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Particle content of the NMSSM

e extension of the Standard Model by Supersymmetry
e two Higgs doublets, one Higgs singlet

Standard fields SUSY partners NMSSM

~ ~ A

'Quarks .Gauge .Higgs @ Pseudo- Squarks () Gluinos . Neutralinos,
.Leptons bosons bosons Goldstone 0 Sleptons Charginos
bosons
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Higgs potential in the NMSSM

non-kinetic part of the Lagrangian involving only Higgs fields:
NMSSM NMSSM NMSSM
Vi = VHiggs + Vbreaking )
NMSSM _ 1 (_2 | 2 2 NE 1 2 bl 2 2 2 2
VIReM = 3 (88 +82) (112 — 1#1?)" + 3 82 [H{Hal? + A SI? ([Ha? + [HaP?)
‘2

+[AH - Hy + 1 S
Vireakng = M3 [Ha|* + 3 [Ha|* + (AANSH1 - Ha +h.c.)
1
+ M2 |S)? + <§ KA S® 4 h.c.) ,
minimization of potential relates bilinear and quartic terms = mass prediction
see talk from LHC Physics Discussions, 11.09.2017,

[Florian Domingo and Peter Drechsel, SP, arXiv:1706.00437]
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Simple rotation matrix?

two point vertex function at one-loop order

det [fh(pQ)]pz _ = 0, mﬁi = %e[xl?} , ie{1,2 3, 4,5},

i

= physical mass eigenstates: Hy, ..., Hs with masses my,, ..., my,

relation between tree level h; and loop level H;:

. (1 . =(1 o ]
since Z&, )<m%_,j —ilp mHj> * Z&, )<m%,k —ilp, mHk>, Jj# k

3 unitary U ( (Hl, Hy, Hs, Ha, H5) —u (hl, ha, hs, ha, h5)

~(1
i.e. no unitary U diagonalizes I'S, )(p2) for all p?
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~(1
however, for each p?> we can find unitary UP” which diagonalizes FS, )(pz)

particularly: determine Umil, R Umf*5
construct matrix

z™* = (1,0,0,0,0) U™ + -+ (0,0,0,0, 1) U™
indeed:

possible approximation:
determine orthogonal U° by neglecting p? in X},
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Z matrix, normalization

kinetic term of effective Lagrangian for loop-corrected Higgs bosons:

<(1)
dx I
p2 = mlz-l,- — i Ty, my, o
-1
(1)
f: h
= Zl_ac _ Z;-;"X 1+ dp2 ;zlx
p2 = m%_li — i Ty, my, .

we derive the Z matrix

Z)=\/ZfeZ]™

fU I’ther reading [Florian Domingo and Peter Drechsel, SP, arXiv:1706.00437]

Sebastian PaBehr (DESY Hamburg) NMSSM Higgs decays Hamburg, 25.09.17



© Higgs decays
Higgs decays into fermions
Higgs decays into vector bosons

Sebastian PaBehr (DESY Hamburg) NMSSM Higgs decays Hamburg, 25.09.17



Higgs decays in the NMSSM

framework:
e similar procedure as for the MSSM [H. Rechak, G. Weiglein, K. Williams, arXiv:1103.1335]
e full one-loop order, i.e. including Z matrix
e additional correction factors of higher order
e inclusion in future version of FeynHiggs

° fUtU re reading [F. Domingo, S. Heinemeyer, SP, G. Weiglein, in preparation]

existing codes for the NMSSM:

U. Ellwanger, J. Gunion and C. Hugonie, hep-ph/0406215, U. Ellwanger and C. Hugonie, hep-ph/0508022,
[ ]
NMHDECAY [ F. Domingo, arXiv:1503.07087 ]

J. Baglio, R. Groéber, M. Miihlleitner, D. Nhung, H. Rzehak,
NMSSMCALC [ M. Spira, J. Streicher, K. Walz, arXiv:1312.4788 1

SlOOPS [ G. Belanger, V. Bizouard, F. Boudjema and G. Chalons, arXiv:1602.05495, arXiv:1705.02209]

SARAH/SPhenO [M. Goodsell, S. Liebler and F. Staub, arXiv:1703.09237]

SoftSUSY [B. C. Allanach and T. Cridge, arXiv:1703.09717]
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Z matrix, H; — 71

illustrate Z matrix:

0.25
% 0.20f
=)
i 015
T
;
= 0.10f
R R N A Y S R
0.05f T
_z _3zx _z _=x 0 z .4 3 .4 _x _3x _z _=x 0 x .4 3 .4
1 16 8 16 16 8 16 4 4 16 8 16 16 8 16 4
dotted: approximation by U® matrix difference of both normalized to full result

solid:  full Z matrix

if external mixing neglected — prediction completely off
additional mixing in production — further shift

Sebastian PaBehr (DESY Hamburg) NMSSM Higgs decays Hamburg, 25.09.17



External particles on-shell

e fermions/gauge bosons: on-shell via renormalization condition

e Higgs bosons: transition from tree level h; to loop level H; via Z matrix

mhj—>mH,.

so far: Z contains only mixing among Higgs bosons

= take Higgs—Goldstone/Z mixing into account via wave function normalization

= —— f === ==
wan hi<>5,\é< + [y —XG, P f
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Ab effect, H; — bb

sizable corrections for large tg — resummation
description through effective coupling from

Ler=—Yp b {HS +

ot
=)

'
S
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QCD and QED corrections for H; — ff

vertex corrections with massless propagators,

f
f Fyge
S o= 79 4+  ___ ,
h, ; v 9
! * f
f
require adding real emission (otherwise IR divergent)
our choice:
e remove 7y, g from vertex corrections
e include correction factor for QED and QCD:
= 2
MS
o BEY = r(h s BE my > (M)
r(hi — bb) =T (h — bb)without . ( — ) (1 + fqep + facp)

[E. Braaten, J. Leveille (1980); M. Drees, K. Hikasa (1990)]

total factor ~ %

Sebastian PaBehr (DESY Hamburg) NMSSM Higgs decays Hamburg, 25.09.17



© Higgs decays

Higgs decays into vector bosons
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off-shell effects, H; — WW /ZZ

decays into on-shell WW /ZZ easily computable,
usual understanding of WW /ZZ final states includes off-shell effects,

our approach I:  full SM result from Prophecy4f,
rescaling to NMSSM Higgs by squared ratio of tree-level couplings,
justified for SM-like Higgs; wrong one-loop correction

our approach Il:  one-loop calculation of decay into on-shell WW /ZZ,
include tree-level off-shell effects,
justified for heavy Higgs with mass far above WW /ZZ threshold
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Hi — vy

decay width equal to zero at tree level,
leading order equal to one-loop order,
large higher-order QCD corrections to quark and squark loops,

M2,
taken into account numerically at the level of amplitudes: factors ¢ (ﬁ)

[M. Spira, A. Djouadi, D. Graudenz, and P. Zerwas, hep-ph/9504378, M. Miihlleitner and M. Spira, hep-ph/0612254] 9
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decay width equal to zero at tree level,

leading order equal to one-loop order,

large higher-order QCD corrections to quark and squark loops,

include virtual corrections, but also real radiation of quarks/gluons,

numerical implementation of results in the large-mass limit m. spira, arxiv:1612.07651)

subtract di-quark radiation and assign it to H; — qQq [A. Djouadi, M. Spira, and P. M. Zerwas, hep-ph/9511344]
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Vertices with Goldstone bosons

trilinear couplings h; GG, h;h; G (analogous for charged H*, G*) are m,%l,,
we use external Higgs with physical (loop corrected) mass My,
— gauge indentities broken, but actually just higher-order effect

e Ward identity in H; — ~+ not satisfied
e IR divergence in H; — WW does not cancel with H; — WW~
e H; — ff evaluated in R: gauge depends on gauge-fixing parameter

remove inconveniences by using My, inside tree-level couplings of Goldstone bosons
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Conclusions and outlook

mixing:

loop corrections induce mixing of tree-level states
in general no unitary matrix to describe mixing
full treatment is important for Higgs couplings (production, decay)

decays:

full one-loop amplitude

down-type Yukawa resummation

factorization of QED and QCD corrections for H; — ff
additional mixing with Goldstone and Z

off-shell effects for H; - WW /ZZ

higher-order QCD corrections for H; — 7
approximated higher-order QCD corrections for H; — gg
proper assignment of di-quark radiation in H; — gg

results will become publicly available via FeynHiggs
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