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Form of the Higgs potential and trilinear Higgs coupling

» Brout-Englert-Higgs mechanism = origin of masses of

elementary particles ...

... but very little known about the Higgs potential
causing the electroweak phase transition (EWPT)
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Form of the Higgs potential and trilinear Higgs coupling

» Brout-Englert-Higgs mechanism = origin of masses of
elementary particles ...
... but very little known about the Higgs potential
causing the electroweak phase transition (EWPT)

» Trilinear Higgs coupling A crucial to understand the
shape of the potential
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Form of the Higgs potential and baryon asymmetry

vV
» Brout-Englert-Higgs mechanism = origin of masses of
elementary particles ...
... but very little known about the Higgs potential Existence
causing the electroweak phase transition (EWPT) of a
potential
» Trilinear Higgs coupling A, crucial to understand the dté?)rerinec:s *
1 )
shape of the potential on\. :,
» Among Sakharov conditions necessary to explain ;
baryon asymmetry of the Universe via electroweak < :’
phase transition (= electroweak baryogenesis). = d)

> Strong first-order EWPT (SFOEWPT)
— barrier in Higgs potential
— O(30-100%) deviation in A from SM prediction

If SFOEWPT along Higgs field direction
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Form of the Higgs potential and trilinear scalar couplings

h=h

125

[discovered Higgs boson] Beyond-the-Standard- N V()

Model theory, here with 2
scalar states (as an example)

EW vacuum

¢ Deeper minimum
[¢ = v+ A

m, —

h
(125 GeV)?

(p Deeper minimum
i
< ? Extended scalar sectors
v = 246 GeV . . -
— more complex Higgs potentials e e
— more trilinear scalar couplings Figure by [K. Radchenko Serdula ‘24]

needed to reconstruct potential
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Probing New Physics with the trilinear Higgs coupling

» Large effects from New Physics possible in A, due to
radiative corrections from extra scalars,

2HDM type I, « = 8 — /2, ma = my+, M = my = 600 GeV, tan § = 2

[Bahl, JB, Weiglein Phys. Rev. Lett. 22]

T

e.g. at leading order ~ (see [Kanemura etal. ‘02, °04]) n — @« from [JB, Kanemura ‘19]
Higgs boson ' ,"’ / S—
h, '/ v\‘ h, '4' \\‘ ," 20+ Excluded by the experimental
----- ' @ / B | @ “\ I bound on ky:
%_‘,’ﬂ\ \\---"’ % %\ raglj > kP = 6.1 (current)  [ATLAS +CMS ‘25]
N A =
New scalar(s) N h ‘\h 8’; H,g?) > k3P = 6.1 (current)
B o i 2 M2 a2 ~ = HI-LHC projection
~ “mass splitting effects Jhhoo = — ( - ma) =151 k@ > KHE-LHC — 16 (projection)
v ’|<| Excluded by NLO pert. unitarity
» Comparing latest exp. bounds g
0.7 < Ky = Ahhh < 6.1 [ATLAS&CMS Lol
()\(0) )SM combination ‘25] _ /
hhh
with precise theory predictions for A, provides a powerful S 61 (current)
new tool to constrain BSM models T Pl ety AT s
I ead I
» BSM deviations in Kk, also motivated from the point of | AHLEC 4 (projection) g
view of early-Universe evolution (e.g. strong first-order 1 — 1 T e
y-Lniv (€9 9 600 700 300 900 1000
EW phase transition)
my [GeV]
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Automating predictions of the trilinear Higgs self-coupling

Calculations of A are receiving increasing
attention

More and more model specific results at one loop

SM + singlet [Kanemura et al. '16]; 2HDMs [Kanemura
et al. '04], [Basler et al. '17]; N2HDM (2HDM + singlet)
Basler et al. "19]; triplet extensions [Aoki et al. "12],
[Chiang et al. ’18]; MSSM [Hollik, Penaranda ‘04];
NMSSM [Dao et al. "13]; models with classical scale
invariance [Hashino, Kanemura, Orikasa ‘16], etc.

... and at two loops

SM + singlet [JB, Kanemura '19]; 2HDMs [Senaha ‘18],
[JB, Kanemura '19], [Aiko, JB, Kanemura ‘23], [JB, Egle,
Verduras Schaeidt WIP]; MSSM [Brucherseifer et al.
"13]; NMSSM [Dao et al. ‘15], [Borschensky et al '22],
Dao, Gabelmann, Muhlleitner ‘25]; models with classical
scale invariance [JB, Kanemura, Shimoda ‘20], etc.

but many more models to investigate!
— Automation
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anyH3 v1 [Bahl, JB, Gabelmann, Weiglein ‘23]
public tool for full one-loop calculation of A__ in

arbitrary renormalisable models and with semi-
automatic renormalisation, using UFO inputs

s ﬁ
ATLAS Phys.Rev.Lett, 2024 . o]
r
6 —— SM
- —— IDM
- — THDM-II
| ——— TSMy—;
g [ — GeorgiMachacek
' all with M = 400 Gev
3
LHLLHC oo oo oo e
2r
: 4H
1L
400 500 600 700 800
Mq) [GeV]
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Automating predictions of trilinear scalar couplings

Beyond one loop: generic two-loop results for the Beyond A, : Predictions for generic trilinear scalar couplings
trilinear (and quartic) Higgs self-coupling anyH3 v2 [Bahl, JB, Gabelmann, Radchenko Serdula, Weiglein
[Bahl, JB, Gabelmann, Pal3ehr ‘25], extending on WIP]

pioneering results of [Goodsell, Paliehr ‘19] for generic

: Example below: mass-splitting effects in generic A, for a
two-loop self-energies ik

benchmark example in an aligned 2HDM and with different
renormalisation schemes

4{ % %E {q %: ﬁ: %j ﬁ 2HDM type-tt: MM5(Q = M) = My = 400 GeV, My = M+ = Mpsy, a = 3 — /2
1200 i ! T J U n T T T T
one—loop()\hHH) / 30F o~ / /

/ N !
1000 === one-loop(AY s / ; i
LR 011€~—loopE \1]:{15:.5‘)Y JI:' ’ = Ef\’ 9 H;‘ /!!
4@ /<_ @ \@ ﬁ /@ i L - tree-level “:'. ] g 207 N~ /\ ,’!
o ,’:‘" e i //
E ’ 7 1 2 1~ i
~ “./o’ < 10+ "'N-‘.“.-‘ ’,,/ i
! 4(#‘ 1 '“"-'1-;-.-__; :-._
@ ﬂ j g i - i (R (O <1 S
I—l-l-ll-l—l-ll-l-l-rﬂ‘-':':‘- ................... L T ey TP 01
= / \
- J e O EfL
: . - " - - ,z y % GOF \\ A
< 200} PR <) %
£ % 7/ = o0F N\ £ 1
\. - './' ] E \\ gt 8
(/x A0} \\ ..- /,/ ]
. . . . \ ")’ \"-. -‘" ,’,,
(see details and example application in backup) of '=---..._ .u.-r-'? --------------------- 30¢ et
400 500 600 700 800 400 500 600 700 800
Mgy [GeV] Mpsy [GeV]
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Model-independent higher-order corrections to A

Higher-order effects can still be significant for k,>>1

— What happens with diagrams containing the trilinear (or
quartic) couplings themselves?

e.g.. h
(2)_ __F‘:_)'-. //
Ky = h -«
a .

(a) .

5Y

hj.-f

!‘_EA e I

+ h----e_

(b) h :“;

B\

K\

K f#

|

.‘Tf;ulhf’jl. I

+ h----e_ !

h e
(d) KA

K\

H\“__

Following effective approach, inspired

by scalar sector of Higgs Effective Field

Theory, we computed diagrams with

insertions of K, and Kk, (denoted with bars

to indicate inputs), up to two loops

-- h h fh
T8y ;7 H\‘\ f_f"
+ .-’1————‘\ *« K4
L - \\\
--h (€) h h
o K\ ]
h . hf+\ . 1
,l{f),‘ ! | k! f_f‘
+ h---4 'heF
[ \"6"{ \'\
- h () h Ko, h
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hhh

[JB, NaskKar,
Weiglein ‘26]

- Incorporates well-defined set of higher-order corrections

- Modifies theoretical interpretation of experimental bounds

BSM prediction | 10
including also W
higher order |  [~~ToTTtooommooommmioooomiioooyg A
effects 91 ’
—— Observed Limits
\ ---- Expected Limits
5&? 0
— =10 =my
~54 s, =1, 0=
* Ry =0R\—5,Q=my
L " R4:6RA—5,Q:’U
—10 - : .
—10 —5 0 ) 10 .
= BSM prediction
) =i \4——— | atone ortwo
60— m e T A T loops
\ e \ \ T | A ] 1.1
“ “ “\ "‘ .l I: g ]" l" " ’,f,
407 % RS A o
VW Vo Y
‘l‘l ':l "i ‘| =‘| ; ’4." ll: "
2090 v\ o i
AT T T R
e ¥
€ 0 b ST
Lo R P
[l i | oW b :
\ i | ' -~ |l
—20{ | WA L B S i s =5
= ) ,r’;’ ? i ’f: | SMEFT region
— 401 ? /_531\’ 5. I L_ i, 1 Unitarity bounds
s i//' T\\\ i) : Z?’.r{ it i 9 Exp. bounds
= L4 i ¥ i i . bt
' Pl i W H o |
== Feae— o A .
—10 -5 0 5] 10
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Automating calculations of
Higgs pair production

[Bahl, JB, Gabelmann, Radchenko Serdula, Weiglein WIP]



Di-Higgs production

» Dominant channel for di-Higgs production at (HL-)LHC: gluon fusion
Here, leading order (LO) diagrams, involving top quark (dominant contribution among quark loops)

(¢RI IT IS

[ RV ITIT

.
.
-
’
t L}
5
1
Y
1
Y
.

-h

-4

(¢ RITITITITITE

1t

(¢ RITIIITITITE

h = h125
[discovered Higgs boson]

(SIS o ) h
Vit b =
g wan00s09e - h

“Non-resonant contributions”

- Standard Model (SM)-like diagrams

- Involves the trilinear self-coupling of h125 — )\hhh

— probe of the Higgs potential

- Large destructive interference between triangle and box

diagram

— suppression of cross-section in SM
- large changes in di-Higgs cross-section
possible from BSM effects in A

“Resonant contributions”
- Diagrams involving BSM scalars
in s-channel (generically denoted ®))

— collider searches for BSM scalars

- Involve BSM trilinear scalar couplings )\ijk

— probe of Higgs potential in
extended scalar sectors

NB: in the following, | focus on BSM effects (incl. higher-order corrections) to gg - h h,

— for progress on the SM calculation, see talk by Sauro Carlotti
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026
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Interference effects: resonant contributions vs full distributions

> Including interference between non-resonant and resonant contributions can drastically change di-Higgs invariant mass

distributions

- Relatively good agreement between peak of resonant and total m_distributions, but away from peak they can differ by up to 2

orders of magnitude
- large impact of interference effects warrants analysis of these scenarios with full predictions

— possible with codes for di-Higgs predictions (e.g. HPAIR, anyHH), or reweighting tools, e.g. HHReweighter [Feuerstake et al ‘24]

RXSM:

10—2 4

=
o
1

w

Oopp/Ompy [fb/GeV]

10744

" mmm= SM
F=== —— Resonant contribution
— Total
e my = 643 GeV
o a = 0.992
Lo vs = 34 GeV
- Ky = 1.44

!_—_! )\h,h,H =241 GeV

o apoSNE Ot — 175 fb

- RxSM, res __
Oph =3.11b
1

[Arco, Heinemeyer, Muhlleitner, Parra Arnay,
Rivero Gonzalez, Verduras Schaeidt ‘25]

400 600 800 1000

mpp, [GGV]

2HDM: 10°}

o

—
o
o

da/dm;,,;-,, [fb/GCV]
s 3

p—
o
|
>

Resonant production : 54%

— gl Oty =94.34 fb)
_O-r(?s(gtc)t =50.55 fb)

=5.01, AlY =0.23

mpy =450 GeV
my =800 GeV
Cl—aq = 0.05

tg =4.00

200 400 600

800 1000 1200

[Heinemeyer, Miihlleitner, s [GeV]

Radchenko Serdula, Weiglein ‘24]

i NB: this 2HDM

scenario is
excluded by

| resonant

searches but
allowed by
non-resonant

1 searches

~ Distributions computed with HPAIR ([Plehn, Spira, Zerwas ‘96], [Dawson, Dittmaier, Spira ‘98], [Abouabid et al. ‘22], [Arco et al.,
‘25]), shown here after 15% smearing and 50 GeV binning
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026
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Impact of loop-corrected trilinears on di-Higgs production

Here: RxSM (general singlet extension of the SM) [JB, Heinemeyer, Parra Arnay, Verduras Schaeidt ‘25]
BP1: my = 659.4 GeV, cos v = 0.99, vg = 56.1 GeV, kg = —880 GeV, kg = —880 GeV, 20 =03, Z1 =923

—1
10 m.]xs.u(/\f_l;b — 107 fy o | I 1' Smearing 15%
—— RS =961 ' Binning 50 GeV
= o lo error bars
Fanol L\ T~ h. T oy, = 19.8 tb
S0 . |
S =
= T
<1077 L[
= (0) (0) I
Ky =10, A, = 96.3 GeV
. ¢ |
ki =3.0, Ay = —119.7 GeV 1071 1
400 60O 800 1000 100 60O 800 1000
iy |GeV] My |GeV]

» Trilinear scalar couplings computed with anyH3 and di-Higgs production with RxSM-specific version of HPAIR
[Arco et al. ‘25]; results shown at LO in QCD

- Large radiative corrections to both trilinear couplings, A and A ., modify the interference pattern and shift the
dip fromm_ ~ 250 GeV to 350 GeV + change the peak-dip structure at m, into dip-peak

- After smearing and binning, analysis with tree-level trilinears (Z®=0.3) would not find a deviation from the SM,
but an analysis with one-loop ones can (Z¥=9.3)

> Similar results in 2HDM [Heinemeyer, Muhlleitner, Radchenko Serdula, Weiglein ‘24]
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. . - . . [Bahl, JB, Gabelmann,
Di-Higgs production in arbitrary models: anyHH Radchenko Serdula,

Weiglein WIP]
> anyHH: Total and differential cross-sections (so far, at LO in QCD) for gg - hihj including:

> 1L corrections to )\ijk (computed by anyH3)

> BSM contributions in s-channel diagrams

> momentum-dependence both in vertex corrections and in propagators

g ,,hz- [ RIITITITTIITY “«—— oo hz g ,,hz.
_____k_‘\\ t \:;A:ij>z‘>k;:\\\
g )\ . hj (O RITITIITIITY N hj g hj

17k

> Takes UFO model files as inputs, as anyH3. So far limited to models without additional coloured patrticles.

~ Good agreement found with existing results in the literature — e.q. HPAIR (details in backup)

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 202 Page 14



[Bahl, JB, Gabelmann,

Impact of NLO corrections in the 2HDM Radchenko Serdula,
Weiglein 26 + WIP]

Example in aligned 2HDM, with di-Higgs cross-section and m, distributions computed with anyHH

- K@ =1; A @ =0 (due to alignment limit) taps =2 MAHH+ = 600 GeV, M = 400 GeV, a = § — /2
i TR
Impact of loop corrections to trilinear ( ) RO
Black vs red curves - huge impact of 5
loop corrections to )\ijkon both cross- ;5 -tk T
section and distributions BN ST PG
: S 1072
Impact of momentum in A, and = :
s-channel propagators S —_— AP = fm%h) ot —59.0 fb]
Blue vs red curves © 1073k ) .
—. shape of distribution unchanged == A(P® =0), 0" =748 b
~ 0(20%) impact on total cross-section o A(fi otot = gfet —37.6 fb
10—|-........... —
300 400 500 600 700 800
muyp [Ge\/]

Note: similar results for impact of loop corrections also found [Heinemeyer, Muhlleitner, Radchenko Serdula, Weiglein ‘24]
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026 Page 15



Impact of NNLO BSM corrections in the 2HDM

What about higher orders?

Here: example in aligned 2HDM, with di-Higgs cross-section and m,_distributions computed with anyHH and
with 2L correctionsto A and A_ . from [JB, Egle, Verduras Schaeidt 26 + WIP]

2HDM: tan3 =2, o = —7/2, M = mpy = 600 GeV, my = my+ = 800 GeV 2HDM: tan 8 =2, a = — /2, M =400 GeV, my = my = myz = 600 GeV
R . ok, A ) =374 oY, A0) =374 b
10714 amn(r5 Mnyg) = 19.3 fb ) Uhh(ff&{% M) = 63.3 fb
ahhm‘f’, A0y =155 1075 (K5, M) = 39.9 b
Qren. = Mo = m,;/? Qren. = f10 = Mpi/2
= =
[<b) v —1
10
2 102 &
é .'4. é
§ ..... § 2
S .. S10
= =
Sl S
S S
------ Y =1, A9 —0Gev 10~ 0 =1, A0 =0Gev
“’ =1.82, AV, =0.02 Gev (” =170, Al = 17871 GeV
10~ (2 =2.35, Ay = 9.25 GeV 10~ {2 =192, A\, =127.90 GeV
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
myy [GeV] mp, [GeV] [0, @ LO in QCD with K-factor of 2,

but includes higher-orders in BSM]
Note: see also [Degrassi, Grober, Slavich 25] for NNLO BSM corrections to A, A, and total di-Higgs cross-section
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Results with different final states

|
[

1

60}“]%. /8mhihj [fb/GGV]

THDMI: c5_, =0.98, t3 = 3, m;, =95 GeV
myg = 120 GeV, M =81GeV, my = my: = 190 GeV

i
E

(0] L] iy [0 4
— ]
(A ) (AL ) ms (A )

- mu(AL P =0) == mgAQl =0)) == myy (AL =0))

(1} B ] iLi ] [ [ 1] 1 )
© AL (= g, ) e Tr?_l._f{':-:"-:_i*.“ﬁ‘z =miy)) =cr mag(dF =mig))

i £

i £

I r

I s £

I s E

F o

| £

= £

: :"‘ Ly

E E :. ; ,."-Ir_.-‘ - ‘ )
IRREL ]
I 3 ]
[ | [,

!I !‘ 1 L 1

2000 400 600 =00 1000

M, (GeV]|

Scenario 1: 2HDM type |, with a light h,,
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80}“}” /8mhihj [fb/GeV]
S

107

ln—{i

[Bahl, JB, Gabelmann,
Radchenko Serdula,
Weiglein WIP]

THDM II: c4_,. =0, t3 =31, m; = 125GV

™

T T T

== mpal AP = 0))

[0 4 [0 iy L0}
Mign Ay ) = mpuid ) mp (A

. ”"MI':-"'":J:I':I-"E =0}) - myp(Ai(pt =0)) -

Jr.'f‘”i}.:-l'il:pz = Ir.-lr"“.:l] na

(2] = ] \
- ”.'fnlll'.ll-rktfr =g, )} ="

cy (1) ¢ 0 . 3
m,u”,ul_,l“il_p" = r.uf”_l.:l.u ]

<,

It
I T
Fl ot
EY L
B
R
F |
.I 1
-: Ll " -
r . T
E | 3
| | 3
-! 1 1 Il L 1 E 1

300 400) H00 600 700 =00 900 10010

M, (GeV|

Scenario 2: 2HDM type Il, with heavy BSM states

(same as in prev. slides)
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Results in new models: e.g. N2HDM

- N2HDM = 2HDM + real singlet
- 3 CP-even mass eigenstates

h, h, h,

» anyHH allows computing

contributions to di-Higgs
production together or separately

- find impact of interference

> Here first with tree-level trilinear

scalar couplings

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2(
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© Kateryna Radchenko

=0
ooy
)\Eg)hlhz [GeV]
)\Elll)hlhz |GeV]
)‘g)l)hlhg |GeV]
Aglll)hlhg |GeV]

0.97
2.18
93.5
40.3
160.5
342.8

o /Omy,p, [Th/GeV]

Sy

[Bahl, JB, Gabelmann,
Radchenko Serdula,
Weiglein WIP]

© Thomas Biekotter

g9 — hihy in the NTHDM at 14 TeV: tree-level trilinears

OO+ By 5y = 48.8th
Opn,+0n, = 9.9b
0044, = 40.9fb
Opn, = 4.6fb
Yoop,, = 5.5fb

o . A

100

N2HDM benchmark definition:

oy = 1.019,
My, =125GeV,
My =673 GeV,

tan § = 1.53,

as = —0.076,
M, = 695 GeV,
Mpg+ =762 GeV,

vg = 415.4GeV .

5001000 1200 1400

Mphy [GGV]

ag = 0.960, Allowed by flavour,
My, =773Gev,  HIG9S phys. EWPO,
My, — 367Gev,  vacuum stability,

perturbative unitarity
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[Bahl, JB, Gabelmann,

Results in new models: e.g. N2HDM Radchenko Serdula,
. Weiglein WIP]
> N2HDM = 2HDM + real singlet @;Q "f"
. ] e
- 3 CP-even mass eigenstates AGF .@ o
hl’ hz’ h3 ©® Thomas Biekotter
o gg — hihy in the NTHDM at 14 TeV: loop-corrected trilinears
. 0 [ T T T T T T T T T T T T T T T T T T T i T T T —
- anyHH allows computing Ry 0.97 .

" L _— = 34.6fb
contributions to di-Higgs iy 2.18 107 _@; - e
production together or separately A [Gev] | 935 g u Tyt Bug ‘16 -
= findi ] = 10-11 ==" 004a,, =16

find impact of interference MD L [GeV] | 40.3 g 10 v o
> Now instead with loop-corrected )\g)l)hlhg |GeV] | 160.5 = v op,, = 2320
trilinear scalar couplings Minn, [GV] | 3428 107 o
Ap, ] sl M
/h (I RITITIIITITY s h S.i .
hl. / © f
b A\ A Q \
. 10744 ‘
“ho Gesssed sl h : .
i \t&
&hg &h:_ 1075‘ P TS TS S S S S ’:“‘& M T ]
b g n 400 600 300 1000 1200 1400
hz. h3. M, (GeV]
L N2HDM benchmark definition:
7 h a; = 1.019, as = —0.076, as = 0.960, Allowed by flavour,
My, = 125GeV, M,, = 695GeV, M,, = 773Gev, HIGgs phys. EWPO,
M, = 673 GeV, My = 762 GeV, My, = 367Gey, vacuum stability,

B B perturbative unitarity
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Summary

~ Accessing trilinear scalar couplings is crucial to reconstruct the shape of the Higgs potential
realised in Nature, and probe indirect signs of New Physics

- Large BSM deviations in A, as well as large loop corrections to other BSM trilinear scalar

couplings, can occur for points allowed by theoretical (esp. perturbative unitarity) and experimental

constraints
— such scenarios are strongly motivated by phenomenology and by early-Universe evolution
(e.g. possibility of a strong first-order EW phase transition)

(and A ) and full
one-loop corrections to any }\ijk publicly available for general renormalisable theories

» Higher-order corrections can be significant — full two-loop corrections to A

hhh hhhh

~ Radiative corrections to )\ijk can have a strong impact on total and differential di-Higgs cross-

sections

- the inclusion of these loop effects in theoretical and experimental analyses is paramount

— public tools anyH3/anyHH being developed to make this possible (link to Monte Carlo generators
under development)
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Thank you very much for your
attention!

Contact
DESY. Deutsches Johannes Braathen
Elektronen-Synchrotron DESY Theory group

Building 2a, Room 208a
www.desy.de johannes.braathen@desy.de
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Two-loop corrections to A in
general renormalisable theories

Based on
[Bahl, JB, Gabelmann, PaRehr ‘25]

aaaaaa



Generic two-loop calculation of }\hhh

- All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr ‘19]
~ In [Bahl, JB, Gabelmann, Paliehr ‘25| we generalised this with
— new results for full 2L corrections to A and A_. (with p? = 0)
- results for 0-, 1-, 2-point functions in same conventions
- Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]

E.g. for the following 2L Our corresponding generic expression:
diagram: “Edge list” - defines diagram
g s { .
s mm—m- . in terms of propagators (edges)
N | {1, 1, 1},
e iy \\ 1 {edgel[iv[1], v([4], S[i3]], edgeliv([2], v[5], S[i1l],
Y edge[iv[3], v[6], S[i2]], edgelv[4], v[5], -S[i7]1],
o edgel[v([4], v[6], -S[i8]], edgelv([4], v[7], -S[i6]],

edge[v[5], v[7], -S[i4]], edgelv(6], v[7], -S[i5]]},
~»3SS[i1, i4, -i7, 1]1%SSS[i2, i5, -i8, 1]=
SSS[-i4, -1 SSSSs[i3, i6, i7, i8, 1]=*

T[Df [k1, MS[i5]]*Df[k1, MS[i8]]=Df [k3, MS[i4]]*Df [k3, MS[i7]]*

Df [k4, MS[i6]1])/SFig, 1/3, 1]) Symmetry factor I

_ oo d%q, d?q, 1
with I,‘ iy — [ 2 D) 5 D) 2
) )

kbi=¢, ba=qi+p, ks=@—q, k=@, k=q@p+p
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Generic couplings
(here SSS & SSSS = trilinear
and quartic scalar couplings)

T-integral
[Weiglein, Scharf, Bohm '93]




Generic two-loop calculation of }\hhh

- All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr ‘19]

~ In [Bahl, JB, Gabelmann, Paliehr ‘25| we generalised this with
— new results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions

- Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]

Our corresponding generic expression:

E.g. for the following 2L
diagram:

“Edge list” - defines diagram

) ,.__s___ { . in terms of propagators (edges)
2% | I
e \\ b {edgeliv[1], v[4], S[i3]], edgeliv[2], v[5], S[i1l],
P edge[iv([3], v[6], S[i2]], edgelv[4], v[5], -S[i7]1],
\% _____

Generic couplings
(here SSS & SSSS = trilinear
and quartic scalar couplings)

T-integral
[Weiglein, Scharf, Bohm '93]

edge[v[4], v[6], -S[i8]],
edge[v[5], v[7], -S[i4]],
~»SSS[i1, i4, -i7,
Sss[-i4, -1

edge[v[4],
edge[v[6],
11*8SS[i2,

v[7], -S[i6]],
V[7] » -8[15]]}:
i5, -i8, 1]x

SsSs[i3, i6, i7, i8, 1]

T[Df [k1, MS[i5]]*Df[k1, MS([i8]]*Df [k3, MS[i4]]+*Df [k3, MS[i7]]x

Df [k4, MS[i6]]])/SFi¢,. 1/3, 1])

1

. d?q, d:
with f,‘ iy — [ S

o2 @] (K =) (K, — )

ki=q, kh=qa+p, k=@—-q, k=q¢, k=q@+p,
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Symmetry factor I
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Generic two-loop calculation of A_ - application to models

A4

\4

_ (with p2=0)

- results for 0-, 1-, 2-point functions in same conventions

A\

\4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, JB, Gabelmann, Paliehr ‘25] we generalised this with
— hew results for full 2L corrections to A. and A

Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]

Application of generic results — for both genuine 2L diagrams and 2L subloop renormalisation

diagrams — to concrete models using FeynArts output and self-made routines (see details in backup)

CreateFeynAmp[]

Diagrams generated

with FeynArts
[Hahn ‘01, ‘09 ++]
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ReduceDiagrams|]
Reduction
of number of
diagrams using
symmetries

getFinalRes[]

Analytic expressions

in terms of T-integrals

[Weiglein, Scharf, BOhm
‘93]

applyReductionl[]

Reduced analytic
expressions in terms

of 2L sunrise (T,,)

and 1L integrals
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New results: leading two-loop corrections in the RxSM

- RXSM, or SSM = Real-singlet extension of SM, without Z, symmetry

AH
Vssm = p°|®|° + 7@44 5

2
P52y BSgs

3

- Diagrams (reduced) for 2L contributions to A from BSM scalar S:

h/ h/ h/
¥ R L]
-7 s ! < \'.
. 1 L |
“ | - I \
-— - \ | -—--®_ | ----=_ Lo
h H“a,\:\: h x“illﬁ | h TSl \ S
h ;Z* N
by
b A N\
Fs
h ! h,; fr
/ . < s Ik
P
‘ _“k, .J'T _.::_,-” : 'f, - \;J‘
___ 5 ___ } e
h = -4 h Te- h o ./
h\\ A h'
K n ]
% h\\ 1
fr E-‘, Ff
I I
S e X h
i i
SRR T T R ‘.
h S /'i\ ]_"} u\\\ i h \\x ‘/;H\
H\h \‘* T ]11\
1 \ !
| B |
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- :h
ot
' Yy
————— . .
h v o\
s
-.._.'}1
1
v
1
i
]
I
.-'.'\!:
s | !
/! | \f
_____ + |
| \
h 1
!
v
1
!
h .

A A
oS!+ msuS|P” + 5%
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New results: leading two-loop corrections in the RxSM

Numerical results, in decoupling limit m_ - o

ks =0 GeV, ksg = —10-vs = =3 TeV, Q = [m,/2, 2m,] ksg = —10-vs = -3 TeV, Q = ms, ks = [—KsH, KsH]

—— OS one-loop (anyH3) i : —— 0S one-loop (anyH3) |

=== 0S one-loop approx. - : - (S two-loop

—— OS two-loop

------ HL-LHC exp. limit

Reminder:
not a full OS scheme

g here, k and k., still MS

308

2

0.3 0.6 0.9 1.2 1.5 03 0.6 0.9 1.2 L5

ms [TeV] ms [TeV]
— inclusion of 2L corrections significantly reduces the renormalisation-scale dependence
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Computing A __ in general renormalisable theories: method

A4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, JB, Gabelmann, Paliehr ‘25] we generalise this with

— hew results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions

» Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]
» Generic results then mapped to specific models via private routines (using FeynArts diagrams and
amplitudes; could in principle also be done starting from UFO model)

Topologies and diagrams reduced, taking benefit of symmetries — details in next slides

\4

Y

- Application of generic results to concrete models:
(for genuine 2L diagrams, and 2L subloop renormalisation diagrams)

Reduced analytic
expressions in terms
of 2L sunrise (T

Analytic expressions
in terms of T-integrals
[Weiglein, Scharf,
Bohm ‘93]

Reduced set
of diagrams

Diagrams generated
with FeynArts
[Hahn ‘01, ‘09 ++]

134)

and 1L integrals

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026 Page 29



Reduction of T-integrals

Diagrams generated
with FeynArts

Analytic expressions

Reduced analytic
expressions in terms

of 2L sunrise (T,,)

[Hahn ‘01, ‘09 ++]

E.g. reduction of

Reduced set in terms of T-integrals
of diagrams [Weiglein, Scharf,
Bohm ‘93]

T ... integral

1134

ms3 my o
Smg

Analyticall
mq )(,)I‘ y
on-the-fly B
during

numerical o

evaluation

[Figure adapted from S. Pal3ehr]
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and 1L integrals

> Reduction of T-integrals to 2L sunrise
(T..,) and products of 1L integrals

> Can be done in with our
Mathematica routines to handle and
use the generic results

> Or can be done on-the-fly during
numerical evaluation in our Python

routines (similar to what is
implemented in FeynHiggs now
[Pal3ehr 22])

134
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Reducing topologies and diagrams using symmetries

In our setting:

- External states are identical (- A, A.)
— many diagrams are identical
- All external momenta set to zero
For example, double box diagram, S _ g
with fermions and scalars: . F F .S \ F S
— 6 topologies, 4 diagrams/topology | f
# I A - -.l
AN st By s F S
T1 T2 T1 G1 N1 T1 G2 N2
Y—r71 S sp. S5 & 55,8
\.__ rd \*___l'__’/
T‘-l /;_ a s /.I_ N -l‘— B _.l\
¢ S F» g g S S» 5
- Only need to compute 3 diagrams, rather than 24! T1 Q3 N3 T1 G4 N4
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Automating the reduction

Unique representation of diagram

H \ -
Y "canonical edges’
, . list of "edges” (= lines in diagram)
L _ identical diagrams ~ permutations of edges
2 o 2] - canonical form = one particular choice of
/ ; ordering
/
T Reduction algorithm with “canonical edges”
in pseudo code:
- identify internal and external indices
edgelistl = {edgel[v[i], v[4], S[11], edgelv[2], v[5], s[11]1, - generate permutations of external indices
Z?ZEXEE :Eg ?E;ﬁ ZZgZEXEZ’-ﬂ :EQ ig% - generate permutations of internal indices
edie[v[S]: vigl, -F[3]1, edge[v[6]: v[7l, FI311, _cor_nblne permutations of internal and external
edge[v[7], v[s], s[111} indices
edgelist2 = {edgegvgg, vEg, :EH% ejgeEv%, vg ggﬂ - permute edge list following the combined list of
edgelv , V , , edgelv , V , ) I
edge[m], v[7], -F[3]], edge[v[5], v[8], F[3]], permutations :
edgelv[6], vi7], FL311, edgelviel, viel, -F[311, ~ SOrtlistof permuted edge lists |
edgelv([7], v[8], S[1]11} - return first element of sorted list of “edge lists”
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Reducing topologies and diagrams in practice

/ n | topology-level field-level

0 2 —p & 11 — 11

oponthncton ]y 3,3 25 — 25
2 9 —8 121 — 92 (102)
3 40 — 13 936 — 229 (291)
4 265 — 29 10496 — 698 (928)

- Count number of two-loop diagrams before and after reduction of diagrams
using canonical edges algorithm
> At the level of topologies

> At the level of generic field insertions
[Numbers in brackets — for models with CP violation]

> Reduction of up to one order of magnitude!
NB: numbers shown here at generic level, not considering model-specific particle
Insertions nor summation over generation indices
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RxSM
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The RxSM

> Potential
. A A M2 XS 0 A
V(®,8) = p*(®1®) + T(212)° + rsm(219)S + %(@*@)Sz + 528+ ”’35 S% + 7384
- Field content (after EWSB) 1 WG
O =— ; S =5+ vg

V2 \v+¢+iG°

mixing angle «

~ Mixing among 2 CP-even Higgs bosons: (Gauge basis: ¢, s » Mass basis: h, H

> RxSM scalar sector parametrised in terms of m,%, v, m%,, o, Vs, Kg, KSH
N\ 7 . J/

aV

known free

A\

Three leading diagrams in di-Higgs production, with significant dependence on 2 relevant trilinears:
)\hhh and }\hhH

g h [ONTITTITIIITY - RN h g h
........ o\\\ \&s A .
q Abhh ™ F sl e L g At ™,
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[JB, Heinemeyer, Parra Arnay,

Full on-shell renormalisation of the RxSM Verduras Schaeidt WIP]
e NMasses: mﬁ,m%; Renormalization of two-point functions
e EWVEV: v SM-like electroweak sector
e Singlet VEV: vs No divergences
e Mixing angle: « Rotation matrix: [Kanemura, Kikuchi, Yagyu, ‘15]
e Tadpoles: t,, ts OS/Standard scheme
o Kappas: Ks,KsH Stn = MmN = AFha

Slide by A. Verduras Schaeidt
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[Arco, Heinemeyer, Muhlleitner,

Interference effects in the RxSM Parra Arnay, Rivero Gonzalez,

Di-Higgs production cross-sections: total result vs resonant only Verduras Schaeidt ‘25]

~ Di-Higgs predictions computed with RxSM-specific version of HPAIR (see [Plehn, Spira, Zerwas ‘96], [Dawson,
Dittmaier, Spira ‘98], [Abouabid et al. ‘22]) - results up to NLO QCD for cross-sections and LO for distributions

> Results shown here for RxSM scan points at LO QCD, for consistency with distributions shown in next slides
With HPAIR: (o, *")*° = 19.76 fb while (o, S*)N-° = 38.24 fb

\4

" ~a Al aks s b Ll vacarmand Acsardeslyg il s
Full calculation Only H resonant contribution
1.47 1.47 -
30
& E
® o o @ : - 14
1.46 022 v 8 1.46 1 ¢ : o0 o
& e e ® O ® PO .
L e ® o & o ® ® O 12
& = @ 26 @ ® @ s
& L e ® —_ @ ® ® =
By Ty 8 ol & R, %3 ® 38 L
1.45 - ®e 2 ® = 1.45 - ® ® o %o iy =
o ® ® 9 2 = L) © & P
X ®9 e o 0 24 = o, " co 20 8 .
‘e, ...:o. EE ."'o...':o 2
=
® o o ® o o o - B ® o o o o 8 %
1.44 1 P00 c0e0c0 000 0 o o e Seecv0c00 000 0 0 0 o
6
20 @
sgs s * * e **
o ® SM (LO) s .
1.43 4 s ®® 18 1.43 4 o ®
o ® o ®
0.325 0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525 0.325 0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525
AhhH (GeV) AhhH (GeV)

> Resonant contribution only amounts to 20-50% of the total cross-section!
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Interference effects in the RxSM

[Arco, Heinemeyer, Muhlleitner,
Parra Arnay, Rivero Gonzalez,
Verduras Schaeidt ‘25]

Pl
-=== SM
10-14 b || —— Resonant contribution Benchmark P1
b i my = 459 GeV
e a = 0.984
T
%10‘2- vg = 46 GeV
é L"F k) = 1.47
3 e
g i )\hhH = 177 GeV
1073
oM Ot = 31.1 b
M
- oSN TS = 16,3 fb

400 600 800 1000
mhh( GEV)

» Distributions shown here after experimental effects are taken into account (15% smearing and 50 GeV binning)
> Relatively good agreement between peak of resonant and total distributions, but tails are far apart
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Interference effects in the RxSM

Di-Higgs production differential distributions: total result vs resonant only

[Arco, Heinemeyer, Muhlleitner,
Parra Arnay, Rivero Gonzalez,
Verduras Schaeidt ‘25]

p7
16 e sene SM
- e —— Resonant contribution Benchmark P7
' "_: L mpyg — 643 GeV
] . A —
- o = 0.992
D iy
% =B vg = 34 GeV
: e Ky = 1.44
S .
“%-.10—3 -y AhhH — 241 Gev
O_RXSM, tot — 17.5 fb
hh
RxSM, res
1041 Ohh —=3.11b
400 600 800 1000
mpn( GeV)

- The distributions differ by up to 2 orders of magnitude (esp. for low m,_ )

> The peak in the total distribution is significantly broadened
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Impact of NLO corrections in the RxSM

Loop corrections
tok, and A :

5D scan over BSM param. (m,,, v, K, K

[JB, Heinemeyer, Parra Arnay,
Verduras Schaeidt WIP]

o 0) of RXSM parameter space, including

state-of-the-art theory and exp. constraints — shown here in {m ,, cosa} plane

» Complete one-loop (1L)
calculations of the trilinear
scalar couplings A _and A__,

using anyH3 (v2) [Bahl, JB,
Gabelmann, Radchenko g

Serdula, Weiglein WIP] -
0.980 1

Full on-shell renormalisation 0975

of all RxSM parameters

(c.f. backup) 1000
0.995 1

Region for large m_, > ~750 . 0.990

GeV, small v, < 50 GeV, and ..

small mixing features large

radiative corrections to the 0.980

trilinears et

1.000

0.995 g LP

- 0990

X : « e
...

400

600 800

myy [GeV]

400
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|6

4 (1
A}thH [GGV]

- —200

—400

—600

1.000 4
0.9951 s
s 0.991)]
112]
S
0.985 -
0.980 1
0.975- . . . '
400 600 800 1000
my [GeV]
1.000 4 . 3
000 . "y A .~.__N 200
’,o;o ® 3
0.995 1 R 8 18 T
] e ry f -
()
T s )
2101950 ~200 T
1) ] ==
8 =
9] (¥
0.9851 400 =
] =
0.975 r . : ;
400 600 800 1000
my [GeV]
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[JB, Heinemeyer, Parra Arnay,

Impact of NLO corrections in the RxSM Verduras Schaeidt WIP]
Impact on di-Higgs production
1.0001 Left: cross- L0

section computed
0.995 A with 1L trilinears  0.995-

~ 0.990 & 09901
0.985 - 0.985 -
) Right: ratio of

0.980 - Cross-sections 0.980 -

computed with 1L
0.975 I and OL trilinears .

800 ' 400 600 800 1000
my [GEV]

- Cross-sections computed with RxSM-specific version of HPAIR, see [Plehn, Spira, Zerwas ‘96], [Dawson,
Dittmaler, Spira ‘98], [Abouabid et al. '22], [Arco et al. ‘25], results again shown at LO (in QCD)

A\

Largest increases in g, " w.r.t. SM for m, > 750 GeV, v, < 50 GeV and small mixing - loop induced effects

A\

Points with smaller increases in g, **™ (up to ~2.5 ¢, ™) for low m, - effect from resonant H contribution

(already at tree level)
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[JB, Heinemeyer, Parra Arnay,

Impact of NLO corrections in the RxSM Verduras Schaeidt WIP]

Impact on di-Higgs invariant mass distributions |
BP2: my = 777.6 GeV, cosa = 1.0, vg = 44.7 GeV, kg = —931 GeV, kgy = —931 GeV, Z = 0.3, Z) =213

10%
BN = 19.8 b 'L Smearing 15%
: | . . r
107! - Um?;sn()‘f_hlj 3’11 Binning 50 GeV
= N T~ ' 101 | lo error bars
J |
= .
=T E
=10 3 | |

g Z 10{]_ _l_ _] |
% _L_I | | 1
=107 (0) 0 _ 5o N -

Ky =10, A,y = 2.2 GeV UL .

p -1/ h!
k) = 4.9, Ay = —303.6 GeV 10 pgtie
400 600 800 1000 400 600 800 1000
mMph [Ge\f’] Myhpp [GE‘\’T}

\4

Similar to BP1, main effect from loop correction to K, (resonant peak suppressed by high m )

\4

As for BP1, for BP2, an analysis with tree-level trilinears (Z©=0.3) would not be able to show a deviation from
the SM, but an analysis with one-loop ones would (Z%=21.3)
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[JB, Heinemeyer, Parra Arnay,

Impact of NLO corrections in the RxSM Verduras Schaeidt WIP]

Impact on di-Higgs invariant mass distributions
BP4: my = 891.1 GeV. cosa = 0.99, vg = 37.0 GeV, kg = —993 GeV. kgy = —933 GeV, ZU) =35, ZW =105

do /dmpy [fb/GeV]

104 P 3.9 5 Smearing 15%

‘ / 104 | ! - Binning 50 GeV

_______ 51 |+ lo error bars
1072 | ‘ L
E 0 - ‘ | B | | '
= 10" ! ;—- 3 _: |
10~ IRy
L

_ kY =1.6, A = 543.2 GeV

104 kY =33, A0 =131.2 GeV 1071
400 600 200 1000 400 600 800 1000
mpy;, [GeV] My, [GeV)

-~ Total cross-section is not modified very significantly

Large (positive) correction to A changes the distribution drastically for low m_ , while large negative correction
to A, makes the peak at m, narrower

A\

A\

Change at low m_ is substantial enough to allow distinguishing the RxSM from the SM with an analysis using

one-loop trilinear scalar couplings
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Statistical significance to distinguish RxSM from SM

[JB, Heinemeyer, Parra Arnay,
Verduras Schaeidt WIP]

- = -

2

with s, = NPOM - NSM g — SM
Likelihood ratio

We assume that the

A\ o L(,u) likelihood can be approximated
(ﬂ) — L(ﬂ) Likelihood by a Gaussian distribution
Si +0;)" _(eis.
maximum-likelihood L(u) = H (1 — ) e~ (Hsi+bi)
estimators (MLEs) i o o g \/_2 log()\(SM))

AN

M
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The Two-Higgs-Doublet Model . @&Q@

> 2 SU(2), doublets @ , of hypercharge 72 Figure by [K. Radchenko Serdula ‘24]
CP-conserving 2HDM with softly-broken Z, symmetry (.- , ¢ — -O,) to avoid tree-level

FCNCs ;
VA s = m3|®1 |2 4+ m2| s> — m2(hd; + 0] dy)

\4

A A A
@+ @[t + A |01 2102 4 My @f s P+ 2 (<<1>*<1> 2 +he)
vl 4 v% — 0?2 = (246 GeV)2

Y

Mass eigenstates:
h, H: CP-even Higgs bosons (h — 125-GeV SM-like state); A: CP-odd Higgs boson;
H*: charged Higgs boson

Y

BSM parameters: 3 BSM masses m_, m,, m_, BSM mass scale M (defined by M*=2m_?*/s
angles a (CP-even Higgs mixing angle) and 3 (defined by tanf=v_/v,)

o)

\4

BSM-scalar masses take form m?l) = M? 4+ \pv? , ®ec{H, A, Hi}

Y

We take the alignment limit o = 8 - t/2 - all Higgs couplings are SM-like at tree level
— compatible with current experimental data
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[Heinemeyer, Muhlleitner,

Interference effects in the 2HDM Radchenko Serdula, Weiglein 24]

@’ ‘@’ G—ﬂ Drawing by
- 2HDM adds second doublet to SM & [K. Radchenko
Serdula ‘24]

- Interference between non-resonant and resonant contributions as weII as loop correctlons to trilinear scalar
couplings can again drastically change di-Higgs invariant mass distributions

> 2 benchmark scenarios excluded by resonant searches but allowed by non-resonant searches [ATLAS ‘22|
- large impact of interference effects warrants analysis of these scenarios with full calculation

10() i —orflm(ormt =04.34 fb) . 10(] | I l —IG'fuu(O'mt I: 10029. fb) J
—Ores(Tror =50.55 b) 1 i —O'H_,(O't(,t =83.82 fb)
WD =501, A0 —0.23 ] kY =0.86, Al —0.24
o 1071 my =450 GeV 107! my =450 GeV
o ma =800 GeV = ma =450 GeV
=4 Cha =0.05 o Ch_a =0.04
= 1072 ts =4.00 £ 102 ty =2:20
s £ -
5 10—3 ~ 10—.{
) )
i~ s e
1074¢ 10~4
Resonant production : 54% Rebonant productlon 84%
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mpn (GeV] mun [GeV]
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anyH3 (v2) / anyHH
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Ongoing developments in anyBSM: anyLambdaijk and anyHH

Example leading-order contributions to gg— hh:

t

I yvosT 4T h
ty At
g L - h
t

Having predictions for di-Higgs
production, including all (i.e.
resonant + non-resonant)
contributions + 1L corrections
to trilinear scalar couplings in
arbitrary models would be highly
desirable

— new modules anyLambdai jk

and anyHH
[Bahl, Braathen, Gabelmann,
Radchenko Serdula, GW WIP]

g : h .
t LN &

h 9
h Y

e Gwd
t RO
1O

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

[Diagrams by A. Verduras Schaeidt]
L0t SM + complex triplet (TSMy_1), v = 0GeV, my++ = 500 GeV
=== excluded by ATLAS [PLB 2023] :
=== exclusion projection HL-LHC
1
. ]_03 JE’?M(A.&H?}:) /f: 3
é \ ,/ ]
T :‘1 ’,
EE‘“ | ‘\ /ll
. br..-: A
10% 7 \
! \\\ — A Lf H
101 ...... Y S ey v
400 500 600 700 800 —10
Mg+ [GC’V]
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Ongoing developments: anyH3 v2 5ol weganwir oo

Example in a 2HDM: o h - h

me . = 450 GeV, tan § = 10, mi, - m#; cos® a/ tan 3

m = 450 GeV, tan 3 = 10, m*, = m? cos’ a/tan 3
0.18 o 0.9 MEAR: anp 12 = My cos” a/ t
—analytic 4y PRELIMINARY / |
—016] -BSMPT A?ﬁh /| -
= —BSMPT{é\}m N 0.1
~~ - anyH3 A, 4 T ——analytic A}:EH
< '[]14 = el H3 }‘.{1} 4 B m 0
= AV, s # = ---BSMPT )\,
~ < 0- —BSMPT A
- anyH3 )\ﬂ' H
~=--anyH3 A}
-0-]. T T T T
0 (05 0t 0.15 0 0.05 0.1 0.15

cos(f — «) cos{f=1c)
— excellent agreement with BSMPT results (in eff. pot. approx.), in view of dif. scheme PO(I‘HVE\?
— full OS schemes for A and A, couplings worked out in 2HDM [Bahl, JB, Gabelmann, Radchenko Serdula,

hhh hhH

Weiglein], RxSM [JB, Heinemeyer, Verduras Schaeidt], and more [Bosse, JB, Gabelmann, Hannig, Weiglein]!
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Ongoing developments: tests of anyHH with leading order
trilinear couplings A = 9oy [Ompu, (HPAIR) — 0o}y /Oy, (anyHH)|

gg — hh in the Standard Model @ 14 TeV i SSM: a = —0.45, vg = ?;/\/i ks = ks = 0 GeV
_ —— anyBSM (PDFALHCI15, pi = myy,) | | -
0.08F anyBSM, u = [0.5., 2Jmy, : 101}
' ~ == HPAIR (PDF4LHCI15, = my) |

'_I.
=

+3.6

LO _ 15 1727
oo = 18.1-27fb

=
-
=

=
=
M

Aol [dmyy, [fb/GeV]

my, = 200 GeV —_— iy, = 500 GeV
104 - my, =300 GeV = my, = 600 GeV
—_— iy, = 400 GeV == [Dawson, Lewis ‘15]

=
-
o

Aoy [Ompy [fb/GeV]

Bl By ne g ) ST e g p e ey e g e B g JEU g wp

0.00 10~
3_“ 1y = wFk g
9: | O ;:z
2 | = 10 J
;GL - : e 1o 0 0| . i : : W : i W i
300 400 500 60O 700 800 < 300 400 500 600 700 200
Mpp [G[_‘\*,?] g, [Gf!\"r]
ensures that running of a_ + choice of PDFs are same for singlet extension of SM (remaining difference
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Ongoing developments: comparisons with HPAIR in the 2HDM

THDM I: tg = 2, M = 400 GeV

THDM I: ¢5_o =0, t5 =2, M = 400 GeV

10“2—
> 101}
o 5
~— [
I[E. -
= H
= i
? 10"‘- i my = 500 GeV, HPAIR (0" = 17.25fb) |
=N/ mp = 500 GeV, anyHH (0 = 17.241D) ]
D i\ | \ mp = 550 GeV, HPAIR (o' = 20.851b) |
104} ]lj ' === mpy = 550 GeV, anyHH (o' = 20.60fb) |
; 11‘,' - my = 600 GeV, HPAIR (o** = 30.30b)
o | === mpy = 600 GeV, anyHH (o' = 29.84 {b)
0 . . . .
5 10
=
= 10
=ape

300 400 500 600 700 800
myn [GeV]
> Very good agreement with HPair, using one-loop
trilinear scalar couplings computed by
anyH3/anyLambdaijk, for 2HDM benchmarks (here in

alignment limit)
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

(’)a};ﬁ)/amhh [fb/GeV]

=
=
&

H.
=
e

71072

O 1074t
=105
<

mpg = 500 GeV,
myg = 600 GeV,
my = 600 GeV,
= HPAIR

Ci_a = 0.04
Cs_a = —0.04 |
1
~=- anyHH |
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. - Bahl, JB, Gabel ,
Impact of loop-corrected trilinears in the 2HDM Radchenko Serduia,
Weiglein WIP]

Example in aligned 2HDM, with di-Higgs cross-section and m,distributions computed with anyHH

Impact of loop corrections to trilinear couplings Impact of momentum in s-channel diagrams
- K@ =1; A @ =0 (due to alignment limit) Blue vs red curves - O(20%) impact of momentum in A,

ijk
- huge impact of loop corrections to )\ijkon both cross-
section and distributions

ta {16 =2, Ma g+ =600 GeV, M =400 GeV, a = — 71’/2 pb’ =2, My ur = 600 Gev M = 400 GeV a=p- W/Q
RO MO =1 Ay =0 -
i UM o)
= 100k H<;> ~ 1.789, AN, = 191.8 GeV . 100 E_ 1789, A = 191.8 GeV
& : o :
2 S |
= 10! 2101 e
< o e em— e
S <
Cg 10_2 C§ 10—2
3 s 5
§ ) — )\Eﬂ)b(p =), o= 40.30 § /\Eﬂ)b(p =mpy,), 0" = 49.3fb ]
Q 10_3 (1) E Q 10_5 e R A(l) A e Lot - 59 5ﬂ 3
emiine Al (0P —ami; ). ¢ = 169t 2 iik(p° = 0), 0™ = 59.5tb
| Y0P = mhy), o' = 583> ol T A o= 203
300 400 200 600 700 300 300 400 500 600 700 800
Mph [GGV] mph [GGV]
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. - Bahl, JB, Gabel ,
Impact of loop-corrected trilinears in the 2HDM Radchenko Serduia,
Weiglein WIP]

Example in aligned 2HDM, with di-Higgs cross-section and m,distributions computed with anyHH

Impact of loop corrections to trilinear couplings Impact of momentum in s-channel diagrams
- K@ =1; A @ =0 (due to alignment limit) Blue vs red curves —» O(20%) impact of momentum in A,

- huge impact of loop corrections to )\ijkon both cross-

section and distributions Only small effect from propagator corrections

)[{16_2 ]'l/fAHHH-—GOO GeV M = 400 GeV oz—[)’—qr/Q ta{l’B_Q I\fIAHH—i— ._ 600 GeV ﬂff_iloo Gev Q_B—ﬂ'/z
: (0) -1 Agloh)H =0 /__H__ﬁ_‘:‘rf g : (0) — A;LOh?H =0 //_ - ﬂ_\{.-'{l :
' ' (1) () | \
. ' m(l) ~ 1.789, A,y = 191.8 GeV / B — = 1789, Ay = 191.8 GeV |
% 100 A hhH — f_;f'H ] % 100 _ L'{H
~~ ~ — "‘.,\
= =10} |
< < ]
S < M
Cg C§ 10_2 'il (1) tot h\‘\.}
= = — )\Uk(p = mhh) = 49.3fb :
S E — AN = ml,), ot = 49.3fh S 2 —== A2 =0), o' = 59.5f '
Q S E D 3 £
/\ilh)h(p =i ). o™ = 160 . A 1O prop. )\Eﬂl(p = mhh) ot — 49.0fb ;
104 _ """ )‘511}3}1(}02 =mjy,), o' = 58.5fb ] 10~ I no prop. )\EJA(P =0), " = 59.4fb
300 400 500 600 700 800 300 400 500 600 700 800
Mph [GGV] mpp [GGV]
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anyHH: status and ongoing developments

> Results available in various new models for the first time!

[Bahl, JB, Gabelmann,
Radchenko Serdula,
Weiglein WIP]

(NTHDM = 2HDM + real singlet; STHDM = 2HDM + complex singlet DM; TRSM: two-real singlet model)

NTHDM STHDM TRSM
100 e )\S}c(p? =mj p.), Ohh _ 30.2 tb I q 109} — )\Sk(p? =mj p.), o =17.71b /\é | 1004 — )\fjl;c(p% =mj ), onn =332 1b /\< |
i - 3 - :
=== AR @2 =0),0m =314 \q{ === M@ =0), o =19.7 b k‘t( === M2 =0), omn =359 fb -4y
..... ZO o ag: S e A0 =340 1 ceeee A9 G =345 11 \'(
= siks Ohh =39.3 b H g = ijks Thh 2 b e ijle> Chh S th
= o a3 @
D 10! Q10! O 15!
=) = £
3 -2 Cg 102 CCED 1072
< 10 = =
< S S
1073 1073 1073
00 500 g00 1000 400 600 800 1000 100 600 800 1000
M, [GCV] Mphy [GCV] mMh by [GCV]

(NB: these preliminary plots are meant for illustrations purposes only; not for phenomenological studies)

> Under development.

— Link with Monte Carlo generators (e.g. MadGraph) for integration of results for loop-corrected trilinear scalar

couplings into existing simulation setups
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anyH3 (v1)
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A .. within the landscape of automated tools

FlexibleSUSY/Hdecay/SPheno + HiggsBounds—

'Theoretical constraints FlexibleSUSY/Hdecay/SPheno + HiggsSignals—;

Vacuum stability ———EVADE/Vevacious++

Experimental constraints

—— BSM searches

— SM-like Higgs

FlavorKit/Flavio

Unitarity - D.-’ADEISARAH!SPheno\

+ Flavour observables

_F,_,._-———-FlexibIeSU SY/SPheno

RGEpp/ARGES/SARAH/Pyrate— BSM model

UV behaviour

» EWPO

/ T DarkSUSY/MicrOmegas

GroupMath/SARAH/Susyno

Renormalisability

BSMPT/PhaseTracer

» Dark matter

» Early universe

¥

dryH=
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Full one-loop calculation of A with anyH3: how does it work?

Generic results applied to. Fo e o & & o Q & .o
concrete (B)SM model, using Ry, S
inputs in UFO format . S i T
[Degra,nde et al., ‘11], tree-level: '}“}:Eh one-particle irreducible: gégmine;ghhh
[Darme et al. ‘23]
tadpoles: 55;31130195}\;1;1;1
Loop functions evaluated via 4 ‘
COLLIER [Denner et al ‘16] p 9 % .
interface, pyCollier = A il i SR i 3
Restrictions on particles . - ~ d
and/or topologies pOSSible external leg corretions: 5%{:3,&;1;1;1
Renormalisation performed i & | Solid lines:
automatically (more in hy - scalars,
backup) . Sk - fermions,
;e - gauge/vector bosons,
renormalisation: 58%)\;1;1;1 - ghosts
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Computing A __ in general renormalisable theories: method

Our method: we derive and implement analytic results for generic diagrams, i.e. assuming generic

e.g. FFF diagram C2 p p3
HTfl
Cy
pL---- \ AUtz
mf,
G~
P2

For evaluation:
> Apply to concrete (B)SM model,

using inputs in UFO format [Degrande
et al., ‘11], [Darmé et al. ‘23]

~ Evaluate loop functions via COLLIER
[Denner et al “16] interface,
pyCollier

> All included in public tool anyH3
[Bahl, JB, Gabelmann, Weiglein ‘23]

S(LF )

> Couplings C; = C’Z-LPL + C’,L-RPR, where Pr, p = 5

> Masses on the internal lines m., 1=1,2,3

- External momenta p,, 1=1,2,3

— QBO(P%mQa m?)(CI(CE C@ mf + C2 C‘:‘. my, + Cz C’imfa) + Cl (Cz C'Emfl +

Cz C3 mg, + Cz C::'. me,)) + mg CU(PQ;P?: Pl?m%a m%, mg)((Cl Cz Cf; +

Cr G5 Cs)(pt + P2 — p3) + 2(Ci G2 Cs + G G G ) mg, my, +

2my, (Cr(C5CEmy, + CXC¥myg, + CXCimy,) + CF(CS Cimy, + C5Cimy, +
C5Cimy,))) + CL(p3, p3, pi, m3, m3, m3)(2p3 (Ci G5 (Comy, + Ci'my,) +
CrC5(CSmy + Comg)) + (i + p3 — p3)((CT G5 CF + Cr CCy)my, +
(GGG + PG G )myy ) + C2(p3, p3, pi, mi, m3, m3)((pf + p3 —

p3)(Ci C5 (Cismy, + Cimg) + CF C5(Comy, + Cimg,)) + 2p7 ((Cr C5C5 +

CfCclchymy, + (Ctcf s + cf ciclymy,))

(B0, CO, C1, C2: loop functions)
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Flexible choice of renormalisation schemes

1
5())\hhh—""® =
- 1L calculation - renormalisation of all parameters entering A, at tree-level
> In general:
0) \BSM 0) \BSM
(M) BSM = (A ) BSM (my, ~ 125 GeV,v =246 GeV, may & . Vi, g )
SM sector BSM BSM BSM  indep.

-~ Most automated codes: MS/DR only masses mixing angles VEVs BSM coups.

~anyH3: much more flexibility, following user choice:
- SM sector (m,, Vv): fully OS or MS/DR
- BSM masses: OS or MS/DR

- Additional couplings/vevsimixings: by default MS, but user-defined ren. conditions also possible!

0
58%)\%1@ = Z (ax()\ggh)BSM) 0T with x € {mp,v, me,,v;, a;, g;, etc.}

Renormalised in MS, OS, in custom schemes, etc.
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(Default) Renormalization choice of (v*M)°> and (m?)°°

2MOS M2 0sS )
VoS = W\/l W~ with

e - W
5(1)M205 _ Hifl)j 2 _ M2OSy V= W.Z
. VT Mo (P — Wiy, )a — Vv,
. 6Me0S = 111 (p2 = 0) + sign(sin@w)néig—c%ﬂ,yz(pQ =0)

attention (i): pte='evel £ 1 — further CTs needed (depends on the model)

— ability to define custom renormalisation conditions

ole
scalar masses: m?s — m!f’
0S,.2 _  p.y(l)
) m; = ReEm |p2:m?
0S- _ p. 0 v(1)

attention (ii): scalar mixing may also require further CTs/tree-level relations

All bosonic one- & two-point functions and their derivatives for general QFTs are
required for flexible OS renormalisation.
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Features of anyH3, so far

> Import/conversion of any UFO model

> Definition of renormalisation schemes

# schemes.yml

renormalization_schemes: (extract from
MS: schemes.yml
SM_names: for 2HDM)

Higgs-Boson:
VEV_counterterm:
mass_counterterms:

hl: M

h2:

0S:
SM_names:

Higgs-Boson:
VEV_counterterm: 0S5
custom CT_hhh:

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

Analytical / numerical / LaTeX outputs

3 user interfaces:

> Python library

from anyBSM import anyH3
myfancymodel = anyH3('path/to/UF0/model"')
result = myfancymodel.lambdahhh ()

> Command line

> Mathematica interface

Perturbative unitarity checks available (at
tree level and in high-energy limit for now)

Can be used together with a spectrum
generator and handles SLHA format

Efficient caching available

Lots more!
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New results I: mass-splitting effects in various BSM models

Mass-splitting effects on k) for various aligned SU(2), multiplets
I I I I I 1 I I I I I I I | I I 1 | Ll I I I I Ll I I I 1 I I

7 ! | | I I | | |
~ Consider the non-decoupling T AS CONTL9099- 050 /
limit in several BSM models i - f
Mggy = M? + Mo - SM
- —— IDM
S5F SM + doublet
- —— THDM-II
- Increase M,,, keeping M l TSMy_; SM + triplet
fixed . 2 ir GeorgiMachacek SM + 2 triplets
— large mass splittings -
- large BSM effects! s L
L HL_LHC
> Perturbative unitarity ol
checked with _m '
anyPerturbativeUnitarity i
X ;

350 400 450 500 550 600 650 700 750 800
MBSM [GeV}

Here: scenarios with lightest BSM scalar mass & BSM mass param.

at 400 GeV, other BSM scalar masses = M__,.
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> Constraints on BSM
parameter space!



New results II: momentum dependence in the 2HDM
THDM-I: myy = M = 400 GeV, my = mpy= = 700GeV, tg =2

3.0F
2.8F
~< I
N
2.6
24k
0
'; T T T T T T T —
O I -
T _
— 100 ! ’
EE L -*ﬁ——(f{H ]
é mmmmmmmmmT
a 0——.——.————-r—-r——. ————— L L . L L L L ! R
— 0 200 400 600 800 1000 1200 1400
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More new results with anyH3: an example in the N2HDM

NTHDM: Mmp, = 125.1 GCV, Mmp, = Mp; = MA =M+ = 300 GOV, ﬁ = 100 GOV, tﬁ = 2

0.5

m—— NTHDM 1L, (o1 4+ a3 = 8 — m/2),

-0.5

—— THDM 1L, (alignment limit &« = 8 — 7 /2)
""" THDM 0L, (alignment limit o = 8 — 7/2)
I il 1 Il il L

vg = 300 GeV 1
m—— NTHDM 1L, (a7 + g =8 — 7 /2), vg = 3 TeV
= NTHDM 0L, (a1 + a3 = 8 — w/2), vg = 300 GeV
= NTHDM 0L, (a7 + ag = — 7 /2), vg = 3 TeV

0 /8 /4 3m/8
a2
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0.5

1-0.5

/2

(0)

» N2HDM = 2HDM + real singlet
» CP-even sector: 3 states

h, h,h,

with 3 mixing angles a_, a,, a,

» Here a,- 1/2 - recover 2HDM
(itself in alignment limit)

» We can study e.g. the relative
sign of k, and k. — affects

double-Higgs production

> K too far away from 1 excluded
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Full one-loop calculation of A__in the MSSM

CMSSM, mg = my ;p = — Ay, tan 3 = 10, sgn(p) = 1, with my, computed at 2L in SPheno

130F

128}

126

'_l
[
i

H
b
[

mf,:;‘] ) [GeV]

120}

118}

:
!
!
:
|
!
!
|
!
!
!
!
!
;
!
!
!
!
|
116 i
l

10°

my [GeV]

107

(GeV]

(1]
hih

=

2207

200

180}

160 ¢

1401

120

100

S0

6O E

anyH3

_.--""'-_—

N (1)
()‘J hit

L

—_— ()
(}‘hhh

(1)
5gv11. )‘h hh

— 3mi/fv ]

(1)
{)'hh h

yMssM. |

)MSSM 7]

)Shl

10°

10?
my [GeV]

- Example for a very simple version of the constrained MSSM - BSM parameters m_, m_ ., A,, sgn(u), tan3
- For each point, M, computed at 2L with SPheno, and SLHA output of SPheno used as input of anyH3
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Trilinear Higgs self-coupling
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)

Experimental probes of A_
- Double-Higgs production — A enters at leading order (LO) — most direct probe!

g ——— ————h  OUOC00000) b
. )\hhh/.f“'
. f >t ¢
¢ S
g e T s seeo) ~h

- Single-Higgs production — A enters at NLO

- = q 1 g —— 1 9 0000}—m=
h ho “h
vy “-----h @ ---- h 7! v -~
h h: ,/
- ~ g @ g —=— 1 QQQ—=—" h

[Degrassi, Giardino, Maltoni, Pagani ‘16] [ATLAS- CONF 2019-049]
- Electroweak Precision Observables (EWPOs) — A enters at NNLO
. h
hu: h h

h @ h h . h

W

W W W ,};L:,.,,:h, _ ,,;,‘ ‘,,+, + __*__\“,f’i,,—,
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Accessing A via di-Higgs production

- Di-Higgs production — A__ enters at leading order (LO) — most direct probe of A_

g > —-—=—-h BOOCT0000 ~h
Ahbh o7
h e
F 4 A t _____
S
t N
g « - —-=-h BOOOCCO00! ~h
[ Note: Single-Higgs production (EW precision observables) — A, . enters at NLO (NNLO) |

] ) ) ] § E 1 I I I | I I T I | I I I I ; I I I | .I Iol I E

> Box and triangle diagrams interfere destructively = | ATLAS vt it oo OL) -

. . . . - Vs=13TeV, — fb~ == (Upy= othesis 7

— small di-Higgs cross-section g, in SM T 10k Mo bbTo T 4 Dby s bBD  mm temene e

e - [ Expecied limit +20 g
— BSM deviation in A can significantly alter 2 s e
di-Higgs production! S 103 8
__________________ o
> Upper limit on di-Higgs cross-section o =======_ S
imi = 0)\SM — bb EX2)
— limits on K,=EA_ /(A . ) z . 12
3m2 i — bbbb. 1=
. . h 3 —— Combined ,<_E,

- K, as an effective coupling: £ 2 —Hx X 2 L )| I S e N

Ka
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Di-Higgs production cross-sections as a function of A__

Plots taken from
[de Blas et al., 1905.03764]

Hadron collider ete- collider

' " HH production at 14 TeV LHC at (N)LO in QCD - T . R AR LR SR R R =
_____________ My=125 GeV, MSTW2008 (N)LO pdf (68%i) = 45 == 00 4 v¥HiH 1400 GeV¥ <-/L z
---------- - = ----- @@ 2 vvHH 3000 GeV ' ]
4~ ee » ZHH 500 GeV E
352_ — ee # ZHH 1400 GeV =
3 E
2F- :
1.5F =

R e
0.5- 5
. =
1 1 | 1 1 1 | 0 1 | " " | 1 1 2 b 2 0 3 1™
-4 -3 -2 a3 0 1 2 3 4 -4 -0.5 0 0.5 1 1.5 2

[Frederix et al., 1401.7340] )\;;/)\%M =\ /\;;//\:E;M = K) [Reuter ‘19]

- BSM deviation in kK, modifies the interference between different contributions to di-Higgs
production

~ Strong impact on total cross-sections (and also on differential distributions, see later slides)
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Precision on the determination of A__as a function of A_

ILC550: 20% | [J. List et al 24]
(adapted from slide

s —| Higgs self-coupling projections of [G. Weiglein ‘24])
(dp) ~ | ==#===HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053) H L' LH C:
(< 3 — ...4... extrapolation HL-LHC, )-dependency as of o o
~— n x-section significance in ATL-PHYS-PUB-2022-053) 84 A)
% | | === |LC 550 GeV ZHH (2014, full coupl. analysis) &vvHH
Q ~ | == |LC 1 TeV vvHH (2014, single coupl. analysis) | LCSSO
(<E 2 B * ILC 550 GeV ZI:-IH &vvHH +1 Te\jIr vvHH combined: 2014/ 9 %
i HL-LHC: 50%—>
0 __* ........................ Vaiu:e..preferre;.d..__
- *l ' ' for GW signal, -
| | | | | flrst order EWPT_
1 1 [l 1 1 1 L 1 1 1 1 [l 1 1 1 1 L 1 1 1 1 L | |
See also [Durig, DESY-THESIS-2016-027
[ g ] )\true/)\SM
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Mass splitting effects in A

hhh

> First investigation of 1L BSM contributions to A, in 2HDM:

[Kanemura, (Kiyoura), Okada Senaha, Yuan ‘02, ‘04]
|h

BSM deviation

Ax’hh!rinum/)hhhhbm (%)

AV
oS
S

100

\

\

1

\ (I)’I
r
-

2(M? —
1)2
(® € {H, A, HY)

my)

Jhhdd — —

= h
L
~—

M=0 (Max. Non—Decoupling Case)

2
sin (o—P)=1
m,t=m,=m, (=mgy)

\'Iqj=2mk

T T T

m,=100GeV /"

400 500

300
mg, (GeV)

> Deviations of tens/hundreds of % from SM possible, for
large 9,00 OF 9nheo COUpPlings

> Mass splitting effects, now found in various models (2HDM,

inert doublet model, singlet extensions, etc.)
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>

Large effects confirmed at 2L in [JB, Kanemura ‘19]

- leading 2L corrections involving BSM scalars (H,A,Hz)
and top quark, computed in effective potentlal apprOX|mat|on

4.0

| — 2HDM 1L

Doublet extensions
IDM 1L

- HSM 1L | Singlet extension

. ——— 2HDM 2L

1h
1
1
—L-..
- ~
Vs \®
1 h A
F----- -
\ i
\ /
7 (I) LN
ho s ~==""\h
/ \

250

300 350 400

450
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BSM scalars:

Examples of scalar contributions to A ,_in aligned 2HDM 2 < {£,4 %)

M2 + )\@’02

. subleadmg'

, ! - .
L S el subleading subleading
\\ \\ ,/\
g ’/—-"\1,’ ,,’l'\\," ,/’-‘\f’, /,l,-‘\"’ ,/,:--.\\I”
(h)hCDCD i * 7 * ___4’_ h \\ A A A

2(M? —m2) v ’ /
,’-l:-ﬁ\l” ,"-ﬁ\.l” ;,l-—— l\fll ,/’_‘y,’
Yoo : : e L H S e
] LR | | \ N
[9yc0e CASE Similar] (I)\\-:—”"\ (I)\‘~_-""\ (I)\'\__'/:\ (I)\\_-:{
I” /’
gq)q)q)’q)’ !I \U/ \\ ,1—‘-\ ,.-—-.\ ’..-—-...\’I
! v \ v
[2 BSM scalars of - - - 'l\ (I) /l\ (I) Il -=-1 (I) 1 q) [ I
species ®, 2 of species Seo” SoLv N \\‘_#,’\\‘”/\\‘#,f\
7] . .
[NB: 1 h can be — no further type of coupling entering after 2L

replaced by a VEV] — for each class of diagrams, perturbative convergence can be verified!
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One-loop mass-splitting effects

- Leading one-loop corrections to A _, in models with extended sectors (like 2ZHDM):

hhh

SM top quark loop BSM scalar loops ,
---------- ] — Y
\ / ' (A
N \\\ 'l<\ ‘\‘ 'I’ \\\
A . 4 5 o Firstfound in 2HDM.
[Kanemura, Kiyoura,
5( ))\hhh D L — 48mt i E 472(1)777/(1) 1 — M Okada, Senaha, Yuan ‘02]
1672 v3 = V3 ms

_/\/l : BSM mass scale, e.g. soft breaking scale M of Z, symmetry in 2HDM
N : # of d.o.f of field P

: : : 2 2 \ .2
- Size of new effects depends on how the BSM scalars acquire their mass: Mg 7~ M + A\v

M2\’ (O, for M2 > \v?
1 -2 ) —

mgb 1, for M2 < 5\@2 _ » Huge BSM
\

effects possible!

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026 Page 74



Model-independent
higher-order effects in A_

[JB, Naskar, Weiglein ‘26]

PPPPPP



Model-independent higher-order corrections to A~ {2055

Weiglein ‘26]
K
- Started from the pheno question: - h P ’,’ h
For large k,, what happens when Bx .7 |
calculating contributions involving k, h---&_ ' h
itself (or k,)? RN
h > & =—~= h
- Large effects in K, and Kk, come from K\
BSM loops
— considering an SM-like diagram
dressed with powers of K, or K,
reminiscent of effective approach h _h
R)\ // \\ /_" g
h---- ® K4
/ N
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Model-independent higher-order corrections to A, {2ian'oe

h
- Upper lines: AN
example contributions to A from light B
. . . . === h -~ h
SM-like Higgs boson h (thin lines) and b 0
heavy BSM scalar(s) @ (bold lines) i {’.l‘.]""‘;\ A
T ) Sa_ h T (t' .‘____ h
Jll :‘“‘ h. ﬂ‘i:'___ Ill (IJ :1,‘:'___ I"L h f,:"“ h.
> Lower lines: + h---=< 1 1k AT I T + R4 1a 4o
. . . . (iv) L“I* ! (v) e wi) @ ! (vil)  h w1
example contributions in our effective P b e poTh gtk
setup, with higher-order corrections Bt R hoorTTR v ot A
captured via loop-corrected values of Kk, * oo ih F Reoee gk heeenal i ae b oo el
_ ] o ] (viii) oo, @ hoceo (@ @ Ny o, (@) Nl
and K, (using bars to distinguish from . o L h ’
. ) --h ! --h
calculated quantity) o hel? o WGT
+ h----en +oo 4+ h----e % 1] +--
(i) ‘I"\* ih (wiii) ‘I"\? o &
. . . . ) Lo__p U B SR S
> Our approach: inspired by Higgs Effective " ’ P "
Field theory, we consider a simple p e h ok e
effective model Rr 7 a0 Raf A
~ h---« + h--- 'h + h----# * Fa + h---- ! 'h
1 1 3m? 1 3m2 (a) B (5) hoy () IR (@  h e
(0) — o212 T h 3 = h 4 h P oTe---h h h Ry #---}
VW (h) = 2mhh +6/1,\( . )h +4!/<;4< 2 )h . , | R R
h e M
+ - TheR +
and compute A up to two loops @ aF N,
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Model-independent higher-order corrections to A_

- Upper lines:
example contributions to A, from light
SM-like Higgs boson h (thin lines) and
heavy BSM scalar(s) ® (bold lines)

> Lower lines:
example contributions in our effective
setup, with higher-order corrections B
captured via loop-corrected values of kK

_ A
and K, (using bars to distinguish from
calculated guantity)

> Our approach: inspired by Higgs Effective
Field theory, we consider a simple
effective model
1_ (3m%>
6\ v

VO () 1
and compute A up to two loops

212
— ~m2h
2mh +

[JB, NaskKar,
Weiglein ‘26]

Jh
P PR
(i) \h
BT h & .ar---h
b T
+ h----’\\ :h + h- TR, :‘I" +
. S S
(7i) h e h (#i2) b ";;____ b
h i
r-—-=h owr—---h r---h v---h
hﬂ,: ot ® 4 h %1
+ h---=<"_ 1 h + h----8" hra + h----¢, % 1} h---=<_ 1 1% +-
| o N PR
iv) h AR (v) o e (vi) i !_\“'————h, vii) ! e __y
1 ¢
- R . h -— -7
hoT h hoLoT h or h - 1
el R el D
+ h----1111h + h----+  ,--h + h----%1 1 ¢ h----¢_n 1 I h
RN TN SN e
(wiii) hoN. h (iz) h e b (z) e __ i) ;";\‘I—“‘ fl
P ezl P ezl
® h ‘/TCI) : ® h ‘/:-CI’ !
AT R
+ h----eln oo+ h----#ln 1h +-
Tit) (I)l\{ . : h (xiii) (I)'\V\ ’:: ®
B Y---h hd‘t‘__ - h
}_i'_,\ Fﬂ,\
h h f.!—--h h /:'1 o ’#--—h
Ry Ra L7 SN h %
A s S ! 3 v AL
=~ h---« + o \h- - 'h + h----¢ L h---e_1 'h
b N : e ~. d h_ ‘3\.
(a) h ) h_ ®---h (c) h h (d) Ry #---}
- K =
N
Ry ron v 7
+ h---#% ‘h«F +--
2 R e \“\
((} h Fu‘.,\ lrl
Page 78
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Model-independent higher-order corrections to A_

> Following effective approach, inspired by scalar sector
of Higgs Effective Field Theory, compute diagrams with
insertions of Kk, and Kk, (denoted with bars to indicate

inputs), up to two loops

e.g.: h
Kx 7
&&2):,&———1\
(a) .
5Y
h.f"f___h ‘_h"‘ /"
f_‘;}l f" | 'E:/"\ ,rf \,\ -
+ h---«_ Ik + h---4 &
(b) R ey © - x
D
K\ =
- - A
— hh)'l "-’T h _hf+\ #"'J
Kx "7, Ky ! VT
+ h---«_ 1 'h + h---4 1h¥Fr
- | % £ L
d h "e_ R S AN
() h)&_ $___h (E) h E—-}l
R\
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[JB, Naskarr,
Weiglein ‘26]

> Incorporates well-defined set of higher-order corrections
- Modifies theoretical interpretation of experimental bounds

BSM prediction | 10
including also

higher order fo
effects | [T TTTT oo mTTTmmommmmmmo oo ——m————eo T ittt
51
—— Observed Limits
---- Expected Limits
N
< .
S 0

P — Rll:laQ:mh

_5 i = =L Q =0
" Ri=0kx—5, G =my
= Ri=0Ry—9,¢=w
—10 - : :
—10 —b 0 3] 10
R —
\ BSM prediction
at one or two
loops

Higher-order effects can still be significant for k,>>1

Public code available at:
https://gitlab.com/wrishik/check_kappas.qgit
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Model-independent higher-order correctionsto A_and A

Impact on interpretation of experimental bounds

[JB, Naskar, Weiglein ‘26]

hhhh

. 60— EQ‘:E m'rf: T o p p 60— 1 Q.: m;-,,: 7 "
Interpretation of Lo SR b Interpretation of di- RIS L e
di-Higgs searches 107/ | | ; ; i Higgs searches on PR SR S Pl 4
on K, at one loop: . Y e K, at two loops: RS LA

201 i Ty ] : 201 % YR O
i i = -1 i . A S .
H Vi =T vk 1 ! i \ | i | , | {
s o ¥ . SO S g W AL
1% 01 = b i 4.1’ o = r | NS 0+ l. \ |'. ' o Y
i ! : i : : | - b % P
A B AT . = oy o Bl LN 2 N
—201 T“‘ ) f . ,‘Jé ’ SMEFT region —201 ‘1" ’,i;/ g 1 ’;r T
E : | | E Tnitarity ; 2 . i oo
_._-m_i ,’i’)‘ » | ; ; Unitarity bounds —101 i./';‘: s L L r; i
i | O - | Exp. bounds T \\5 - i,f' -
_goH N I N T ; g0l . . .
—10 -5 0 5 10 —10 -5 0 5 10
K )
=N
) ) S e
Interpretation of di- 5040 \ f
Higgs searches on 4 4
K, and triple-Higgs \ !
searchesonk,at & 0] \ 4
4 e \\ ,I === Unitarity bounds
two loops: \\ / LHC k), bounds
4
—50 \\ ,/ LHC k4 bounds
N ——— = HL-LHC k; bounds
—100 ; ! =
—10 —9 0 ) 10
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Constraints on the (k,,k,) plane [JB, Naskar, Weiglein ‘26]

Impact on interpretation of current experimental bounds and expected future limits

100
Current limits on K, [ATLAS+CMS Run 2 fmmmmmmmmmmmmmmeoeo :
combination ‘26] and k, [CMS ‘26], and 501 W i
perturbative unitarity [Stylianou, Weiglein | |
23] g o0 I
Red dashed line: constraints directly ! ,,/
applied to k,, K, - e Ll
Green shaded area: higher-order (K, ,K,) BomooooeT
corrections taken into account 100 |
—2 0 2 4 6 8
KX
40 R =2 40 =S
......... Expected future limits at HL-LHC on K,
201 201 [ATLAS+CMS HL-LHC ESPPU highlights
'25] and Kk, [Stylianou, Weiglein 23],
3 0 7 0 [ATLAS '25], assuming K,=2 (left) or k,=5
(right) is realised in Nature
: : Red dotted line: constraints directly
—201 —201 : applied to K, K,
Green shaded area: higher-order (K, ,K,)
—403 5 1 - s 5 i 5 corrections taken into account
K\ R
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Constraining BSM models with A_

I. Can we apply the limits on k,, extracted from experimental searches for
di-Higgs production, for BSM models?

ii. Can large BSM deviations occur for points still allowed in light of theoretical and
experimental constraints? If so, how large can they become?

As a concrete example, we consider an aligned 2HDM

DESY Page 82



Can we apply di-Higgs results for the alighed 2HDM?

~ Current strongest limits on K, from ATLAS di-Higgs searches

> What are the assumptions for the ATLAS limits?

-1.2 < K, < 7.2 [ATLAS-CONF-2024-006]

All other Higgs couplings (to fermions, gauge bosons) are SM-like

- this is ensured by the alignment v/

[where K =\

()]

hhh hhh

The modification of A, is the only source of deviation of the non-resonant Higgs-pair production cross section

from the SM
000000

A

000000

" 24

o--
I
I D
\\ I
[ONEN
.__

D

x O(y:97 1 os) included

h

h

000000

Y

TOOO00——

_(f)__?___
2 |(I)

|
P e--

h

h

o« O(yiginee) notincluded

— We correctly include all leading BSM effects to di-Higgs production, in powers of ¢,,00, Up t0 NNLO! v

- We can apply the ATLAS limits to our setting!
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A parameter scan in the alighed 2HDM

= Qur strategy:

[Bahl, JB, Weiglein PRL ‘22]

1. Scan BSM parameter space, keeping only points passing various theoretical and experimental constraints (see below)

2. Identify regions with large BSM deviations in A,

3. Devise a henchmark scenario allowing large deviations and investigate impact of experimental limit on A,

= Here: we consider an aligned 2HDM of type-I, but similar results expected for other 2HDM types, or other BSM models with

extended Higgs sectors
= Constraints in our parameter scan:
125-GeV Higgs measurements with HiggsSignals

Direct searches for BSM scalars with HiggsBounds

b-physics constraints, using results from [Gfitter group 1803.01853] _|

Vacuum stability

Boundedness-from-below of the potential

theoretical

Checked with ScannerS
[MUnhlleitner et al. 2007 .02985]

EW precision observables, computed at two loops with THDM_EWPOS [Hessenberger, Hollik ‘16, ‘22]

Checked with ScannerS

NLO perturbative unitarity, using results from [Grinstein et al. 1512.04567], [Cacchio et al. 1609.01290]

= For points passing these constraints, we compute Kk, at 1L and 2L, using results from [JB, Kanemura ‘19]

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026
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my — mg+ [GeV]

Parameter scan results [Banl, JB, Weiglein PRL "22]

@)HoMI(A,,, @) [left] and «, @k, "=(,,, @)*MI(A,  @P+OM [right] in (m,-m,,., m,-m,.) plane

(2) =
Mean value for x,? =(A,

2HDM typel, a =3 — 7 /2 2HDM type, a= 3 —w/2
i Upper limit
300 : | from ATLAS 3007
200; Huge deviations, 200 F 2L corrections
i up to ~ x10 wrt SM, _ can reach
i possible ! = i 70% of 1L ones!
100} & 100}
: ™ |
i uw i
| R
Z < ‘
—100} E —100}
—200} L —200¢
300t . 300, 0, N
—400 —200 0 —400 —200 0
mpg — my=+ [GeV] mpg — my=+ [GeV]

» 2L corrections can become significant (up to ~70% of 1L)

> Huge enhancements (by a factor ~10) of A, possible for m,~m,, and m,~M
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026 Page 85



A benchmark scenario in the aligned 2HDM [Bahl, JB, Weiglein PRL "22]

Results shown for alighed 2HDM of type-l, similar for other types (available in backup)

We take m =m ,, M=m , tanf3=2

H+?

2HDM type I, M = my, mg = mg+,tanff =2, a =8 —n/2

NLO pert. unit.

Excluded by:

constraints

BSM nggs _ other constraints
searches

S e /// K&Q) contours
400 600 800 1000 1200 1400
my [GeV]

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

Grey area: area excluded by other constraints,
in particular BSM Higgs searches,
boundedness-from-below (BFB), perturbative
unitarity

Light red area: area excluded both by other
constraints (BFB, perturbative unitarity) and by
K,@ > 6.3 [in region where k,® < -0.4 the
calculation isn’t reliable]

Dark red area: new area that is excluded
ONLY by «,@ > 6.3. Would otherwise not be

excluded!

Blue hatches: area excluded by «,® > 6.3 -
impact of including 2L corrections is significant!
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A benchmark scenario in the alighed 2HDM - future prospects

Suppose for instance the upper bound on k, becomes k, < 2.3

1400

1200

600

400

200

600

800

1000

ey [GEV]

—

2HDM typel, M =my, mag=my+, tan =2, a =74 — /2

FExchided by:

other constraints

Prospect for u?]

limit at HL-LHC

F.f] contours

1200 1400

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

>

[Bahl, JB, Weiglein ‘23]

Golden area: additional exclusion if the limit on
K, becomes «,? < 2.3 (achievable at HL-LHC)

Of course, prospects even better with an e+e-
collider!

Experimental constraints, such as Higgs
physics, may also become more stringent,
however not theoretical constraints (like BFB or
perturbative unitarity)
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A benchmark scenario in the alighed 2HDM - 1D scan

Within the previously shown plane, we fix M=m =600 GeV, and vary m =m_,

2HDM type I, a = B — /2, ma = my+, M = myg = 600 GeV, tan 5 = 2

. (2)
1
—_— Kg)
20 F Excluded by the experimental d
I bound on kjy:
r{gl) > ky " = 6.3 (current)
— KE\QJ > Ky = 6.3 (current)
= HL-LHC projection
15¢ KS?J > kit HC = 2.3 (projection) ]
Excluded by NLO pert. unitarity
—~
2
I /.
10 &7
,I
[ k5P =6.3 (current)
l allowed (current) e
5 B /f’ 7]
- .-c.;IL_LHC = 2.3 (projection) I
ke ssssssss s s s s s ms s E s R E -‘-J-—f --------------------------------------
-- " I
1 —_y
600 700 300 900 1000
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[Bahl, JB, Weiglein PRL ‘22]

lllustrates the significantly improved
reach of the experimental limit when
including 2L corrections in
calculation of K,

A stricter choice for the perturbative
unitarity constraint (grey) does not
significantly change the region
excluded by k,®@
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A benchmark scenario in the alighed 2HDM - 1D scan

2HDM type I, a = 3 —7/2, ma = mpy+, M =mpg

=600 GeV, tan 5 = 2

20

15}

R

1
600

[ kT =6.3 (current)

K2

Excluded by the experimental
bound on kjy:

HSE\U > ky T = 6.3 (current)

KE\QJ > Ky " = 6.3 (current)
HL-LHC projection

-~ KI)—\IL —LHC

ﬁg?) = 2.3 (projection)

Excluded by NLO pert. unitarity

-
_

[Bahl, JB, Weiglein PRL ‘22]

Bound on eigenvalues

max(m4) with
LO pert. unit.

max(m,) with
NLO pert. unit.

max(m ) with

with finite /s € [3 TeV, 10 TeV]

max(|a;|) < 1 1161 GeV 1017 GeV -
max(|NRe(a;)]) <1 1161 GeV 1033 GeV 1260 GeV

. max(|a;|) < 0.5 917 GeV 937 GeV -
max(|Re(a;)]) < 0.5 917 GeV 958 GeV 929 GeV

max(|a;|) < 0.49 911 GeV 933 GeV —
max(|Re(a;)|) < 0.49 911 GeV 956 GeV 922 GeV

| max(|a;|) < 0.45 889 GeV 912 GeV -
| max(|Re(a;)|) < 0.45 889 GeV 948 GeV 897 GeV

700

DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

| Table 1: Maximal values of m 4 allowed in the benchmark scenario under the constraint
] of perturbative unitarity, at LO and NLO, and for different upper bounds on
the 2 — 2 scattering eigenvalues used in the perturbative unitarity constraint.
Note that tree-level scattering eigenvalues are all real, so there is no difference
between using max or fie(max) for the left column.
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Relation between Kk, and strong first-order EWPT

Current LHC bound

Ko\

sensitivity /

ILC sensitivity 1

ILC-500

- HL-LHC
= ATLAS limit

EW SnR
Trapped
FOEWPT
SNR > 1

HL-LHC _— 2f

T

00

200

300

maq—mpyg [GeV]
> Region with a strong first-order EWPT and a potentially detectable GW signal is correlated with

significant BSM deviation in K,
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026

100

[Biekotter,
Heinemeyer, No,
Olea, Weiglein '22]

2HDM

- Alignment limit a=p-11/2
-1,=3

- K, computed at 1L

region with
potentially
observable
gravitational
wave (GW)
signal

i"*- region with

strong first-
order EWPT
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Interference effects in di-Higgs
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Interference in non-resonant di-Higgs production
-h

9

)

Relative change in total cross-section for varying K

— T 1 T 1 T 1 T T [ T T T T 1 T T T T 1 T 1 11

A TLAS = Observed limit (95% CL)

E ted limit (95% CL
VS =13 TeV, 126—139 fb-' —— e hypotteng

HH-bbt* T~ + bbyy + bbbb [0 Expected limit +10
Expected limit £20
BE== Theory prediction

% SM prediction

104

J

OggF +VBF(HH) [fb]

103

2
10 bhyy
bbt*T~
bbbb
Combined

1 | T |
10075 5 0 5 10 15

KA

Note: impact of change in top Yukawa - overall shift (up/down) of distribution
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[ATLAS 2211.01216]

-

[ORITTITITIITY

Y

[ONITILIITIILY

L

Coupling modifier:
Ahhh

Ry =

0
(A,

Differential m__distributions for varied Kk,

)SM

1[]“ - Vo

darP |Omy,, [fb/GeV]

Plots by [K. Radchenko Serdula 24|

1Hr* .
300

400

I

500 600
mp [GeV]

700

800

900
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Interference and reweighting in spontaneously broken Z SSM

[Feuerstake, Fuchs, Robens, Winterbottom ‘24]

> Simple_r version of_ the singlet extension of SM, (see also talk by T. Robens on Monday)
potential symmetric under S - -S, only broken by Sia-0.16,tan=1.0,m 620 GV, 1,45 GeV  LOsPS Gina-0.16,tan1.0,m, 620 GV, 1,46 GeV  LOsPS
Singlet VEV E 0.9;_ | | | ;Inc. irl1terl. | E E e | | | ;Inc.irllterf. | ] %
é 03? — No interf. g 0.1 —— No interf. O
V(®,5) = —m*®T® — 1S% + A\ (®TD)* + X2 S* + X3@TDS? £ o N E I ?
5 0-‘5; —hh(SM)+s-chan. | B 008F —hh(SM)+schan. | O
> Colours in dlStributionS: Ej: Inc. K-factor scaling : 0.06 Inc. K-factor scaling E
- blue: total result I S
- green: only resonant (s-channel) contribution 1 ot 2
- red: non-resonant and resonant contributions but g = e . ' P
without interference terms g " — ﬁﬁb sy &) I e %
- magenta SM reSUIt fOf non'resonant (le K)\:].) 0 300200500 800 700 800 8007000 0 300 400 500 600 700 800 900 1000 $\
. . . . e [GeV e [GeV aa)
part + resonant contributions, without interference 016 10 50 GR 151G 0P8 S8 1 m 680600 181 o LupS | 2
terms E 0'5:_ — Inc. interf. E 0-075 — Inc. interf. ]
% i — No interf. % 0’06;_ — No interf.
- Analysis with tree-level trilinears, but distributions ~ § | NSO B B o
considered over more kinematic variables (e.g. p.) e ciaorseaing "
> Here: interference amounts to 12% of total result I
: Il 1 1 }—'ﬁ-——l— L 1 E 1 | 1
. - 2 15 M E 12
- Developed public tool HHReweighter for matrix- € F w»”i e L
element rewelghtlng (WorkS for one BSM 055406500 636“#'76651—836 5007000 7100~ 7200 0300 400 500 600 700 800 900 1000 1100 1200
resonance) , My [GeV] . m, [GeV]
DESY. | IRN Terascale @ Heidelberg 2026 | Johannes Braathen (DESY) | 21 October 2026 Left/right: before/after experimental smearing Page 93
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