Precise |/-boson mass predictions
in the complex NMSSM

Ap and My including two-loop SUSY corrections
based on [2308.04059]
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https://arxiv.org/abs/2308.04059

The W boson mass...
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BSM perspective:
despite what the solution for the My,-miracle might be, it will most-likely involve a very
precise number — precision predictions for concrete BSM scenarios required!
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Getting started: how to "predict” M,,?

in most models (incl. SM): My, cannot be "predicted”
actual prediction: relation between My, and other observables
e.g. in the SM the tree-level relation [ross, veltman 75]
P Gee My,
= = 2
GNC C%MZ

=1, (cw =cosby, sy, =sinb,)

is perturbed by higher-order terms.

Strategy: use relations that involve both, theoretically and experimentally, well-defined
observables (e.g. OS pole-masses) that have smallest uncertainties.
— use p(®) =1 to eliminate presence of 6,, in the relation of some other set of
observables.
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https://inspirehep.net/literature/98993

Relation between My, <> Mz, Gr and aqgp

consider muon decay: Gg/v/2 (€7,ve) (FY°V,)

t\
ST
=
A
SIS
[fig.: Illana, Cano]

7TOéQED
Gr = 1+ Ar
"V (- g
Gr: from muon life time

aqep(0): fine-structure constant

Solve (iteratively) for Myy: (including A« resummation)

My and Mz: pole-masses

My = Mz (; + i _ %‘5'32(1 + Ar)) Ar: contains higher-order corrections
V2GEM3 Ar=Ar(My,Mz,a,...)

Instead of predicting M\, we are asking "which (OS) value of My, do we need to get the
muon decay right?”
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Higher-order corrections to the muon decay: Ar and Ap

oz | ST 5O, s

Ar e Mav sgv - + 6vertex+box
— Ao S Ap+ Ara

ingredients: - o s2, p remainder Vi
> 61 Z,: photon and photon-Z self-energies / ~
> 5(1)M3V/Z, EE/VI)/’;(O), §Ws2,: (transverse) W /Z self-energies — e
> Oyertex+box: Vertex/box diagrams W—-Hi
dominant:
> Ao light fermion contributions (SM-like) P

m,T 1,7 .
> Ap= EZMQ(O) — EWMQ o sensitivity to BSM physics Apt ~ 3.8 2.0 x 10~* (ppG 22
‘ v (also part of EW fits, "T" parameter)

> this work: Ar at full one-loop. Ap at two-loops.
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The CP-Violating NMSSM

The Complex Next-to-Minimal Supersymmetric Standard Model

> Singlet extension of minimal SUSY (MSSM).
> Theoretically well-motivated (solves y- and little-hierarchy-problem).
> Rich phenomenology in the Higgs boson sector:

Vd+hd+iad h+ .
i u ®s .
Hd = l‘\l/g ) HU = e,¢l' Vu+"’u+"“’u Y 5 = eﬁ(‘/s _'_ hs + Ias)
d V2
mix to

hy,ho,hs, by, hs, GY (mass ordered) and h*, G*

> LHC measurements: h;, h or hs play the role of the Higgs boson h measured at LHC (hy or he 3 are
"SM-like"). MSSM: no CPV at tree-level and always h1 = h.

> extended electroweakino-sector: ' ., . , -, XfQ

> two important parameters A\ and x: NMSSM % MSSM
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Ap at one-loop in the NMSSM: uncertainties?

>
>

Ap x 1073

DESY.

all one-loop contributions are well-known (in CP-conserving case) [stil, Weiglein, Zeune '15]

how to estimate the uncertainty without calculating higher-orders?
— using different renormalisation conditions

DR or OS renormalisation of top & stop sector [Graf et al. '12]
— estimate uncertainty due to missing higher-orders

one-loop: huge uncertainty — higher-orders required
my, [GeV]
124.4 129.1 141.7 160.6 148.8
10F
05 m,(ﬁo) Jmt
i =0
s m® 1
DR - ¢ A
7 myh= —— 4 + ——X>—
6k =UV-finite
l— one-loop?® 0S all-orders DR
0.1 0.8 L5 2.2 2.0 Ap(m>) ""="" Ap(me™)
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https://inspirehep.net/literature/1377765
https://arxiv.org/abs/1206.6806

Ap at one-loop in the NMSSM: uncertainties?

> all one-loop contributions are well-known (in CP-conserving case) [stl, Weiglein, Zeune '15]

> how to estimate the uncertainty without calculating higher-orders?
— using different renormalisation conditions

> DR or OS renormalisation of top & stop sector [Graf et al. '12]
— estimate uncertainty due to missing higher-orders

> one-loop: huge uncertainty — higher-orders required
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Ap beyond one-loop

t
2 ol
o - Bl Tt
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Ap beyond one-loop t 22

&
~ - Qs X 1672
> approximation: gaugeless limit g1, 2o — 0 t4/ \qt
— / \
leading QCD O(asa:) mixed OS/DR ! g '
> gQ (St) / W+/Z’V\J\ rvvv»W*/Z
\\ /’
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Ap beyond one-loop

t 4
2 Yt
Ot X 1672
> approximation: gaugeless limit g1, 2o — 0 t t
~ leading QCD O(asa:) mixed OS/DR
£ QD Ol0.00 / w/z Wz
> O(ai) very sensitive to top mass
b/t
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Ap beyond one-loop hi S22

V V. V V

DESY.

P S QAN X 1677
approximation: gaugeless limit g1, g5 — 0 " \\h‘/ ~
/ K \
leading QCD O(asa:) mixed OS/DR |
e (asa) / Wt/Z A~ W/ Z
O(at) very sensitive to top mass " K
O((ar+axr+a.)?) can be large for large \, & o7
technical difficulty: intermediate infrared-divergences (backup slides) H+/hm
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My, via Ar: Combination with known higher-order SM-results

. 1 1 TOQED )
Reminder: My =Mz -+ |- — —————1+ Ar(Mw,Mz, Mg, M. M = M-, ...

W Z<2 FRNCTR YA (M, Mz, Mes Wi, Myce, Mr )
SUSY sector

> Ar= A(4)r|SM + Ar(2)|5USY
2
~ A’(4)|SM + Ar(1)|susy - % Aml)‘susy

> A(n)X}SUSY = A(n)X|NMSSM - A(n)x‘smv X =pr

> A(4)r‘SM with full two-loop and partial three & four loop results obtained in the OS
SCheme [Awramik, Chakraborti, Chen, Chetyrkin, Czakon, Degrassi, Djouad, Fleischer, Freitas, Giardino, Gambino, Heinemeyer, Hollik, Jegerlehner,

Kiihn, Kniehl, Saha, Sirlin, Steinhauser, Tarasov, Weiglein, ..]
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https://arxiv.org/pdf/hep-ph/0311148.pdf
https://arxiv.org/pdf/hep-ph/0311148.pdf

NMSSM-specific two-loop corrections to My, and Ar
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|mp|ementati0n in NMSSMCALC [(see itp.kit.edu/~maggie/NMSSMCALC for references)]
NMSSMCALC is more than a spectrum generator for the CP-violating NMSSM:

takes parameter point using SLHA and calculates:

Higgs boson masses (myo and my+) up to two-loop O(asar + (ar + ax + ax)?)
Higgs boson self-couplings /\ﬁf,fh up to two-loop O(asar + a?)

H,Q’i — X;jXi decays at NLO including SUSY QCD+EW corrections (or using Afy)
electric dipole moments (EDMs) of e and various bound-states

(& —2)e and (g —2)y

New: My, and Ap

also for inverse seesaw scenario (NMSSMCALC-nuSS)

VVVVVYVVYV

example: compile and run NMSSMCALC

wget https://www.itp.kit.edu/\~maggie/NMSSMCALC/nmssmcalc.tar
tar xf nmssmcalc.tar

cd nmssmcalc-C

make

./run inp.dat
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Summary

W boson mass My, and Ap are important precision observables!
studied two-loop corrections to Ap in the NMSSM
uncertainties significantly reduced

combined with full one-loop correction to Ar (muon decay)
— precise My, prediction

Outlook
more detailed pheno studies
influence of ren. scheme of charged Higgs mass (OS / DR scheme)
uncertainty estimate for My

two-loop corrections w/ sleptons (can have large one-loop shifts)
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Backup
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SU(2), mass splittings — Ap (custodial symmetry)

DESY.

mp, [GeV]
124.3 129.0 141.6 160.5 148.7
10F
9
T8
=
X
I 7
6,
— one-loop®”®  —— O(q)®® —— 0O(a?,,)%®
5l onedoop™ - Oaia)PF = O(a2,)"
50 = ' : : '
:\\530-
<
1OUJ 0.8 1.5 2.2 2.9

VA4 K2

1160

11401

[GeV]

My,

11001

- 1120}

1080

M, Xi [G(‘V]

— 4 — X X

0.1

VA + k2

| Precise W-boson mass predictions, in the complex NMSSM | Thi Nhung Dao, Martin Gabelmann, Margarete Miihlleitner | DESY Theory-Workshop, September 2023

Page 14



CP-violating effects
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> Phases in gluino- (¢pm,) and stop-sector (p4,) typically have a small effect if the particles

have large (2 1 TeV) masses

> electroweakinos (¢, ,) can be light and can have sizeable effects
Page 15
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Comparison with

other tools / the MSSM (FeynHiggs)
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Comparison with MSSM /previous Results

hj
hi - P~ hy
/ h \\
! k \ g21,82—0
\ !
hm

In the MSSM, Higgs-self couplings are given by gauge couplings:

2 g21,82,—0

VARIE o g 2([Hul? = [Hal?)? + 222 (HuoaHy + HaoaHa) 0
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Comparison with MSSM /previous Results

7}7;777
In the MSSM, Higgs-self couplings are given by gauge couplings:

i g1:82—0
VI o< 212 (IHul® = |Hal?)? + 25° (HuoaHu + HaoaHg)* ————

In the NMISSM, there are additional non-zero self-couplings:

0

quartic quartic 212 &1 1220
Vieey < Ve + [AHuHg + £57)F ————

— Many new two-loop diagrams with Higgs self-couplings.

£0
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Comparison with MSSM /previous Results

hi
G .-\ "~ G
! hk K 9 m%—>0
V o Voo log mg ——— —o0
hm

In the MSSM, Higgs-self couplings are given by gauge couplings:

i £1:82—0
Vienir o< g1 2(|Hul® = |Hdl?*)? + g2 (HuoaHy + HyoaHg)? ———

In the NMSSM, there are additional non-zero self-couplings:

0
unartic unartic + |)\H H + ,_52|2 21,820
NMSSM & YMssm ulfd — K —

— Many new two-loop diagrams with Higgs self-couplings.
Massless Goldstones — appearance of intermediate IR divergences (final result IR-finite).

£0
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IR-finite two-loop self-energies

Example of an IR-finite subset with intermediate IR-divergences:

-~

4 A
-~ ] ] !
4 hin \Jr
¢><‘ PR PN
G’.,t ‘\‘(; ql@\‘G Glz N \‘ (7:1 \\G
- F==-- + ===4 flc F===+ ===4 hh‘ F===t ===+ r---
v ) v 1] ' ) ' )
\\~_'I ‘\~_" \\~_" ‘\_‘ 4
hi £ hi # hi 7 hi £ G

Careful isolation of divergences using mass regulator or dimensional regularisation shows:

IR-divergence of first diagram cancels against the other three

. . 1-loop _
cancellation happens only if M 5 .. =0

— working at the tree-level minimum is sufficient [mis workj Or alternatively using an
OS-condition for the Goldstone mass [Braathen, Goodsell, '16]
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Parameter point P1 for the shown plots
P1: my, = 2002 GeV, me, = 2803 GeV, mp. = 2765 GeV,
mjy, , =565 GeV, mep pp = 374 GeV,
mp. =575 GeV, mz, = 981 GeV,
|Ay,ct| = 2532 GeV, |Agsp| = 1885 GeV, |Ac | = 1170 GeV,
M| = 133 GeV, |M,| = 166 GeV, |Ms| = 2300 GeV,
A=0.301 GeV, Kk =0.299 GeV, tanf = 4.42 GeV,
pet = 254 GeV, ReA, = —791 GeV, My+ = 1090 GeV,

PAepr =0, PAG, =Ty PAy e =Py = PMy = PMz = 0.

| H, H, \ H; | H, | Hs |
125.4 | 230.6 | 770.5 | 1088.0 | 1090.1
hu hs Qg a hd
T T 3 T 8T AT 30471 x5

| 113.9 | 145.07 [ 261.95 | 295.74 | 509.49 | 132.93 | 294.98 |
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Parameter point BP3 for the tool-comparison

BP3: my, = 2144 GeV, meg, = 1112 GeV, mg, = 1539 GeV,
my, , = 131.9 GeV, mz, i = 103.6 GeV,
my, = 205.2 GeV, mz, =238.6 GeV, |A, 4| =3971.2 GeV,
|Agsp| =1210.3 GeV, |Ac | = 3643 GeV, |A;| =2052.4 GeV,
|Mi| =178.3 GeV, |M;y| =128.6 GeV, |M3| = 1757.6 GeV,
A =0.1229 GeV, k =0.0128 GeV, tan = 8.7199 GeV,
teff = 212 GeV, ReA, = —10.48. GeV, ReAd) = 2245 GeV,

PAep,r — 0, PAuet =Ty PAgsp — PMy = PMy = PM3 = 0.
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The SM-like neutral Higgs boson mass in the NMSSM

2 : . 2 . 9,
(m},ree) ~ mZZ cos? 2B+ v? sin” 28

MSSM NMSSM
— SUSY connects scalar- with gauge- and Yukawa-sector!

> MSSM: mj'*¢ < mz < 125 GeV
> NMSSM: A < 0.7 (assuming perturbative unitarity below mgyT)

— In either case: Higher-order corrections must shift my, to the measured Higgs mass. At one-loop, the

leading contributions to 8" m} from the top/stop sector are:

L P t
o RO SRSy SN T G U ho L ome
(47)2 v2
T >
t t
msusy 0 0

> M; = m¢ + msysy = in the SUSY-restoring limit: 5(1)mﬁ
> but we need §m? =~ O(20 — 40GeV) | — higher-orders required
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