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SUSY Higgs Bosons: Reaching the LC Precision

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

Sendai, 10/2019

1. The Quest for Precision

2. SUSY Higgs boson masses

3. MSSM Higgs production cross sections
4. (N)MSSM Higgs decays

5. Conclusions
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1. The Quest for Precision

Q_O ETTTT | TTTT | TTTTI | TTTTI | TTTTI | TTTT | TTTT | TTTTH
s F ATLAS 2011-2012
S [ eIV fl=dsash’  Ep
is=8TeV: [Ldt=5859f"  [Htlo
1 _""':II"II'IIZIII:IIZI:I:ZIZI:I:ZIZ':IIZIII:IIZIII- 0o
0L TN T e e lo
102 e\ 2
18 R g 30
10°
T L] (Y A 4o
10°
T 4~ ) AN 50
10° .
1% N s G 6o
10" .
10-11 1111 | 1111 | 1111 | 1111 | 1111 | ] I‘I“ll 1111 | L1115
110 115 120 125 130 135 140 145 150
m, [GeV]

= Clear discovery at ~ 125 GeV!

CMS Vs=7TeV,L=51fb"' {s=8TeV,L=531"
E | | T 1 1T 1 | T 1 | | | T 1 | 1T 1 ?
3 ~— E
e E
;g- ............ X/ E;
? = Combined obs. §
E | === Expected for SM H =
:5 —_— s =7 TeV é
= |=——1Vs=8TeV 3
T S S S S S S S

1o
20

30

4c

20

6o

70

116 118 120 122 124 126 128 130

m, (GeV)

— can be interpreted as the light(/heavy) CP-even MSSM Higgs
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The Higgs mass accuracy: experiment vs. theory:

Experiment:

ATLAS: M;"P = 125.36 + 0.37 £ 0.18 GeV
CMS: M;"P = 125.03 £ 0.27 £ 0.15 GeV
combined: M7*P =125.09 +0.21 +0.11 GeV
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The Higgs mass accuracy: experiment vs. theory:

Experiment:

ATLAS: M;"P = 125.36 + 0.37 £ 0.18 GeV
CMS: M;"P = 125.03 £ 0.27 £ 0.15 GeV
combined: M7*P =125.09 +0.21 +0.11 GeV

MSSM theory:

LHCHXSWG adopted FeynHiggs for the prediction of MSSM Higgs boson
masses and mixings (considered to be the code containing the most com-
plete implementation of higher-order corrections)

FeynHiggs: SMIN® 3 GeV (now 1 —2 GeV?)

— rough estimate, FeynHiggs contains algorithm to evaluate uncertainty,
depending on parameter point

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 3



Working group on M; predictions: sites.google.com/site/kutsmh

Katharsis of Ultimate Theory Sta

g
Precise Calculat of

Y

(N)MIOM

= o~ Organized by:

' Iggs BOSO" mass M. Carena, H. Haber

R. Harlander, S. Heinemeyer

Local organizers: T. Hahn, W. Hollik . Hollik, P. Slavich, G. Weiglein
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The MSSM:

= Superpartners for Standard Model particles

Standard particles SUSY particles

o Quarks o Leptans ’ Force parlicles Squarks ) Sleptons -,} SUSY force
particies

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 5



Enlarged Higgs sector: Two Higgs doublets

H, — (H% ) _ <01+(¢1+i><1)/\/§)
H3 1

N F RN
° Hz vo 4+ (P2 +ix2)/V?2

V. = miHHy +m5HyHy — mis(eqpHYHS + h.c.)

_|_

12 2 2
g +g - x g .
(Hyfy — Hof2)? + 7 |Hy |
o ~ g \/
gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=*
Goldstone bosons: G9, G+

Input parameters: (to be determined experimentally)

tan g :U—Q, M?% = —m3,(tan 8 4+ cot3)
v1
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Enlarged Higgs sector: Two Higgs doublets with CP violation

_ (U1+(¢1+i><1)/\/§>

Hy B
$1

|
N
T T
[l NO B el
N—
|

H; ) ( b3 ) it
H3 vo 4 (P2 +ix2)/V2

V. = miHiHy +m5HyHy — mis(eqpHYHS + h.c.)

5
[
=

12 2 2
g - +g _ _ g —
+ (H1Hy — HyH)? 4+ “— |HqH>|?
A § -~ \2,./

gauge couplings, in contrast to SM

physical states: h9, HO, A0 H=*
2 C’P-violating phases: &, arg(mio) = can be set/rotated to zero

Input parameters: (to be determined experimentally)

(V)
tanf = =2, M2,
U1
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Z3 invariant NMSSM

MSSM Higgs sector: Two Higgs doublets

P (Hll)_( ‘|‘(¢1‘|‘73X1>/\/§>
1 = = o
1

= () (ot
H3 + (¢2 +ix2)/V2
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Z3 invariant NMSSM

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
Hy, = (Hll ) _ (Ul+(¢1+73><1)/\/§)
2

Hi ¢1
F R
° Hz vo + (2 +ix2)/V2

S

US‘I‘SR"‘ISI

Vo= (W% 4 [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

12 2
49 +g

K
+ |>‘(€abHiLHg) + H52|2 + m%|S|2 + (AA)\(EabHiLHS)S + gA/iS?) + h.c.)

2
— — g —
(H Ay — HoH5)? + ) |H1H>|?

Free parameters:
>\7 K, Alia MHia tanﬁa Heff — )\US

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 8



Higgs spectrum:

CP—even : hqi, ho, h3
CP—odd : aq,an
charged : H+,H_

Goldstones : GO, G+,G_

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 =0 =0
— X1y X2, X3y X45 X5
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Mass of the lightest CP-even Higgs:

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotB) = uB(tan 3 + cot )
NMSSM : " M%" = pefrBesr(tan g + cotg)

With Berf = Ay + K S, eff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = M3 + 5’0292

2
NMSSM : MZs = M3 + 2 (% - /\2>

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 10



Mass of the lightest CP-even Higgs:

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotB) = uB(tan 3 + cot )
NMSSM : " M%" = peffBesr(tan g + cotg)

With Berf = Ay + K S, eff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = MA—I— v2g?

2
NMSSM : M2y = M3 + v° <% - /\2>

MSSM. tree NMSSM . tree NI\/ISSI\/I ,tree

= My1SSMEree < pnMSSMITEE fone light aq, My oM > My

H=*
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Higgs coupling determination at eTe~ collider:

recoil method: ete™ — ZH, Z — ete™, ,u"',u_

= total measurement of Higgs production cross section

= NO additional theoretical assumptions needed for absolute
determination of partial widths

= all observable channels can be measured with high accuracy

= Cross section needed with high precision, better than ~ 1%

Available: SM cross section predictions at the 1% accuracy level

= improvements necessary ... full 2-loop calculations and more . ..

= What about the MSSM cross sections?

71

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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HL-LHC vs. ILC in the most general k framework:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]
no theory assumptions, full fit

=

-

= =

0 ey —

23 =

an

b ﬂ

= =

~R 2288

82‘3’6‘1me~«

s IR et v = T e

i I 5 [

oo R B i
o] E-'-"—-il—-ll—-i'—'l—-i g
=g Sl A A A l 3 =

CUECY O R
e B o e o o oo o ol
O S O e i, F 5
= [ [ pd —
= I [ QR QR i | =
= o oo B o o o e o i
T

¢ Fé SO

Edl
d
o
T

:

= strong improvement with the ILC
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Future expectations for « (kappa-3 framework)

| | — ] || | tﬁm
] Kw E— Kz T IR = Bip,
m firee . | I | e
- < [ I ] E—
| I I ] ]
1 1 S S I 1
00 04 08 12 1.6 20 00 04 08 12 16 20 00 08 16 24 32 0 1 2 3 4 5 00 06 12 18 24 30
= 1 ] | | |
= Kz E— Kb E— Ke E—— Kzy — Brun
I || ES 00 I | B
1 re . - — — = ek ¥
—— W< — — — — Wi
] I ] I
1 | | [
00 04 08 12 1.6 20 00 06 12 18 24 30 o 1 2 3 4 00 25 50 75 100 0o 1 2 3 4
- FCC-ee+FCC-eh+FCC-hh - H-ElI)UIJ+ILC5(]0+ILC350+ILC250

. K I | K
1 Y [ £ i FCC-eesps+FCC-eea4p ILCspp+1LC3s0+ILCasp
'n | - :

| FCC-eex4 ILC2s50 Higgs@FC WG
E—— I— WM CEPC W LHCIRIS L ganpa-3, 2019
— — B CLIC+CLIC 50+CLICs0  pumm HE-LHC |y < 1 ’
_ _ All future colliders combined with HL-LHC

mm CLIC5p0+CLIC350 ] HL—LHC|K'V|£] Uncertainty values on Ax in 5.

00 04 08 12 1.6 20 00 06 12 18 24 30 CLIC350 Limits on Br (%) at 95% CL.

= very roughly similar results

— FCC-hh/-he/-ee appears better

= FCC-hh uses different theory assumptions, uncertainties < 1%
= also remember different time scales!

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019



Needed for LHC/ILC/CLIC/.. . physics:

Precise and consistent prediction of

e Higgs boson masses

e Higgs boson mixings

e Higgs boson couplings

e Higgs boson production cross sections

e Higgs boson decay widths/branching ratios

= (partially) provided by FeynHiggs

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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2. SUSY Higgs mass calculations
The “easy’” case: MSSM:

Propagator/Mass matrix at tree-level:

(qQ—m%{ 0] )
2 2
0 qc —my

Propagator / mass matrix with higher-order corrections
(— Feynman-diagrammatic approach):

> —m2% + > pr(q?) > mn(q?)
MﬁH(QQ) —
> (g?) q®> —m2 + > 1(q%)

>,i(¢®) (i,j = h,H) : renormalized Higgs self-energies

CP-even fields can mix

= complex roots of det(M?,(¢?)): M? (i=1,2): M? = M? —iMT

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Calculation of renormalized Higgs boson self-energies:
S(2) =W (g?) +5()(¢?) 4+ ... + log resum

Main contribution: ¢/t sector (. scalar top, SUSY partner of the t)

Very leading 1-Loop:

_ _ i
t t {/ N
P )

h,@,h ho ),k ho N h
t I
Structure of higher-order corrections at one-loop:

AMPE ~may [L+ L0, L:=log (ﬁ')

mi

Large my = large L = resummation of logs necessary

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 16



Codes on the market:

1.) Fixed order codes: good for all scales low
— SuSpect

— SPheno/SARAH

— SoftSUSY /FlexibleSUSY

— H3m

2.) EFT codes (pure log resum): good for all scales high
— SusyHD
— MhEFT
— HSSUSY

3.) Hybrid codes: good always?!
— FeynHiggs

— FlexibleEFTHiggs

— SPheno/SARAH

Obviously: quality depends on the details implemented

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Codes on the market:

1.) Fixed order codes: good for all scales low
— SuSpect

— SPheno/SARAH

— SoftSUSY /FlexibleSUSY

— H3m

2.) EFT codes (pure log resum): good for all scales high
— SusyHD
— MhEFT
— HSSUSY

3.) Hybrid codes: good always?!

— FeynHiggs < our code / best code :-)
— FlexibleEFTHiggs

— SPheno/SARAH

Obviously: quality depends on the details implemented

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Possible & necessary refinements of the EFT calculation:

e Inclusion of EWIino mass scale in RGE's

e Inclusion of gluino mass scale in RGE's

e Inclusion of EW effects in RGE's

e Inclusion of 3-loop RGEs plus 2-loop thresholds etc.

e “"Two Higgs Doublet Model” below Mg

e Splitting in the scalar top sector

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Possible & necessary refinements of the EFT calculation:

e Inclusion of EWIino mass scale in RGE’'s
= included into FeynHiggs

e Inclusion of gluino mass scale in RGE's
= included into FeynHiggs

e Inclusion of EW effects in RGE's
= included into FeynHiggs

e Inclusion of 3-loop RGEs plus 2-loop thresholds etc.
= included into FeynHiggs

e “"Two Higgs Doublet Model” below Mg
= private version of FeynHiggs exists, other code: MhEFT

e Splitting in the scalar top sector
= future work

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Impact of precise M; calculation (I):

Impact of nhon-degenerate O (oth) threshold corr. in EFT part:

One scale Mgygy, but large stop sector splitting, tan 3 = 10:

130 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

(oo, D(a?) thres.corr.
g t

| ——non-deg. O(a?) thres.corr.

125

M, [GeV]

120

11{1—IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII

-3 -2 -1 0 1 2 3

"YP—R / V ﬂJIQx in:ﬁ

— important for large X; (more in a moment)
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Impact of precise M; calculation (II):

Impact of pole mass determination improvements:

(ask me details over coffee!)
One scale Mgysy, tang = 10:

145 I T T T T T

— num pole det w/o 6Zp|.

140 |-===FO pole det

—— num pole det w/ §Zp |
135Fsolid: prp = M,
| dashed: HURr = MSUS’Y —

M, [GeV]

130

A1

120 ] 1 1 | | 1 1 I

MSUSY [GeV]
= calculation stabelized!

10 000

20000

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Improved uncertainty estimate:
[H. Bahl, S.H., W. Hollik, G. Weiglein '19 — PRELIMINARY]

tan 8 = 20, Msysy = 2 TeV

135 i | 7| | 1 | |
| e FO mM5 -
- aesess B0 m?ﬁ w/ ew. corr. -
130 -
- — hybrid i
= 125 T 0
D]
O T
= )
= 120

o -
"agaut®

XtOS/MSUSY [GQV]
— reduced to 1-2 GeV (in simple single-scale scenario)

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019



Going beyond the MSSM: the FeynHiggs Ansatz
(taken from talk by [P. Drechsel] )

General idea: treat the MSSM part exactly as in the MSSM

» full inverse propagator in CP-even sector for mass
determination

A1 (kz) =i k%1 — f\/lqsqﬁ T féﬁ” (kz)f ?gd)u (k2 - 0)

i

NMSSM MSSM/FEYNHIGGS |

» included corrections from FEYNHIGGS at 2-loop order:

» orders O(asov, asp, OF, A Cip)
» resummed large logarithms

= any deviation from the MSSM can directly attributed
to the extended model!
= kind of obvious, but only FeynHiggs does it ...

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 22



FeynHiggs and the NMSSM (taken from talk by [P Drechsel] )

Lightest Mass @ 1-Loop Order: Sample Scenario

Absolute difference between different mass predictions

AM/GeV AM/GeV
0.4 20}
0.3 15}
0.2 10}
0.1 ]
0.0 : . - A 0 . ; MR —
0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30
¥ YA Y A A+H+G 1L
AM = |m{") — pl7ed) AM = |m{TAHTE) _ p(b)
hl h]_ hl hl

include Higgs- & gauge-sector

— influence of corrections beyond top/scalar top-sector is by far
larger than those of the order O(Y:\, A?)

= we need two-loop calculations rather from the Higgs/gauge sector than
from the genuine NMSSM ¢/t sector!

= those are not available and more complicated
= NMSSM has intrinsically larger uncertainties than the MSSM

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 23



3. MSSM Higgs production cross sections

Neutral Higgs production:

ete™ — hiZ, hyy, hihj, hivi, hieTe™, htE, hibb, ... (i,7=1,2,3).

Now available in the cMSSM at the full one-loop level:
[S.H., C. Schappacher '15] |[F. Arco, S.H., C. Schappacher '18]

a(e_l_e_ — hzhj)
oleTe — h;Z)

oleTe — h;y)

In the following:
few examples of each process, relevance of loop corrections

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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cMSSM parameters:

Table 2: MSSM default parameters for the numerical investigation; all parameters (except of {3) are
in GeV (calculated masses are rounded to 1 MeV). The values for the trilinear sfermion Higgs couplings,
Aty » are chasen such that charge- and/or color-breaking minima are avoided [76], and A; . are chosen
to be real. It should be noted that for the first and second generation of sfermions we chose instead
Ap =1, -Mt'jj"-’_fr = 1500 GeV and M 5 = 500 GeV.

HKEHI].. \-’E !’-j" l“: J.;I'IH:I: ﬂr.{tjj'r_f} ﬂ-.{LE' |.;‘1f_i'_|_-.r | ﬂ-.{j ﬂ.!j ﬂ-.{,'ﬁ

S 1000 7 200 300 LOG0 SO0 15004 p/is 100 200 1500

M, 1., M

123.404 288.762 290.588

with /s, M+, tang, ¢4, varied

— Scenario chosen such that many processes are possible at the same time
— not chosen to maximize loop corrections

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019 25



eTe™ — hih;:

.h.Z,/ S \\.h.] .hl h]
<V s S ] &
,../.\/\/\.\ \IM\IUI/
RS AR IS
.hz,,, N \.hj < S
o--——-o [ VRN )
vl ! ! S
S SR S
// ) ./Z/// \\\\. Z_, \ ‘e~
.Z/h\ Sy \VA/ hj h,_ F \h
= NV *- -9 _. ‘
AT [T (|9
_—— - .llll
o K o o Lo o o
.h.J %/ \ '~ Z_, \ ‘e~
.h.z \ h,, V \\h h__, o 'S

26
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ete  — h1ho:

o/fh
0.035

0.03 F

0.025 F

0.02 F

0.015 F

0.01 F

0.005 F

0 500 1000

= |loop corrections crucial!

1500

2000

2500

3000
NG

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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ete  — h1ho:

o/fh ete” — hihg
0.028 . . . - - - -

0.027
0.026
0.025
0.024 |
0.023 }
0.022 |
0.021 |
0.02 }

0.019 e - tree -----—---

-

0.018

= phase dependence more pronounced at loop-level

0° 45° 90° 135° 180° 225° 270° 315° 360°

YA,

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019

28



etTe~ — hi1h1 (purely loop induced):

o/fh ete” — hihy
0.016 . . . |

1oopI e

0.014

0.012

0.01 F

0.008 F

0.006 F

0.004

0.002 F

0 500 1000 1500 2000 2500 3000
NG

= poOsSsibly observable!
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ete™ — h; Z:

30
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etTe™ — h1Z:

O'/fb ete” — hi1Z2

250 . -

200 F

150 F

100 F

_____________

———

0 500 1000

= |0Op corrections crucial

2000 2500 3000
NG

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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eTe™ — h3Z:

O'/fb ete” — hsZ
0.07 . . . . -

0.06 |

0.05 F

0.04

0.03 F

0.02 F

0.01 F

O 1 1 1 1 1
0 500 1000 1500 2000 2500 3000

NG

= pOsSsibly observable, loop corrections crucial
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eTe™ — h3Z:

o/th ete” — h3Z
0.034 . . . - - -

0.032

0.03

0.028 F

0.026

0.024

0.022 F

~~o B
‘‘‘‘‘‘

002 1 1 1 1 1 1
0° 45°  90°  135° 180° 225° 270°

= pronounced phase dependence at the loop level

315°  360°
YA,
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eTe~ — h;v: purely loop-induced!

. hi . hi hi y hi. . hi y hi
W%:fs 6>KA::Z::"U Me V.og eNy r
e F e S e U e VvV e Vo e S
gl 7 Ex gl gl 7
hi_ hi._ hi._ i , ,
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etTe~ — h1~y (purely loop induced):

O-/fb €+€_ — hl’}/
0.12 . . . -

loop ——

0.1} i
0.08 F i
0.06 F i

0.04 i

0.02 i

0 500 1000 1500 2000 2500 3000
NG

= pOSsibly observable!
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eTe~ — hyy (purely loop induced): [F. Arco, S.H., C. Schappacher '18]

5000 4

1000 -

3000

M, [GeV]

2000 1

1000 -

500 1000 1500 2000 2500 3000 3500 4000 45
My, [GeV]

|
01890 0.1906 0.1922 0.1938 0.1955 0.1971 0.1987 0.2
anssy [h]

= relevant variation with scalar top sector
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ete — h1v (purely loop induced): [F. Arco, S.H., C. Schappacher '18]

300 A

250 1

M, [GeV]

200 -

150

100 I I I I I I
100 150 200 250 300 350 400

1 [GeV]

S | . _ [ .
0.1945 0.2034 0.2123 0.2212 0.2301 0.2390 0.2479 0.2568
omssm [fh]

= relevant variation with chargino sector

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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Charged MSSM Higgs Production at the LC

Charged Higgs production:

ete™ - HTH™, HT*WT, HTeTv, H b, . ..

Now available in the cMSSM at the full one-loop level:
[S.H., C. Schappacher '17]

ocleTe” = HTH)
o(eTe™ — HTWT)

In the following:
few examples of each process, relevance of loop corrections

= BACKUP

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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4. Higgs boson decays in the (N)MSSM

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019
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The FeynHiggs Ansatz for masses (taken from talk by [P Drechsel] )

General idea: treat the MSSM part exactly as in the MSSM

» full inverse propagator in CP-even sector for mass
determination

AT (k) =i K21 - M +z(1”(k2) + 2(2”(18 = 0)

-

NMSSM MSSM/FEYNHIGGS |

» included corrections from FEYNHIGGS at 2-loop order:

> orders O(asov, (sp, OF, i ip)
» resummed large logarithms

= any deviation from the MSSM can directly attributed
to the extended model!
= kind of obvious, but only FeynHiggs does it ...
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The FeynHiggs Ansatz for masses (taken from talk by [P Drechsel] )

General idea: treat the MSSM part exactly as in the MSSM

» full inverse propagator in CP-even sector for mass
determination

AT (k) =i K21 - M +z(1”(k2) + 2(2”(18 = 0)

-

NMSSM MSSM/FEYNHIGGS |

» included corrections from FEYNHIGGS at 2-loop order:
> orders O(asov, (sp, OF, i ip)
» resummed large logarithms

= any deviation from the MSSM can directly attributed
to the extended model!
= kind of obvious, but only FeynHiggs does it ...

= same Ansatz for Higgs decays!
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What is included in FeynHiggs (so far):

Evaluation of all MSSM Higgs boson masses and mixing angles

o MhlthgthyMHi y aff, Z;,;, U

ij» Ujj, ... = precision disussed before

Evaluation of all neutral MSSM Higgs boson decay channels (so far)

total decay width [ 4t
BR(h; — ff): decay to SM fermions: full 1L, running m, at 3L, Z;,

BR(h; — 2z z&) wEw)): decay to massive SM gauge bosons:
Prophecy4df @ coupling factors, Uz-j
BR(h; — vv,gg): decay to massless SM gauge bosons:
NLO QCD, gg: NNLO, NNLL from SM, Uj;

BR(h; — hjZ(*),hjhk): decay to gauge and Higgs bosons:
h]Z(*) UZ], h]hk full 1L, Iog—resum, ZZL7
BR(h; — f;f;): decay to sfermions: U,;

BR(h; — 52;&55]?,55?55?): decay to charginos, neutralinos: U,
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FeynHiggs “workflow’ :

MSSM modelfile

(defines matter content,
Feynman rules, renor-
-malization conditions)

Numerical evaluation

(replace parameters, Looptools)

.

"

o

l

) l Y ~
FeynArts FeynHiggs
\ (generates Feynman diagrams) ) (precision observables
1 for the Higgs sector of
i FormCalc ] [the MSSM)

e

(computes Feynman diagrams)

; /

1
Higgs self-energies,

[

Observables

vertex functions, etc.
in analytical form

(Higgs masses,
decay widths, etc.)
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Idea for this work:

@ Renormalization of the CP-conserving Higgs-sector
[Drechsel, Galeta, Heinemeyer, Weiglein, (2016)]

@ C(CP-violating NMSSM, on-shell ncutral Higgs [Drechsel, ED., Pafiehr (2017)]

@ Neutral Higgs decays into SM particles at [ull one-loop order
[F.D., Heinemever, Pafehr, Weiglein, (2018)]

@ Higgs-to-Higgs + Higgs-to-SUSY on-going. ..
@ Inclusion within FeynHiggs in an unforseeable future. . .

Learn from MSSM and adapt to the NMSSM
+ Re-juvenate MSSM from NMSSM

In the future: FeynHiggs 3.0

= few numerical examples for the Higgs decays

.
2

.
2

*
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Overall (N)MSSM Higgs decay uncertainty estimates

e h;, — qq: SM-like: SM NNLO QCD, EW NNLO, SUSY 2L: ~ 5%
heavy: as SM-like, Sudakov logs: ~ 5 — 10%

o h; — 0. SM-like: < 1%
heavy: Sudakov logs for very heavy Higgses < 10%

o hy - WW&), z7(): sM-like: < 1%
heavy: missing 2L (very small width): < 50%

e hi — vv,99,7Z: vy: NNLO QCD, EW: < 4%
gg: NNLO QCD, EW: < 4%
~Z: NLO: ~ 5%

e h; —» SUSY SUSY: [S.H., C. Schappacher '14-'16]
1L effects 10 — 20%, 2L7

e all decays: U;;, Z;;: few %, effects close to threshold?

— approaching LC precision for SM-like Higgs (not for heavy Higgses yet)
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5. Conclusinos

e High precision prediction for cross sections and branching ratios
are crucial for coupling constant determination

e Prediction (SM, MSSM, BMSSM) needed at/below the percent level!

e SUSY Higgs boson masses:
— hybrid approach is best = FeynHiggs
— MSSM: uncertainty in M;, reduced to 1-2 GeV
(in simple single-scale scenario)
— NMSSM: uncertainties intrisically larger, not calculaded

e MSSM Higgs production cross sections:
Now available in the cMSSM at the full one-loop level:
o(eTe” — hih;), o(eTe” — h;Z), oleTe™ — hyy)
olete” = HTH), o(eTe”™ — HTWT)
— Tree-level procs: loop corrections crucial (ete— — hiho,h1Z, ..., HTH™)
— Loop induced procs: possibly observable (ete™ — hihi,h1y, ..., HTWT)
= polarization could be crucial!
= possibly relevant MSSM parameter dependence

e (N)MSSM Higgs decays:
approaching LC precision for SM-like Higgs (not for heavy Higgses yet)
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Charged MSSM Higgs Production at the LC

Charged Higgs production:

ete”™ - HTH™, H-WT, HTeTv, H tb, . ..

Now available in the cMSSM at the full one-loop level:
[S.H., C. Schappacher '17]

ocleTe” = HTH)
o(eTe™ — HEWT)

In the following:
few examples of each process, relevance of loop corrections
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cMSSM parameters:

Table 1: MSSM default parameters for the numerical investigation; all parameters (except of tz)
are in GeV. The values for the trilinear sfermion Higgs couplings, A:p - are chosen such that charge-
and/or color-breaking minima are avoided [64], and A; ; are chosen to be real. It should be noted that

for the first and second generation of sfermions we chose instead A; = 0, Mré‘ﬁ‘f) = 1500 GeV and
M; =500 GeV. o

Sceﬂ. \/E t.B e ﬂfl,rH:I: J’f@ﬁf) J’fié |At:b;r| ﬂ’fl ﬂ‘{g J’fg
S1 1000 7 200 300 1000 500 1500+ u/tz 100 200 1500

S2 800 4 200 300 1000 500 1500+ p/tg 100 200 1500

with /s, M+, tan, ¢4, varied

— Scenario chosen such that many processes are possible at the same time
— not chosen to maximize loop corrections
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ete 5 HTH:
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ete 5 HTH:

o/tb ete” — HTH™

16 . T

14 }

12 F

10 F

S1: full
S2: full

500 1000 1500

= |loop corrections non-negligible!

2000

2500

3000
NG

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019

50



ete 5 HTH:

o/tb ete” — HYH™
45 ! T T T T T

S1: tree

- full ——
" S2: tree
35 F full ]
30

25

20

15

10

5

O 1 1

100 150 200 250

= loop corrections non-negligible!

300 350 400 450 500

Sven Heinemeyer — LCWS 19, Sendai, 30.10.2019

51



ete- = HTH—:
o/th
14

13.5 F
13 F
12.5 F
12 F
11.5 F
al

10.5 F

tree ---------

10F 91 full ——

S2: full
95 | 1

= loop corrections sizable for large tan g
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ete™ — HTWTF: purely loop-induced!
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0 500 1000

1500

= small loop-induced cross section . ..

2000
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ete™ = HTWT:

o /ab ete” > HEWT
25 . - . : : . .
S51: loop uu
loop +— -
loop —— e
20 | S2: loop uu -~ _
loop +—
loop —4
15 |

Polarization: P(e™) = +80%, P(e™) = —30%
= crucial to vield detectable cross section!
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Bringing the NMSSM to the same level: NMSSM in the MSSM |limit

zn | ] — tree level with mIS (M), i 4)
E‘}: 34_#’—‘—,—_———_ B . — tree level + QED/QCD corrections with Z™>
2 ;Wﬁ'*‘*‘;*'*"*"*"“’" e tree level + QED/QCD corrections + Y3¥ with Zmix
= 23[ ] - tree level + QED/QCD corrections + Vi with U™
= _;!.25 —— one loop with g¢* contributions
é ‘ ; -- one loop + CP-even QED/QCD corrections
- > without gg¢* contributions and with modified Y

3‘-‘-”5.’__.---— ' + FeynHiggs

" s 1000 1200 1200 1600 1800 2000 ™ (G¢Y)

SM-like Higgs state

@ Radiative corrections dominated by QCD-corrections;
@ Unitary tree-level approximation works well;

@ Difference wrt. FH (small): & — g(g* — bb)
(whether i — bb or h — gg is an experimental question).
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Bringing the NMSSM to the same level: NMSSM in the MSSM |limit

1.35 1.35F
2 1.30f _ e 102 1,30} i
2 g . ™, T
= 1.25} | 1S 18 o~ - '
1 - 11 "
1207 1 =< 1.20f ‘
— ]

115} - ] 1.15} - -

| _".4‘ _,-""
1.10C : , . : : : . B (1] O S IO SR et i
300 1000 1200 1400 1600 1800 2000 800 1000 1200 1400 1600 1800 2000

m; (GeV)

Heavy doublet Higgs states at ~ 1 TeV

@ Sizable EW corrections due to Sudakov logarithms;
@ Unitary tree-level approximation ‘fails’ ~ 10% off;

@ Difference wrt. FH (minor): UV scale in A;, (higher-order).
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Bringing the NMSSM to the same level: NMSSM in the MSSM |limit

— Prophecyd4f —— treelevel off-shell with X —— tree-level off-shell + one-loop on-shell with Z®* o FeynHiggs
_ 100¢
> :
L 10
S
T
G
= 0.1
500 1000 1500 2000 200 1000 1500 2000

mye (GeV)

Heavy CP-even doublet Higgs state
@ black curve: SM 1L prediction of Prophecy4f rescaled (as FH);

@ Red curve: full one-loop (on-shell);

@ Rescaling procedure fails for a decoupling state
oV [ gHsuVV o )
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Bringing the NMSSM to the same level: NMSSM [slide from F. Domingo]

24
- AR i = b
o 2_3____-_-___.__.—.-—.—’—;:_._. e et 1.35 > 6.4
& eer? =1 3 & .
7 S —— - g 130 b et saee
S 2% = JRveRe A A A dhdhe IS PN .oo*“' )
':: - 5125 : .'."‘.-.‘ 3 : G “.. =g - ——
S 21 ' "..‘.0"' = 5.8 ’,0" e
e 1 -

T 20} 1 = L e a—— Ts56f® _— /
= L)
== =~ 1.15 1 — 54

i i L i Iln ek i i " i i i 4 i * i i i L I L i

B0 Ilf.ll.'[] 1 2[.I{I 1 _“.H] 1600 IHFIH 2”.”“ 800 1010 1200 1400 1600 1800 2000 S00 10400 1200 1400 1604 1800 2000
- 4.4
% — tree level . L.35f
é in."..ti'-"‘--“". “ - : ;
‘I‘: 472 ettt es et 3 — tree level + QED/QCD corrections with Z™* & 130k A
’ = .
= — tree level + QED/QCD corrections + Yi¥ with U™ T | ocf H”.,.o-”"
: : s
240 //’,,/4-4 — one loop with g¢* contributions T - .
t g 120t
& ] + NMSSMCALC = —_—
= 35 . 1_15-/
=500 1000 1200 1400 1600 1800 2000 ma (GeV) B00 1000 1200 1400 1600 1800 2000

@ HDECAY provides a QCDy/large tan 5-corrected width
(including SQCD) ~ pour green line;
@ Full one-loop shows EW Sudakov logarithms for heavy states.

Here: hy SM-like; i, (640 GeV) and a; (320 GeV) singlet-like; /3 and a5
doublet-like (1 TeV).
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Bringing the NMSSM to the same level: NMSSM [slide from F. Domingo]

10F +

i
=

[ [h = gg] (107'GeV)
s [x
= lE-:'

I’ [hs = gg] (1079GeV)
e

o.*'o,’.
‘ S8t 0ertrrsvenne]
W - i

I' [a = gg] (10-7GeV)

— oneloop with T®
— one-loop with U™
—— ane-loop with X
one-loop five-flavor with U™
+ NMEEMCALC

I' [az = ga] (1073GeV)

@ HDECAY performs at the same order as us with 5-flavor
radiation;

@ ~ 4% deviation due to normalization factor (difference of EW
2-loop and QCD 3-loop order).

Here: h; SM-like; 1, (650 GeV) and a; (320 GeV) singlet-like; i3 and a;
doublet-like (1 TeV).
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