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BSM Higgs Lecture

Sven Heinemeyer, IFT (CSIC, Madrid)

Shanghai, 10/2025

1. Motivation for BSM Higgs & BSM Higgs sectors

2. BSM Higgs sectors: collider phenomenology & more

3. Tutorial: joint calculations
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BSM Higgs Lecture

Tutorial: joint calculations

Sven Heinemeyer, IFT (CSIC, Madrid)

Shanghai, 10/2025

1. The sum rule & unitarity

2. Quantum corrections to the MSSM Higgs mass
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1. The sum rule & unitarity

X . i 2 —_— 2
'he “sum rule™: 5. g7 vy = i\ V'V
. 2 2
We know from LHC measurements: IhosVV ™ IHapVV

Connection to unitarity?
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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

- C. Englert _
1000 10000

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

Ec_ m. [GEV]

Sven Heinemeyer — School on Precision Higgs Factory Physics, 15.10.2025

11/5



Mandelstamm variables: [Wikipedial

s-channel t-channel u-channel
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Mandelstamm variables:

Note: forus e=1

2 2

(p3 ‘P4)2‘3

s = (p1 P2)2C

t=(p1 —p3)’c’ = (ps —p2)°c

u=(p1 —ps)°c® = (ps — p2)°c’

Note that

2

S+t+u= (mlc2)2 -+ (mgcz) =+ (m3c2)2 F (m4c2)2

High-energy Iimit: s+t~ —u
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Case I. 2HDM [Material taken from S. Chopral

Scattering of longitudinal W bosons: W;W; — Wy Wy

W. %4
g
W. %% for £ — oo

Additional Higgs contribution in the 2HDM:
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Additional Higgs contribution in the 2HDM:

2 2 2 2 2 2 2

. . 8 70 ) [ 0 ) [

M = —I (K ) + + (KH ) + ’
4m%, [ W (Sm2 tmzo) W s —m? t—m?

~ K(Kgfw)% (Kg;,)z) (s+0)+2 (i) mio+2 (Kg;,)zmgﬁ...] .

Do the (s +t) contribution cancel?
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Additional Higgs contribution in the 2HDM:

2 2 2 2 2 2 2

. . 8 70 ) [ 0 ) [

M = —I (K ) + + (KH ) + ’
4m%, [ W (Sm2 tmzo) W s —m? t—m?

~ K(Kgfw)% (Kg;,)z) (s+0)+2 (i) mio+2 (Kg;,)zmgﬁ...] .

Do the (s +t) contribution cancel?

Coupling modifiers in the 2HDM:

0 ) 0
Kyw = sin(B — o), Kiyw = cos(B — a),
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Additional Higgs contribution in the 2HDM:

2 2 2 2 2 2 2
. . 8 70 ) [ 0 ) [
M = —Ii (K ) + +(1<H ) + :
Am? [ ww (Sm2 tmzo) ww s —m? t —m?

My

Do the (s +t) contribution cancel?

Coupling modifiers in the 2HDM:
0

K&fw = sin(f — ), ng = cos(f —a),

= the (s +t) contributions cancel:
2 2
(<) + (V) =1, v=wZor

2 2 0 770
Zgh,-vv = 8Hgvv, hi=h.H
l
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Case II: GM

Additional neutral Higgs contribution in the GM:

- +
W, W, H W p
\ Pl\“ , /;3
o B .
Pl N\ P3 HO /ho:
P2 HO /j0 :
/ / \ P2 x b B
Pa \
_ _ _ P4 -
Wy Ws Wy Ws
s-channel t-channel
s and t-channel #°/H® diagrams (CP even states)
+ -
Wu Wp
o
PW3
HY |
_ pa _
WV WO'
s-channel t-channel
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Additional neutral Higgs contribution in the GM:

Mo [(shw)” o+ (sffow)” + (sifh) ] G 0
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Additional neutral Higgs contribution in the GM:

_[(

K}VZVW)Q + <KIVLIVW)2 + (k) 2] (s +1)

Coupling modifiers of neutral Higgs bosons:

0

V8

K‘? — cos Oy cosx — —sin Oy sin o,

V3

0 , 8 .
K‘{;I — cos Oy sinax + —sin Oy cos o,

V3

HY 1. p HY 2 p
K — —=S1IN oy K — ——=S8S1noy.
WWwW \/— y /7
3 V3
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Additional neutral Higgs contribution in the GM:

Mo [(shw)” o+ (sffow)” + (sifh) ] G 0

Coupling modifiers of neutral Higgs bosons:

Ko \/g . .
Ky = Cos0Oycoso ———=sinfysina,

V3

0 , 8 .
K{? — cos Oy sinx + ﬁsmﬂgcosa,

H? | HY 2 .
Kyw = —=Sin6y, K,> = ——=sin0y.

V3 V3

[(m@vw)z + (KII/_T’/W)Q + (z«:gfw)z] = cos? 0 + 3sin? 0y

= unitarity is NOT preserved??
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GM is a model with triplets

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

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

ot gt gt
¢( 0), x=1x"|, §=[¢&[|- (2.33)
¢ X0
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GM is a model with triplets
GM contains doubly charged Higgs bosons
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GM is a model with triplets
GM contains doubly charged Higgs bosons

= additional contribution to W; Wy — W W;: (u~ —(s+t))

‘u-channel H- " diagram G
3 & R%W = V2sp
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Total Higgs contribution in GM:

== (o) (o) () = () )

2 ) 0\ 2 ) HO 2 ) H++ 2 )
+2(KWW) mh0+2(’fulgw) Mo +2 | Ky | m5+ | Ky | 5

Sum rule in GM:

10 2 5O 2 HO 2 Hit 2
(KWW) T (KWW) + | Kww Kww | =1
ng%I-WW o g%wurww — g%'ISMWW’ where hf — {hoaHoaHg}a
8 |

gs%{—l—gsﬁ—%%{:c%#—sﬁz 1.

htE =H

c%;—l—

= unitarity IS preserved in GM!
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2. 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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1-Loop: Feynman diagrams:

r r
h,@,h ho 0,
t t
— let’s estimate their size!
Feynman rules:
t 7
[ [ o
¢ 7
1emy ieth
2 My sw sin 3 2 My sw sin 3
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Consider:

— AM?Z2 = -3, dim = [m?]

— SUSY s constructed in a way that corrections go with ~ log(m2 <),

: 2
(never like ~ mgysy Or ~ m& gy )
— logs must not have a dimensionful argument

— top diagram: m# /M3, from the couplings,
only other mass scale available: my

— stop diagram: mj /M3, from the couplings
— color factor for tops or stops: 3
— fermion loops yield a relative factor of (-1)

— loop factor: 1/(472)
— estimate the formula for AM}%
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Consider:

— AM?Z2 = -3, dim = [m?]

— SUSY s constructed in a way that corrections go with ~ log(m2 <),

: 2
(never like ~ mgysy Or ~ m& gy )
— logs must not have a dimensionful argument

— top diagram: m# /M3, from the couplings,
only other mass scale available: my

— stop diagram: mj /M3, from the couplings
— color factor for tops or stops: 3
— fermion loops yield a relative factor of (-1)

— loop factor: 1/(472)
-

3e2ms m2

2 t 4

AMp ~ 55 5 54 |0J
16 < M5 s4, Sin< B
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Consider:

— AM?Z2 = -3, dim = [m?]

— SUSY s constructed in a way that corrections go with ~ log(m2 <),

: 2
(never like ~ mgysy Or ~ m& gy )
— logs must not have a dimensionful argument

— top diagram: m# /M3, from the couplings,
only other mass scale available: my

— stop diagram: mj /M3, from the couplings
— color factor for tops or stops: 3
— fermion loops yield a relative factor of (-1)

— loop factor: 1/(472)
= real calculation:

2

3e2m? mz

AMj; ~ 55 5 o5 109 |
8 < My, sy Sin< B m

|

N
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dominant 1 — loop : AM? ~ ; th —— log L
8 2 M5, 5%, Sin< B m

+N

Numerical estimate: 62/(47T) =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? ~ ; th —— log L
8 2 M5, 5%, Sin< B m

+N

Numerical estimate: 62/(47T) =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
My = Mp tree + AMj,
mp 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:

Data 12,¥5=8 TeV, 20.3 b !
B o owa 1 o bty
[1606.08616]

-1
(s = 8,13 TeV, 20.3-139 fb March 2021
— 900 [ T | T T T | T T T I T T T I T i — Ohserved limits
= = G i . A = = Expacted limits
8 - ATLAS Preliminary .
— 800 - 1, production N Data 15-18, ¥ = 13 Tev, 139 1b
B C Limi 5 1 = monoier], bt i
o - - Limits at 95% CL . monojekt, X
122 700 EF ] [2102.10874]
o B ] e o o
E B 1 T DL,t]—)ix1 .*tl—abW)(ie’t]—)hﬂ'x1
60 0 '_ ] [2004.14060]
C 7] — 21—>!i‘°.f'i1—>bwic‘la’"i‘—>bff 1‘1’
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 . 1708.03247, 1711.03301]
200F ] Eaiow
C 7 [1903.07570]

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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