------------- 130 < .
3 5 Ml Future
=120 _
0 | L1 | LI ‘ | | \ \ i e A B .'Ll.k" _\ \__F__]_‘__I_I__I_AIHT_I_I__I__I_‘__\_I__I__\_‘__I_I__\__\_ 16 ]
0 60 70 8 9 100 110 120 130 140 150 0 O' 1 '7| ' 100 T I]_é T 'l 0
i 5 5 5 15

m, [GeV]

= sMNd < +6 GeV
= extremely sensitive test of SM (and BSM) possible
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4. The (SM) Higgs boson at the LHC
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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
5 A ; -. = ik

"Q;

W& feuney-Voltaire
.L,ab..‘-'! it S p

PFEVEEHH Y

q 2 "
o T A

A
(PBE 2 wreumin/ W

.

:.:_ ¥ it ::---_."".ll-I L--_II '.' H o
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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 ... :-)

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 29.09.2025 I/39



Physics at the LHC: basics

pp scattering at /s = 14 TeV

Scattering process of proton
constituents (¢, ¢, g) with energy P
up to several TeV,

strongly interacting

— huge QCD backgrounds,
low signal—to—background
ratios

interaction rate of 109 events/s

— can trigger on only
1 event in 107

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 29.09.2025 I/40



T he Master formula for all LHC cross section calculations:

o(pp — X) = Z/dib‘ldwz filz1, py) fi(xo, puy) o (i — X)
i

}".(_J.: ) ) Calculate
Mebsure Ji LAy i i perturbatively

_
?

f(x,up) : parton density functions (PDFs)
r12 : momentum fraction carried by the incoming quarks, gluons
o . partonic cross section, calculated perturbatively
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Parton Density Functions (PDFs):

e PDFs cannot be calculated perturbatively
— they have to be measured experimentally (at a certain scale)

e QCD predicts the evolution of the PDFs via the
Altarelli-Parisi/DGLAP equations,
i.e. once we know the PDFs for a certain scale, QCD predicts them for
all other scales

e PDFs are universal, e.g. PDFs determined at HERA can directly be used
for LHC calculations

e PDFs are different for valence and sea quarks

e PDFs come in the form of Fortran codes, mainly by several groups:
MRST/MSTW, CTEQ/CT, NNPDF, HERAPDEF, ... collaborations
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Example for PDFs of the proton:

x f(x)

MRST2006 (NNLO)
2=10,000 GeV?

MRST2006 (NNLO)
w=20 GeV* I o
12 | \u

g/10

0.6 [~

04 |-

= The LHC is (mainly) a gluon gluon collider
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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?!

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 29.09.2025 I/46



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~?
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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

1282 73
via the top quark and W boson loop

F(H —yy) =

4
‘—6152 — 7
3
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Total width:
sum over all decay widths

FH,tot L= Z F(H — dd/)
dd’

= T (H—->tt) + T(H—>b) +T(H—c) + ...
+ T H-77)) +T(H—=pTu) + ...

+ 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]

WWwW T

LHC HIGGS XS WG 2013

bb

7

~
~

|

\
D

5=

Higgs BR + Total Uncert
H
o

>
w

1000
M, [GeV]

4 | \ l
10790 200 300 400

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 29.09.2025 1/48



Theory predictions for the SM Higgs: branching ratios

IIIIII|
=
=

IIIIIII|

LHC HIGGS XS WG 2013

7

=

Q
=
|
~
~

nggs BR + Total Uncert
[ IIIII|

Q
W

7 |

-4 ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] ] ] ]
109 100 120 140 160 180 200
M, [GeV]
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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

=
o
N

[ | 111 II|
LHC HIGGS XS WG 2010

=
o

o(pp — H+X) [pb]

10*

1000
My [GeV]
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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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5. Motivation for BSM Higgs

Fact I: The physics world changed on 04.07.2012:

QO i T T TT T T TT | TTTT | T TTT T TTT | TTTT | TTTT | T T TT : CMS ].IE - 7 TeV‘ L - 5-1 fb_.l \'E - 8 Tev‘ L - 53 fb'1
C_U ATLAS 2011 2012 — Obs % 1 T —— T 1 I O Y IO |§1(5
S 5=7TeV: [Ldt=46480° .- Exp T 10'; % NN o
Vs=8TeV: [Ldt=5.8-5.9 fly* + 107 = 2
1 s=8TeV: | M+lo 0 Q1 . : \\ /%30
0 Sinabulelelr o+ Sloblelebulelebuielebielebietebuleteleletelelefeoiopieiebiotebuieteetetegeieteye-— I 0 4 = E N— E
101 -------------------------------------------------- lo 8 1 O 4 ; \\// é
102 Baeman, R\ S B =40
) A R N/
4 6 [ Sel _;I
DU N A o  10°E 450
’ 107 & =
10 = Sy -
10—7 ------------------------------------------------------- 50 10_8 :g Yaae . E:
10® 10 9 ; --------- ;6(5
K NPT ¥ S S F | == Combined obs. 3
110(_)12 b0 1 0_10 E| === Expected for SM H =
T I TR PO RS DU DR T 10" ?z iy 1
i =a | 1111 1111 1 111 1 1 11 1114 I | L 11 1= E [eoceccecoes] 8TeV :70
110 115 120 125 130 135 140 145 150 10_12 = | | I - | L 1 1 | | L1 | L1 | | L T 1 | L T 1 | | | =
mH[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 ——
I — —— & 120 Dom (+017, T I po —=—
\|III|III|III||II|III|III‘I\Illl\l\llllll u : N-l_ %
06 08 1 12 14 16 18 2 22 24 26 == K =
) ) TR SRRV RN B R PRI R AR T R
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”!

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 29.09.2025 1/57



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

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 29.09.2025 1/58



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
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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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