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O Introduction

0 Higgs Mass Predictions in the CP-Violating NMSSM
- fixed order

- EFT approach

0 O(at(as+at)) corrections to the trilinear Higgs
self-coupling in the CP-violating NMSSM

- impact on Higgs pair production

O Conclusions
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Fundamental Physics
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Fundamental Physics
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Higgs Sector
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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
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Preliminary

Status: July 2021 JLdt=(36-139)fb" Vs =8,13TeV
Model Cy  Jetst ET™ [ram) Limit Reference
T T T

ADD G + 8/q Oepury 1-4j Yes 139 Mo 1n2TeV o -2 210210874
ADD non resonant vy ¥ - 367 [Ms 86TV 1 -3HZMO 1707 04147
ADD QBH N S a0 e o 170309127
ADD BH muljot - - 6 | Mn =6, My = 3oV, 1ot BH 1512.02506
RS1 Gk =y 2y - - 139 Gy mass. Tev k[ Mpr = 0.1 2102.13405
BuK RS G -+ WW/ZZ  multi-channel 361 [ Gacmass 23TeV 10 1608 02380
Bulk RS G — WV — fvaqq leu 2j/1J  Yes 139 Gy mass. Tev for = 1.0 2004.14636
Bulk RS gk — tt. leu 21b2102 Yes 36.1 Bk Mass. 3.8TeV r/m=15% 1804.10823
2UED / RPP leu 22b,23)  Yes 36.1 KK mass. 1.8 TeV Tier (1,1), B — ) = 1 1803.09678
SSM 2’ — 1t 2ep - - 139 4 5.1 TeV 1903.06248
SSM 7' e 2r - - g6t 2427Tov 1700 07242
Leptophobic Z' — bb - 2b - 36.1 21 Tev 1805.09299
Leptophobic 2’ — tt Oeu  21b22J Yes 139 4.1 Tev r/m=12% 2005.05138
SSM W' — (v tew Yos 139 60ToV. 150605600
SSM W’ < v 17 - Yes 139 5.0 ATLAS-CONF-2021-025
SSM W' th S aieaty - 139 44Tov 'ATLAS CONF 2021043
HVT W' — WZ — (vgqgmodel B 1e,u 2j/1J  Yes 139 4.3 TeV. & =3 2004.146¢
HVT 2' — ZH model B 2 e 12b Yes 139 32TeV & =3 ATLAS-CONF-2020-043
HVT W’ — WH model B Oeu 21b22J 139 32TeV v =3 7.052¢
LASM W — iy 2 - w 50Tev (V) = 05TV, = g 1904.12679
Clagaq - 2 - a0 28TV 1 170300127
Clttqq 2ep - - 139 aBETeV. . 2006.12946

S Glechs 2¢ - 1% 18TeV a1 2105.13047
Cl yapabs. 2p 1b - 139 20Tev &=1 2105.13847
Gttt Sep  1b21] Yos 361 257 Tov Cul = 4r 1811 02905
Axial-vector med. (Dirac DM) Oepry 1-4j Yes 139 21TeV =0.25, g, =1, m(x)=1GeV/ 210210874
Pseudo-scalar med. (Dirac DM) Ty 1-4) Yes 139 376 GeV' &=, 1

E Vector med. Z'-2HDM (Dirac DM) O e, i 2b Yes 139 31 Tev tan ATLAS-CONF 2021006
Pseudo-scalar med. 2HDMsa__multi-channel 139 560 GeV. anfet g, 'ATLAS-CONF 2021.036
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 3.4Tev y=04, =02, m{x 1812.09743
Scalar LQ 1* gen 2e 2] ves 139 18TeV. 5 2006.05872
Scalar LQ 2™ gen 2 2] Yes 139 17TeV Y] 2006.0587:

S ScalarLQ 3" gen 2b  Yes 139 1.2TeV B(LQ: 1 ATLAS CONF.2021.008.
Scalar LQ 3" gon O 32],22b Yos 139 124 ToV (.0 1 004,140
Scalar LQ 3" gon s2euxira)b — 139 1.43ToV 51 1 210111562
Scalar LQ 3" gen Oeu,2170-2j,2b Yes 139 1.26 TeV. BLQ] - bv) =1 2101.12527
VL TT ozt 4 X 2eruden 21b21) - 139 14 SU(2) doudlet ATLAS-CONF 2021024
VLQ BB — Wt/Zb+ X multi- | 36.1 1.34 Tev. SU(2) doublet 1808.0234:

VLQ Tos ToplTos — We+ X 2(SS)/28equ >16,21] Yes 361 1.64 TeV. B(Toy — W) 1, ¢(TyaWe)a 1 07,11

VLQ T — Ht/Zt 1 23] Yes 139 1.8 TeV SU(2) singlet, xr= 0.5 ATLAS-CONF-2021-040
vy ey 21b21)  Yes 36.1 1.85 TeV. B(Y — Wb). 1812.07343
VLB~ Hb Oeu 3202110 - 139 20 SU(2) dou ATLAS-CONF 2021018
Excited quark ¢" — ag. - 2 - 139 6.7 TeV only u* and 1910.08447
Excited quark q* — qy 1y 1 - 367 53TeVv only u* and 1709.10440
Excited quark b" — bg. - 161j - 36.1 2.6 TeV. 1805.09299
Excited lepton 3eu - - 203 A =30TeV 1411.2021
Excited lepton v* et - - 203 A =16TeV 1411.2021

Typo Il Socsaw 234en 2] Yes 139 910 Gev. ATLAS-CONF 2021023
LRSM Majorana v " 2j - 36.1 3.2Tev m(We) = 4.1TeV. g1 = gn 1809.11105
Higgs triplet H** — W*w* 234 e,u(SS) various  Yes 139 350 GeV' DY production 2101.11961
Higgs triplet H** —» (¢ 234 eu(sS) - - 861 870 GeV. DY production 1710.09748
Higas rip r - - 203 OY producton, B(H;* - (1) = 1 1411 2521
Multi-charged particles - - 36.1 1.22TeV DY production, |q| 1812.03673
Magnetic monopoles. - - - 344 237 TeV. DY production, |g| = 1go, spin 1/2 1905.10130
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Discovered Higgs Boson
behaves very SM-like

T ———

Consistency Test
of the SM
at the quantum level l

I

No direct discovery of
New Physics so far

I —
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Test of New
Physics:
at Energy or
Intensity
Frontier
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[ATLAS,CMS]
My = 125.09 + 0.21 (stat) * 0.11 (syst) GeV

* Self-consistency test of SM at quantum level
(e.g.: Higgs loop corrections to W boson mass)

«+ MH < stability of the electroweak vacuum [Degrassi eal;Bednyakov eal]

+ Higgs mass uncertainty feeds back in uncertainty on Higgs observables

* Test parameter relations in beyond-SM theories

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2 6



The Role of the Higgs Boson Mass

+Present Accuracy: [ATLAS,CMS]
My = 125.09 + 0.21 (stat) * 0.11 (syst) GeV
+ Why precision?

* Self-consistency test of SM at quantum level
(e.g.: Higgs loop corrections to W boson mass)

«+ MH < stability of the electroweak vacuum [Degrassi eal;Bednyakov eal]

+ Higgs mass uncertainty feeds back in uncertainty on Higgs observables

@ar‘ame‘rer relations in beyond-SM ‘rheories\ t
/

indirect constraints
on viable BSM
parameter space

M
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Higgs Mass in New Physics Extensions - Supersymmetry

Higgs boson mass:
* SM: fundamental parameter, not predicted by the theory

* Supersymmetry: calculable from input parameters;
quantum corrections (Amy)? are important!

MSSM: mp2 ® Mz2 cos?2f + (Amp)?2 < (85 GeV)?

* Test parameter relations in beyond-SM theories *\
indirect constraints
on viable BSM

parameter space
W

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2
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+ maximal possible symmetry compatible with Poincaré group (space-time symmetry)
+ solves some of the open problems of the SM:

- candidate for Dark Matter
- inclusion of gravity
- unification of fundamental forces

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2



+ maximal possible symmetry compatible with Poincaré group (space-time symmetry)

+ solves some of the open problems of the SM:

- candidate for Dark Matter
- inclusion of gravity
- unification of fundamental forces

* enlarged particle spectrum: each SM particle has supersymmetric partner particle

* enlarged Higgs sector

Stendod Hodel Puchitles Sugessyrnmtin ¢ Poshioecs
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SUSY Higgs Spectrum

+ Supersymmetry: requires at least 2 complex Higgs doublets

+ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

5 Higgs bosons: h, H, A, H*, H—
4 neutralinos: X; (i=1,...,4)

+ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

+ Enlarged Higgs and neutralino sector:

7 Higgs bosons: Hi,Ho, Hs, Ay, Ao, HT, H™

5 neutralinos: X; (i=1,...,5)

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2



+ Supersymmetry: requires at least 2 complex Higgs doublets

+ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

5 Higgs bosons: h, H, A, H*, H—
4 neutralinos: X; (i=1,...,4)

+ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

+ Enlarged Higgs and neutralino sector:

7 Higgs bosons: Hi,Ho, Hs, Ay, Ao, HT, H™

B,
5 neutralinos: X, (i=1,...,5) ’
N7 % }
" p

* less important loop corrections needed compared to the MSSM

* solves little hierarchy problem

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2 9



SUSY Higgs Spectrum

+ Supersymmetry: requires at least 2 complex Higgs doublets

+ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

5 Higgs bosons: h, H, A, H*, H—
4 neutralinos: X; (i=1,...,4)

+ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

+ Enlarged Higgs and neutralino sector:

7 Higgs bosons: Hi,Ho, Hs, Ay, Ao, HT, H™

5 neutralinos: XY (i=1,...,5)

aw)

* less important loop corrections needed compared to the MSSM

MSSM: Mm% ~ M?Zcos®2/ +AmM?, (85 GeV)?!
NMSSM: 772,%{ R ﬂ[% cos2 28 + A\2v? sin? 283 +Afm,fq « (55 GeV)2

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2
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Spectrum Calculations

<* Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb| |some very heavy| |combines virtues
series truncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses ‘ resummation | calculation |

I —

< Fixed-Order Calculations: exp. exclusion limits push SUSY masses to high scales
~> terms ~ yx In(Msx/Mx) with yx Yukawa coupling, Mx (Msx) mass of (SUSY partner) particle
most important contribution from top/stop sector ~> large hierarchy~> large logs ~> resummation!
needed for reliable results

< EFT calculations: full theory matched to to effective low-energy theory at high-scale;
RGE running from high scale to EW scale resums large logs

M. Mahlleitner (KIT), 4 May 2024 CATCH22+2 10



Spectrum Calculations

< Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb| |some very heavy| |combines virtues
series fruncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses [ |_resummation ‘ calculation |

T ——

< Status MSSM spectrum calculations:
FO: up to 2-loop in on-shell (OS) and DR scheme, partial 3-loop in DR scheme

EFT: up to N2LL (included in calculators), N3LL
Hybrid: FeynHiggs, FlexibleEFTHiggs, N3LO+N3LL QCD corrections [Harlander Klappert,Voigt,” 19]

< Status NMSSM spectrum calculations:
FO: up to 2-loop in mixed OS-DR scheme and in DR-scheme
EFT: matching to quartic coupling in NMSSM w/ all BSM particles at TeV scale
e.g. [Gabelmann, MM, Staub,” 18,” 19][Bagnaschi eal,” 22]
Hybrid: FlexibleEFTHiggs, SARAH+SPheno

M. Mahlleitner (KIT), 4 May 2024 CATCH22+2
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NMSSM SpeC'l'r'um CGICUI '|'0r'5 hj” i ._h3k.h,- h,-v_H;;_- hi ki H;km hi_H;;rhj h @h,

O dy dy

- FlexibleSUSY : DR, FO & hybrid,
through FlexibleEFTHiggs

- NMSSMCALC:

FO, real & complex NMSSM, DR and mixed OS-DR
- NMSSMTools : FO, DR scheme
- SOFTSUSY : FO, DR scheme ,-
- SPheno : FO, DR scheme, quartic and pole mass matching
e S

Remarks:

- comparison of codes in DR scheme:
FlexibleSUSY,NMSSMCALC,NMSSMTools, SOFTSUSY,SPheno
- comparison of codes in mixed OS-DR scheme:
FeynHiggs, NMSSMCALC "—
- solution of Goldstone boson catastrophe
- advances in FeynHiggs:
real&complex NMSSM, GNMSSM: 1-loop in, 2-loop&resummation of HO log-effects only in
MSSM limit, no public code yet
- OS masses CP-violating NMSSM, consistent description production/decay

e e e R o

7Y ~ I_ =0 =D — e = - e = ~0 = -0 ~0 X; ~0
M. Mihlleitner (KIT), 4 May 2024 CATGH2282 2 F X% X OnG XA RO AN



[Baglio,Borschensky,Dao,Gabelmann,Grober Krause, MM Le Rzehak,Spira,Streicher,Walz]

One-loop masses [Ender,Graf MM Rzehak,'12], [Graf,Grober MM.Rzehak, Walz,'12]
Two-Loop O(aias) [MM Nhung,Rzehak,Walz,'15]

Two-Loop O(af+afas) [Dao,Grober Krause, MM ,Rzehak,'19]
Two-Loop O((ar+ar+ax)? + aras) [Dao,Gabelmann, MM Rzehak, 21]

= Calculator of one- and two-loop Higgs mass corrections and Higgs self-couplings as well
as of Higgs decay widths in the CP-conserving and CP-violating NMSSM

= Computation of the muon magnetic and the electric dipole moment
— Computation of the rho parameter and the W mass prediction up to two-loop EW NMSSM

M. Munhlleitner (KIT), 4 May 2024 CATCH22+2 13



O(ctnew?)=0((ar+ax+at)2+aras) Mass Corrections in the CP-Violating NMSSM

Corrections to hy-like Higgs (= SM-like Higgs) [Dao,Gabelmann, MM Rzehak, 21]

160 -

/\mt(ﬁ) _ /\mt(OS) . . . o
: remaining theoretical error: O(few%)

Aren — —_—
\mt(DR)

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 14



O(ctnew?)=0((ar+ax+at)2+aras) Mass Corrections in the CP-Violating NMSSM

Corrections to hy-like Higgs (éSM-Iike Higgs) [Dao,Gabelmann, MM Rzehak,'21]
160 -
150 A
140 |
3
L)
= 130 -
< NMSSM specific
190 1 couplings A, K
related to new
singlet field
HOY —— 0(02)” —— O(a(as + @) —— O(ay) in superpotential
e O(0he)™ === O(ag(as + ) === O(osas)™
100
S
: \:
e ] e ——
qh 0 ! T v T T
0 0.5 1 1.5
A\«

A\t (DR) __ A\t (0S)

Aven = : remaining theoretical error: O(few%)

)\mt (ﬁ)

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 14



O(ctnew?)=0((ar+ax+at)2+aras) Mass Corrections in the CP-Violating NMSSM

Corrections to hy-like Higgs (éSM-Iike Higgs) [Dao,Gabelmann, MM Rzehak,'21]
160
150 -
Zoomed: )
compatible w/ 140 -
HiggsSignals after > ]
including the new 2 130 ]
correction =
120 -
10— O(Q’%ew)os — Oa(as + @))”® =— Oaras)™
SPS O(a%ew) s Sy O(ay(as + Q‘t))—R o - O(atas)—R
100
= 7
- \
< —_—
qh 0 | I ' ' )
0 0.5 1 1.5
A

A\t (DR) __ A\t (0S)

Aven = : remaining theoretical error: O(few%)

)\mt (ﬁ)

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 14



O(ctnew?)=0((ar+ax+at)2+aras) Mass Corrections in the CP-Violating NMSSM

Corrections to hy-like Higgs (= SM-like Higgs)

160
A :
Zoomed: ////// E
compatible w/ 140 1
HiggsSignals af ter > ]
including the new . 130 A
correction %§ d
120 -
10 4 02" —— Ofai(ay +ar)® —— Ofayas)*
e O(0F)™ === O(ag(as + ))F === Oazag)™®
100
S
5 - e ——————————
40 S | e
0 allowed A range 0.5 1 L5
A

Aren —

)\mt (ﬁ)

: remaining theoretical error: O(few%)

[Dao,Gabelmann MM ,Rzehak,'21]
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Spectrum Calculations - EFT Approach

< Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb| |some very heavy| |combines virtues
series truncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses ‘ resummation | calculation |

R —la

< EFT calculations, Matching:

- SUSY couplings matched to corresponding couplings in EFT theory such that physics at
matching scale pr is the same

- In case we have only SM particles plus heavy SUSY particles:
EFT is the SM => Asm(pr) = Aesm(pr) [receives only BSM contributions]

- We have terms like yx In(Msx/My), respectively yx ( In(Msx/pr?) + In(ur2/Mx2) ), with pr=Msyx =>
yx In(Mr2/Mx2) <= resummed via RGEs for yx

M. Munhlleitner (KIT), 4 May 2024 CATCH22+2



Quartic Coupling Matching

Quartic Coupling Matching (unbroken EW symmetry; vy, vai—0, tanf=v./v4=const., vsz0):

[Bagnaschi eal,” 22] for real NMSSM
our work: complex NMSSM

A?{M’ MS(Qmatch) -

NMSSM, MS
)‘H S5M, S(Qmatch)

effective quartic coupling after subtracting the SM contributions:

Tree-level
exemplary
diagrams

————— light scalars

tree
ARMissM (@mateh) = ARfissm + AANmssm + AMissm
( \
N / \ /
\ 7 \ /
\\.’/ \M ,/
+ === +t+u
// \\ // m—0
/ N / \
/ N / \
\ /
d ( N / \ ( \ /
\ / \ /
\ / \
+ /\.____/ +t4+ul| + /‘:::::’\ +t+u
N s m—0 v M N
N / / \
\ / / \
\ J \

m (M) light
(heavy) mass
scale

M. Mihlleitner (KIT), 4 May 2024
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Pole Mass Matching

Pole Mass Matching/, Hybrid" (broken EW symmetry, v<«Msusy): e.g. [Athron eal, * 16]

9 ! ..o
M} sm = M nvssum

MEyx=mix —Snx(Miy)  with X =SM,NMSSM
mpsm and mp nvssm denote the running MS and DR masses of the SM(-like) Higgs states

2
1 m
2V MssM
. eff. 1 2 2 2 A 9
One-Loop Level:  Asi =55 [mh,NMSSM — Xh,NMssM (M, Nmssm) + Xh,sM (mh,SM)]
SM

Leading terms in expansion in v/Msusy

1 : : | o :
A = 207 o [mizz,NMSSM — AY¥p — Qmi,NMSSMAZ;z] with AS) = Zg,)NMSSM(O) - Eg,)SM(O)

A

y);, renormalized self-energy

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 17



Results

[Borschensky,Dao,Gabelmann, MM ,Rzehak]

130."

125F

% [GeV]
=

BP3 with kK = A - kP2 /NP3 A, = A%% . (3 — APF3 /) /2

PRELIMINARY

M. Mihlleitner (KIT), 4 May 2024

CATCH22+2
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RQSUH’S [Borschensky,Dao,Gabelmann, MM ,Rzehak]

BP3 with k£ = A - KBF3/\BP3, A, = ABP. (3 — )\BF3/))/2

Single’r-liké _
Higgs mass 7 7FO PRELIMINARY .
DR > s 51510
L\ )
125 R N\ SM mass value ]
].20 - ‘\~ red band: 1 .
> : N, uncertainty 1450 >
© : N\,  m— CCB
O 115¢ . O,
= {400 -
< 110] e
| 1350 =
105f . |
\ ‘ A 300
EFT: quartic MIV o MFO O((o(stay)) . ;
cplg. matching [ h h '\,\ :
hybrid: pole § ——— M;I —_— MFO(’)(atas+(at+a>\+a,$)2) \'\-\j 250
mass ma'l'ching ! .lf. G, 9, . ) h R T S
W\ A
contains ferms 05 06 07 08 09
v/Msusy )\
Mg -

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 18






Trilinear Higgs Self-Couplings

+ SM Higgs potential in physical gauge:

VU e A M nt s Mg M
“\‘wmss : M“smV A A"

v+

|
. T | L A,
-h'\brmﬂm slf cmphrﬁ ?\w ML /M, .

p
QNRUMr ’dms self -coup\ma : ')\““;H 3IME/MY X
Cunits A = 33.26eV /22)

+ Masses M;=(32V/¢i $;)|+-0 and Higgs self-couplings Aij=(93Vi/¢i d; ¢i)|4-0 related through Higgs
potential Vi => catch up in precision w/ masses

+ Importance of the trilinear Higgs self-coupling: V.

— determines shape of the Higgs potential

— Sensitive to beyond-Standard-Model physics
= Important input for Higgs pair production

— Important input for Higgs-to-Higgs decays - "%
— Important input for electroweak phase transitions T ———

+ Previous work: full 1-loop [Dao, MM Streicher,Walz,13]
2-Ioop at O(ettats) [Dao, MM Ziesche,15]

Present work: 2-loop O(a+(as+at)) [Borschensky,Dao,Gabelmann MM Rzehak, 22]

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 19
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+ New corrections at O(a+2): all 2-loop diagrams with top/stops and at most one Higgs/Higgsino field, e.g.

proportional o top mass m: and soft SUSY-breaking trilinear stop mass parameter A;

+ Approximations:
- gaugeless limit g1,g2—0 (keeping tanBw=g2/g: fixed)
- vanishing external momenta — effective coupling

M. Munhlleitner (KIT), 4 May 2024 CATCH22+2 20



Loop Corrected Trilinear Higgs Self-Couplings at Q(a+(as+xt))

Corrections to hu-like Higgs (éSM-Iike Higgs) [Borschensky,Dao,Gabelmann, MM ,Rzehak,” 22]
. 230 q 90 - e one-loop .
R — + Ofasas) -

O, 220 1 S o Ofai(as +ar)

I~ o ~

= < 301 e T
S E ] R =
T 210 - = 4 ¢ 2’

d T~

= =

S = 8

Q % 200 =

£ 3 <
L =
“< 190
A : renormalized loop-corrected Higgs self-coupling at vanishing external momentum

/\mt(ﬁ) _ /\mt(OS)‘

Estimate of theor. uncertainty via renorm. scheme dependence: A, = i

3M7F,

Results comply w/ SM value )3}, = -

= 191 GeV within theoretical uncertainty

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 21



Loop Corrected Trilinear Higgs Self-Couplings at Q(ctt(cts+at))

Corrections to hy-like Higgs (= SM-like Hiags) [Borschensky,Dao Gabelmann, MM Rzehak,” 22]
Parameter

_ 230 - Scan po-m'rs 950 4 « oneloop .

> . Compatible j o O(azas) .

CB ‘ w/ applied * 40 A ‘

P 220 - constraints ?

B CHEPS

1 210 - ?,e =3

g Nor| |2

é" 0o ‘ :

~— = o * c

S < 200 | ek =

£ 3 N <

L =

“< 190 A -

_ 3.5
A renormalized loop-corrected Higgs self-coupling at vanishing external momentum

A\t (DR) __ PR (OS) |

Estimate of theor. uncertainty via renorm. scheme dependence: A, = e

302
Results comply w/ SM value )7, = —12

= 191 GeV within theoretical uncertainty

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 21



Size of the Corrections at Q(a+(ats+cxt))

Corrections to hu-like HiggS (éSM-Iike nggS) [Borschensky,Dao,Gabelmann, MM ,Rzehak,” 22]
at(as+ar) 0§ at(as+ar) DR
Aoy [%] Ao, "my " [%0]
8 1 0.4 0.6

= Correlation with size of mass corrections

Q41 |’\ai+1 T ’\ail . . .
Ag;" = o = Smaller corrections in the DRbar than in the OS scheme
 —————————————— due to PCII‘"HOI resummation of of higher-order terms

M. Muhlleitner (KIT), 4 May 2024 CATCH22+2 22
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New Physics Effects in Higgs Pair Production

+Cross section: - different trilinear couplings - different Yukawa couplings
- novel particles in the loop - resonant enhancement

. tak MM eal'13
§Examp|e NMSSM [taken from Dao, eal'13]
resonant enhancement  differing stop, sbottom differing
for muk= 2*mn from SM value / from SM value
9700807 q\4 b ) 97000 g . L T 13
gy Hrgr G o< 7y )
N 'L AN 000" ----
g Q0Q0Q 1 Np 9 QQQr 4 N q h
9050y -ty 97000 o o h Y Gi, .77 h
1 1~ | \\ // - L
q't: :q'7 qﬁ: //x\\ \\ E .7
_—— - - - - - ' 7. o ~ N
97000% -2 o g oor” ? ~h 9 G “v----h
g L~ - h g Gi /,h
7 qZ \ // /’ \ H //
/ \K/ ) )--E{
\ i K \\\ ‘i v \\\
g \_z—’ S o h g \h
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New Physics Effects in Higgs Pair Production

+Cross section: - different trilinear couplings - different Yukawa couplings
- novel particles in the loop - resonant enhancement

. tak Dao, MM eal'13
+Example NMSSM: fcken from Dao Mt caf13]
resonant enhancement HO stop, sbottom differing
for mpk= 2*mn effect? / from SM value
G o) q\4 b ) 97000 g Al Le----1
// ~ ! RN k 7
qy -I—{k 7 PN 7 1
: A7 AN 70007 ----
g Q00 1 Np 9 QQQr & N q h
9050y -ty 97000 o o h Y G, T h
o I~ | SO L7 . N
q’t: :q] qz: ) x\\ .~ E b
_— - - - - - 7 4q S o ~ N
97000% -2 o g oor” ? ~h 9 G “v----h
g L~ - h g Gi /,h
Tq N SR - A
/ \K/ ) )__]_g<
\ i K \\\ ‘i v \\\
g \_z—’ S o h g \h
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Impact on Higgs Pair Production

Benchmark Point BP10:

[Borschensky,Dao,Gabelmann,MM ,Rzehak,” 22]

Parameter Point BP10: All complex phases are set to zero and the remaining input parameters

are given by

(38)

IA| = 0.65, |k| =0.65, Re(Ax) = —432 GeV, |ueg| = 225 GeV, tan = 2.6,
My+: = 611 GeV, mg, = 1304 GeV, m;, = 1576 GeV, MR 2Osin = 3 TeV,
Ay = 46 GeV, Ap = —1790 GeV, A, = —-93 GeV, A. = 267 GeV ,
As = —-618GeV, A, =1851 GeV, A, = —59 GeV, Ay = —175 GeV,
A, = 1600 GeV, |M;| =810 GeV, |Ms| =642 GeV, M3 =2 TeV .
S —
h1 [hu] hz [hs] h3 [hd] al [as] an [ad]
tree-level 97.21 307.80 626.13 556.71 617.22
one-loop 131.46 299.65 625.96 543.58 615.82
(114.81) | (299.28) | (625.52) | (543.69) | (616.01)
two-loop O(ayas) 118.90 299.40 625.78 543.73 615.90
(120.36) | (299.38) | (625.58) | (543.60) | (615.96)
two-loop O(ay(as + ay)) 123.53 299.44 625.89 543.73 615.90
(120.14) | (299.38) | (625.57) | (543.60) | (615.96)
two-loop O(ain) 122.36 300.27 625.94 543.34 615.91
(119.97) | (299.90) | (625.65) | (543.47) | (616.01)

M. Mihlleitner (KIT), 4 May 2024

CATCH22+2




Impact on Higgs Pair Production

Benchmark Point BP10: [Borschensky,Dao,Gabelmann,MM ,Rzehak,” 22]

Parameter Point BP10: All complex phases are set to zero and the remaining input parameters

are given by
Al = 0.65, |k| =0.65, Re(Ax) = —432 GeV, |ueg| = 225 GeV, tanf = 2.6,
My+ = 611 GeV, mg, = 1304 GeV, m;, = 1576 GeV, MR 2sin = 3 TeV,
Ay = 46 GeV, Ay = —1790 GeV, A, = —93 GeV, A. = 267 GeV,
As = —618GeV, A, =1851 GeV, A, = =59 GeV, A; = —175 GeV,
A, = 1600 GeV, |M;| =810 GeV, | M| =642 GeV, M3 =2 TeV . (38)
—
hi [ha] | ha [hs] | hs |ha] | ailas] | a2 [ad]
tree-level 97.21 307.80 626.13 556.71 617.22
one-loop 131.46 299.65 625.96 543.58 615.82
(114.81) | (299.28) | (625.52) | (543.69) | (616.01)
di-Higgs exn -loop O(azas) 118.90 299.40 625.78 543.73 615.90
f:s":::::f‘ by (120.36) | (299.38) | (625.58) | (543.60) | (615.96)
oroduction w/ -100p Olau(as + o)) || 12353 | 299.44 | 625.89 | 543.73 | 615.90
hz2->huhy (120.14) | (299.38) | (625.57) | (543.60) | (615.96)
‘ o-loop O(a%,) 122.36 300.27 625.94 543.34 615.91
(119.97) | (299.90) | (625.65) | (543.47) | (616.01)
M. Muhlleitner (KIT), 4 May 2024 CATCH22+2



loop order
mass tril.cplg.

o

[Borschensky,Dao,Gabelmann, MM ,Rzehak,” 22]

1-loop ALIL || 0® [fb] | P [fb) “?I?HlHl "g?HlHl "‘%ngHl “?I§H1H1 Areno
‘inp’ 63.72 62.14 0.54 0.71 -0.25 -0.30 2.5%
‘proc’ 76.83 61.48 1.01 1.04 -0.30 -0.31 25% |\
2——>|oop 'at2at2’ || o9 [fb] | oPR [fb] K%?HlHl K'BII{HlHl "'32;3[{1 H, "32§H1 i, | Aren0 /
O(as? ‘inp’ 68.98 61.25 0.61 0.65 -0.27 -0.28 12.6%
+asar) | 'proc’ 71.69 62.57 1.03 1.02 -0.30 -0.31 14.6%

= 'inp": loop-corrected masses and mixing angles (-> Yukawa & trilinear couplings) in
tree-level-like formulae: HO corrections to input parameters
- additionally including loop-corrected trilinear Higgs self-coupling ->
(though only partially)

= 'inp": scheme dependence of input parameters uncanceled by scheme dependence
of process-dependent corrections (at the same order)

- remaining large uncertainty (14.6%): remaining missing EW corrections
might be important

M. Munhlleitner (KIT), 4 May 2024 CATCH22+2 25



Conclusions

+New physics search at intensity frontier
- Indirect constraints on parameter space
- Higher order corrections indispensable

+ Two-loop mass corrections to NMSSM Higgs boson masses:
- remaining theoretical uncertainty few percent
- high-mass exclusion limits: fixed order ~> EFT approach

+ Two-loop corrections to trilinear Higgs self-couplings
- results comply w/ SM value within theoretical uncertainties

+ Impact on di-Higgs production
- remaining relatively large uncertainties require full calculation of
EW corrections

M. Miihlleitner (KIT), 4 May 2024 CATCH22+2
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The NMSSM Higgs Sector

+ Tree-level Higgs potential: (neglecting D-term contributions)

Vg =(I\S|” + m% )H Hy + (I\S|” +m% ) H}H,, +m?%|S|?

1
+|kS? = AHy - H,|” + (gl{AHSB — A\A\SHy - H, + h.c.)

+CPviolation in the Higgs sector: A, %, Ay, A can be complex

+Higgs fields after electroweak symmetry breaking (EWSB):

1 :
—=(va+ ha + . ht iPs
Hd _ ﬁ(l/d ld lad) . Hu — 6,.18011 L ) S — 6_(138 + hs + Z'a,s)
h, %(z:u + hy + 1ay,) V2

. AUs
effective u parameter: p= NG




Masses and Tadpoles

+ Input parameters: NMSSM parameters |:| complex phases

PNy Py Pu, Ps

{thdathua thsa tada tasa@ U, S0y, 5 € tanﬁa |A|a Vs, |K'|a RGAKJ

or

{thda thua thsa tada tasa U, SOy, 5 €, tanﬁ) |)‘|7 Vs, |K’|Q ReAKn PNy Prs Pus Ps

}

+ Tadpoles: (zero at tree level)

ovVyg .
t)j=tp, =5 J=1,...,6
J ¢ a¢J

| — S

+ The Higgs potential:

VgD to +§7¢TM¢¢¢ + hoTMy,1p- R,
Wlth ¢ —_ (hd,hu,hsya’daa’U7a’S)T7 hC — (h'(;*7h;1,'_) )

* Mass matrices: neutral M 44 , charged M, 1), -




The Higgs Spectrum

+ Tree-level Higgs potential: (neglecting D-term contributions)

CP-conserving (CPC): 3 CP-even Higgs bosons Hi (i=1,2,3),
2 CP-odd Higgs boson Aj (j=1,2),
2 charged H* H-

CP-violating (CPV): 5 CP-mixing Higgs bosons Hk (k=1,...,5),
2 charged Higgs bosons H*, H-

+ Higgs boson mass:
* SM: fundamental parameter, not predicted by the theory
* Supersymmetry: calculable from input parameters;

quantum corrections Am2, are important!

MSSM: m%{ ~ x\[é cos? 203 +Am%

NMSSM: m% ~ A[% cos? 23 + 292 sin? 23 —I—Am%{

— (85 GeV)?!
— (55 GeV)?

+ NMSSM: less important loop corrections needed compared to the MSSM, rich phenomenology
See e.g. [Miller Nevzorov,Zerwas, 03] [King, MM ,Nevzorov,'12,14] [Carena,Haber,Low,Shah,Wagner,'15]

[Ellwanger Rodriguez-Vazquez,'15] [Baum, Freeze,Shah,Shakya,'17] [Baum,Shah,Freeze,19]

[Biekotter,6rohsjean,Heinemeyer,Schwanenberger,Weiglein, 21]

+ Why precision predictions for Higgs masses?




Higher-Order NMSSM Higgs Boson Masses

+ After EWSB: h; (i=1,...,5) ordered by mass, no CP eigenstates <- CP-violating NMSSM

+ HO Higgs masses: real parts of propagator poles; iteratively obtained from (no Goldstone boson
admixture taken included, numerically small)

Det (15x5p2 -M + f?hh(pg)) =0

+ Renormalized self-energies:

SO =sWp?) +

A

(1 (2 .
S = 55 (%) + 55 (?) with

[5(1)ZT (1p* — M?) + (1p* — M?) 5(1)2] + oMM,

[Dao eal,'19]

computed at non-zero p? in the CP-conserving and CP-violating NMSSM in [Ender eal '11:6raf eal '12]

2@ (p?) = 2@ (p?) + % [5(2)ZT (1p? =M ) + (1p? =M )P Z

s gt

— 5@ M
computed at p?=0 and in gaugeless limit in the CP-violating NMSSM at O(azas) and O(a?)

IN [MM eal '14;Dao eal '19]

This work:

(1p? = M )M Z — s ZTsW A — 5D M 5<1>z]

O((a + ay + ax)?)




Matching Conditions

Quartic Coupling Matching (unbroken EW symmetry. vy, va—0, tanf=v./v4=const., vsz0):

[Bagnaschi eal,” 22] for real NMSSM
our work: complex NMSSM

SM, MS NMSSM, MS
)‘H (Qmatch) = A H (Qmatch)

effective quartic coupling after subtracting the SM contributions:

tree
NMSSM(Qmatch) ARee oM + Admssm + AAdrssm

1 :
ANMSSM = =1 ~(91 + g3) cos’ 25 + |/\| sin” 23

\

MSSM D-terms NMSSl\/YrF—terms
1
— 3|k|I2M2 . — 3|k|>M? 4
24|n|2M§(3M§+MﬁS)( ol Mz = Slel My cos 45

2
+(3M3Z + Mﬁs) (I5]|A| cos @y sin 28 — 2|A|?) )

. 7

s/t/u-channel S

3
8M3_

IAI*(3M§ + M3,) sin® 2B sin” ¢,

s

s/t/u-channel Ag
- —




Matching Conditions

Quartic Coupling Matching (unbroken EW symmetry; vu,vai—0, tanf=v./v4=const., vsz0):

[Bagnaschi eal,” 22] for real NMSSM
our work: complex NMSSM

SM, MS NMSSM, MS
)‘H (Qmatch) = A H (Qmatch)

effective quartic coupling after subtracting the SM contributions:

DR ___ \tree 11 21
ANMSSM (@mateh) = ANMssm + AANMssm + AAissm

Remark: shift due to NMSSM calc. done in DR and discarded SM contribution done in MS
taken into account

Loop corrected NMSSM masses and couplings from NMSSMCALC

NMSSMCALC

[Baglio,Borschensky ,Dao,Gabelmann,Grober, Krause Le, MM Rzehak,Spira,
Calculator of One-Loop and STr'eiCher',WGI Z]

O(a; ag + (a; + ay, + a,)?) Two-Loop
Higgs Mass Corrections
and of Higgs Decay Widths
in the CP-conserving and the CP-violating NMSSM

Computation of the Loop-Corrected Effective Higgs Self-Couplings
and the Loop-Corrected Higgs-to-Higgs Decays

up to O(a; ag + a;2)
Computation of the muon anomalous magnetic moment and the electric dipole moment

New: Computation of the @ parameter up to O(a + o o + (0 + 0y + ax)z)); W-mass prediction in the SM, at 1-loop
NMSSM, 2-loop QCD NMSSM, 2-loop EW NMSSM

The program package NMSSMCALC calculates the one-loop and O(oy o + (0 + 0 + an)z) corrected Higgs boson masses and the Higgs decay widths and branching
ratios within the CP-conserving and the CP-violating NMSSM.

The decay calculator is based on an extension of the program HDECAY 6.10 now.

The effective loop-corrected trilinear Higgs self-couplings and loop-corrected Higgs-to-Higgs decays are provided up to O(oy o + atz)‘
The program also provides the options to calculate the electron and muon anomalous magnetic moments and, in the CP-violating case, the electric dipole moments.
The program provides the @ parameter up to O(a. + o, O, + (0 + 0y, + au)z); the W-mass prediction in the SM, at 1-loop NMSSM, 2-loop QCD NMSSM, 2-loop EW
NMSSM.




Matching Conditions

Pole Mass Matching/, Hybrid" (broken EW symmetry, v<Msusy): e.g. [Athron eal, “16]

2 LYy
My, sm = My nvssm

MEy=mix—Spx(Mfy)  with X =SM,NMSSM
mp,sm and mp, nvssm denote the running MS and DR masses of the SM(-like) Higgs states

2

! zeff. _ My NMSSM

Tree Level:  m} gy = 2A0véym = Mj xmssM ~

20\ MssM

ov . dv? A A
use viy = vimssm + 0v” = VRvssm (1 + —) with o= [ hmssm(0) — ;z,SM(O)] + O(v*/Mgysy)

1 a .
One-Loop Level: X% = 202 [mlzz,NMSSM — 2, NnmssM (M, nvssm) + Zh,sM (m%,SM)]
SM
with  Sax(mj, x) = £p,x(0) + mj, x3, x(0) + O(mj, x)  and vsm—Vnmssm so that
Leading terms in expansion in v/Msysy

1

205 MssM

Ami = [mfzz,NMssM — AZ) — 2ml21,NMSSMA2;l] with AL} = 23i(z’)NMSSM(O) 2§:,)SM(())




Schematic Procedure Implemented in NMSSMCALC

la) SM input parameters:

GF/Q(MZ), QS(MZ), Mta Mb7 MT) MW)
Mz, My

full one-loop and partial two-loop

l 0OS — MS conversion

2) SM MS parameters:
SM,MS SM,MS
9; (M), Y; (My),

ASMMS (), oSMMS (37,

JSM RGEs at full two-loop

+ partial three- and four-loop

3) SM+NMSSM parameters at Qmatch? 1b) NMSSM high-scale input:
SM,MS SM,MS
A , Y- , NMSSM
s, e woloorHos | MQunp), K(Qunp ), 43(Qinp),
h (Qmatch), v (Qmatch), MS—DR An(Qinp.)a Ay (Qinp.)a in(Qinp.)a
’\(Qmatch)a "L(Qmatch)a AA(Qmatch), conversion gNMSSM,ﬁ YNMSSM,W{
Aﬂ(Qmatch)7 At(Qmatch)a s : - ,
J
4) Matching:
obtain )\EMSSM’MS (Qmatch) using effective

quartic Higgs coupling (Sec. 3.1) or
h.-like Higgs pole mass (Sec. 3.2)

1 6) MPS:
5) C :
- ) ?ompare - (equal) ,| OS Higgs mass
/\?LM’MS (Qmatch) = ’\EMSSM’MS (Qmatch) equal to the

l (not equal) SM input Mj,.

la) New iteration

varying M}, until converged using
bisection method




Red uncertainty band:

= scheme uncertainty using either Gr or agep(mz) as input (estimates missing 2-loop EW

corrections in the relation between Lagrangian MSbar and physical OS parameters)
— scheme and scale uncertainty: MyOS-MMSbar.pole(p,..) (estimates missing corrections

in the relation ASMMsbar gnd M,SM.0S)

- Estimate missing corrections in the relation between miMsbar(My) and M+°S by
in/exclud |n9 corrections of O(“S3) & h igher‘ [mr by Kniehl, Veretin; SMDR by Martin,Robertson]

— scale uncertainty by varying Qmatch: estimates missing 2-loop corrections in the
matching condition

= for the quartic coupling matching: difference between the quartic-coupling and
pole-mass matching as an estimate of the v/Msusy terms that are not included in the
quartic-coupling matching




tan 3

A

K

1\11

M

M3

Ag

A

A

Heff.

mg,

mi,

BP1

1.27

0.73

0.62

0.14

1.18

2.3

-0.39

0.06

-1.44

0.49

1.79

1.51

All parameters with mass dimension are given in units of TeV. All soft SUSY breaking
trilinear couplings are set equal to Ao, all soft SUSY breaking left-handed doublet and
Right-handed singlet masses are set equal to m@L and mir, respectively.




Di-Higgs Beats Single-Higgs

[Abouabid,Arhrib,Azevedo El Falaki,Ferreira, MM, Santos,'21]

Possible for models w/ singlet-dominated (suppressed couplings fo SM particles) and/or hg-like

(suppressed direct production) non-SM-like Higgs boson => NMSSM benchmark:

A K Ay [GeV] | Ag [GeV] | peg [GeV] tan g
0.593 0.390 296 5.70 200 2.815
mp+ [GeV] | M; [GeV] | Ms [GeV] | M3 [TeV] | A: [GeV] | Ap [GeV]
205 989.204 510.544 2 -2064 -1246
mea, (GeV] | mz, [GeV] | my  [GeV] | Ar [GeV] | m;, [GeV] | mz, [GeV]
1377 1207 3000 -1575.91 3000 3000

mpy, (GeV] | mp, [GeV] | my, [GeV] | ma, [GeV] | m4, [GeV]
127.78 253 H18 116 508
I [GeV] | T [GeV] | T [GeV] | TR [GeV] | T [GeV]
4.264 1073 0.466 3.145 9.9107 4.750
singlet-like hi11 hi2 h13 ho1 hao
Ho 0.325 0.939 -0.112 0.234 0.034
\\ ha3 h31 h32 h33 aii
0.971 0.916 -0.321 -0.209 -0.0063
as1 ai3 as3
-0.0022 0.999 0.0067




Di-Higgs Beats Single-Higgs

[Abouabid,Arhrib,Azevedo El Falaki,Ferreira, MM, Santos,'21]

Possible for models w/ singlet-dominated (suppressed couplings fo SM particles) and/or hg-like
(suppressed direct production) non-SM-like Higgs boson => NMSSM benchmark:

Hz is singlet-like: dominant decay channel into A1 A;

Single Higgs Production (4b final state)

JNNLO(H2)4(, = O'NNLO(HQ) X BR(H2 — A1A1) X BR(A1 — b5)2
— 13.54 x 0.887 x 0.704% fb = 5.95 fb .

Di-Higgs Production (éb final state)

oNO(H Hy) = 111 fb BR(H; — bb) = 0.539
oNLO(HHy) x BR(H; — bb) x BR(Hy — A14;) =53 fb

oNO(H 1 Hy)g, = 53 x 0.7042 fb = 26 fb




Parameter Point Samples

+ Scans in parameter spaces of the models w/ ScannerS:

take into account all relevant theoretical and experimental constraints
+ limits from di-Higgs searches

4b: [ATLAS-CONF-Note-2021-030, ATLAS,1804.06174], WWYyy: [ATLAS,1807.08567]
bbyy: [ATLAS,1807.04873]); bbWW: [ATLAS,1811.04671, bbZZ: [CMS,2006.06391]
bbtt: [ATLAS,1808.00336;ATLAS-CONF-Note-2021-035;ATLAS,2007.14811], 4W: [ATLAS,1811.11028]

+ Computation of Higgs pair production cxn:

HPAIR [Spira] for CRHDM [Gréber, MM, Spira,'17], NMISSM [Dao,MM,Streicher,Walz,'13],
QHDM [MM], NRHDM [MM]: Born-improved HTL cxn; K-factors 1.4-2.1

+ Scatter plots:

LO cxn times factor 2 (fo approx. account for NLO QCD), benchmark points include
NLO QCD calculated w/ HPAIR




Allowed values of the trilinear Higgs self-coupling

[Abouabid,Arhrib,Azevedo El Falaki,Ferreira, MM, Santos,'21]

R2HDM C2HDM
vrtion fyer | NSEEON Asn || ye i )N S | N /s
light I 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light II 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium 11 n.a. n.a. — —
heavy 11 — — — —
N2HDM
B yeir | ST Ao || Tt | R D
light I 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light II 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium IT | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy II — — — —




Allowed values of the trilinear Higgs self-coupling

[Abouabid,Arhrib,Azevedo El Falaki,Ferreira, MM, Santos,'21]

some models: AyHH compatible

w/ zero still possible

R2HDM C2HDM
Yotiey /YtH | Nsiig, /s || Ying, /Y | Nsite, - /AsH
light I 0.893...1.069 | -0.096...1.076 || 0.898...1.035 | -0.035...1.227
medium I n.a. n.a. 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 || 0.893...1.019 | 0.671...1.229
light II 0.951...1.040 | 0.692...0.999 || 0.956...1.040 | 0.096...0.999
medium 11 n.a. n.a. — —
heavy 11 — — — —
N2HDM
T vt | VR Pty | o v | AN P
light 1 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light II 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium II | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy 11 — — — —




Stability of the Electroweak Vacuum

[Degrassi,Di Vita,Elias-Miro,Espinosa,12] [Bednyakov,Kniehl Pikelner,Veretin,'15]
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