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What's special about the Higgs boson (mass)?
Assumption: heavy new physics particle with mass

Perturbatively calculate vector/fermion/Higgs mass:

* SM Vector bosons: dm{ oc m{, log =
ren.
protected by gauge symmetries, my — 0

* SM Fermions: dm¢ o< my log —
Hren,
" protected by chiral symmetry, mf — 0

* Higgs: om; log .
which symmetry protects m;,?

— SUSY

Imposing SUSY: Higgs boson mass corrections are controlled by the SUSY-breaking scale:

m — 0
om3 10, g,
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The SM-like Neutral Higgs Boson Mass in the NMSSM
(m}{ee)z < m3cos®28
—_———

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

© MSSM: m'®® < m; < 125GeV 4
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The SM-like Neutral Higgs Boson Mass in the NMSSM

(m},,ree)2 < m3%cos? 26 4+ \v? sin” 23

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

e MSSM: m}{ee <my; <« 125GeV 4%
e NMSSM: A < 0.7 (assuming perturbative unitarity below mgyr)
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The SM-like Neutral Higgs Boson Mass in the NMSSM

2 . 9 24
(mfree)” < m3 cos® 28 4+ A\v” sin” 2

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

© MSSM: m'®® < m; < 125GeV 4

e NMSSM: A < 0.7 (assuming perturbative unitarity below mgyr)

— In either case: Higher-order corrections must shift m;, to the measured Higgs mass:
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The SM-like Neutral Higgs Boson Mass in the NMSSM

2 ( 26in? ¢
(m';,ree) < m% cos? 206 + Av?sin? 23

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

* MSSM: m}{ee <mz < 125GeV 4
e NMSSM: A < 0.7 (assuming perturbative unitarity below mgyr)

— In either case: Higher-order corrections must shift my to the measured Higgs mass:

b

Y
o~

ho N h . . h h h 1 m?l m?
. : ~ —— log —
(am?z vz % 2

““l\}

o~
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The SM-like Neutral Higgs Boson Mass in the NMSSM
(m;‘,ree)2 < m%cos® 23 +
N———

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

* MSSM: mj'®® < m; < 125GeV %

0 (assuming perturbative unitarity below mgyr)

— In either case: Higher-order corrections must shift my to the measured Higgs mass:

N Vb R T T G N oo 1 omfo mi
: ’ + + ~ 22 08 4o
(4m)? v M:
S i
t t
. . .. M 0
* M: ~ m: + msysy = in the SUSY-restoring limit: §(Vm2 —SUY,
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The SM-like Neutral Higgs Boson Mass in the NMSSM
(m;‘,ree)2 < m%cos® 23 +
N———

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

* MSSM: mj'®® < m; < 125GeV %

0 (assuming perturbative unitarity below mgyr)

— In either case: Higher-order corrections must shift my to the measured Higgs mass:

ho V ok h . . h h h 1 m{ m?
. + st + e b ~ 5 —5 log =5
g (4m)? v M:
i t
M, —0
SUSY 0

® M; ~ m; + msysy = in the SUSY-restoring limit: 6 m?
® but we need m? =~ O(20 — 40 GeV) ! — higher-orders required
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Determination of m3USY

A

det [p?1 —m> "*®) 4 %, (p%)] =0

Perturbative series of 3}, can be organized in:

number of loops: (47)~2
* powers of coefficients: O(asay) etc.

m2
powers of logs: log —*
SM

2

. m
* suppression by heavy scales: ?i':v

(+ combinations)

If Mgusy > Mgy, the log-expansion at fixed-order might not converge well.

— Large-log resummation required for many SUSY scenarios.
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m3YSY: Fixed-Order Ingredients
A fixed-order n-loop result will incorporate the full Iogarlthmlc dependence

(47)~2" S7_, logk (good and bad ones!) and constant W2 MSu_terms:
® diagrammatic: calculate E(")( 2)and T

0 oc(dm)—1
? glog o Qrocam) ® computational expensive
2 | a%log> a?log o2 ® mass hierarchies: expand loop-integrals
) ® numerical evaluation: no access to logs
nlan log” o log"~! o log""2 .. ao"® effective potential: ; h Ve o Z(") (p =0)
LL NLL NNLL - NILL off kKnown up to 2- and 3-Ioops for general

QFT Martin, Patel, 18] [Martin, 17]
® 9V numerically difficult
* p? = 0 — massless particles are

n n troublesome
_ T _ & _ H \ &
® other ingredients:
h- 1 * (0S) vsy: n-loop vector boson masses

* (0S) s/top sector: (n — 1)-loop selfenergies

® n-loop SUSY RGEs from m; to Mgysy
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https://arxiv.org/abs/1808.07615
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m3YSY: EFT ingredients

0|al Quoc(4m) 1
1| alog @
% 2 | a?log® o?log a?
Tl onla"log" alog" ' allog" % .. "
LL NLL NNLL .. NLL
EFT

* resummation of all leading, next-to-leading logs ...('LL, ‘NLL, ...)
using one-, two-, ... loop SM RGEs

* inclusion of SUSY threshold corrections at the tree-, one-loop-, ... level
(but sometimes 'n is better than n — 1’ [Braathen, Goodsell, Krauss, Opferkuch, Staub "17])
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https://arxiv.org/abs/1711.08460v2

m3YSY: EFT Ingredients

Idea. avoid large logs by separation of SUSY/SM contributions.

I

BsMm AV (Msysy) = MM (Mgysy)
A
=
(5]
&
- SM
A RGEs
>
5
=
v
sM
o L At (me)

w4 5y

universitatfreiburg

* SUSY: n loop threshold corrections to
matching conditions
® match 4-pt. function in unbroken phase
* all SM particles massless, scaleless
SM-loops
— no large logs, only log 3 Msusy

I[ldtLh

* also: n loop thresholds to SM parameters
that entered atn — 1

* SM:n + 1 loop RGE running down to m;
— resums large logs log ng—‘f”

* SM: n loop my, pole-mass calculation
m
— no large logs, only log il
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m3YSY: EFT Ingredients

Idea. avoid large logs by separation of SUSY/SM contributions.

BSM _E )‘iM(MSUSY)

A

N
MSSM

SM
RGEs

> 1TeV

AMSSM

(& +

2
%) cos® 28 + 6\

Msysy

\4
XM (my)

L

SM

Tree

my = my" + dmy,

* SUSY: n loop threshold corrections to
matching conditions

® match 4-pt. function in unbroken phase
* all SM particles massless, scaleless
SM-loops
Msysy

— no large logs, only log 5S4«
® also: nloop thresholds to SM parameters
that entered atn — 1
* SM:n + 1 loop RGE running down to m;
— resums large logs log Ysust

* SM: n loop my, pole-mass calculation
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— no large logs, only log 75
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m3YSY: EFT Ingredients
Idea. avoid large logs by separation of SUSY/SM contributions.

1TeV

Msysy >

SM 4

A

MSSM

SM
RGEs

v
XM (my)

l—} mp =

(& +

BSM _E )‘iM(MSUSY)

AMSSM

2
%) cos® 28 + A

m;r‘“ + dmyp,

Attention: no p?- and no

universitatfreiburg

* SUSY: n loop threshold corrections to
matching conditions
® match 4-pt. function in unbroken phase
* all SM particles massless, scaleless
SM-loops
— no large logs, only log 5 Msusy

atch

® also: n loop thresholds to SM parameters
that entered atn — 1

* SM:n + 1 loop RGE running down to m;
— resums large logs log Msusr
t

* SM: n loop my, pole-mass calculation
— no large logs, only log 75

2 o . . .
Mg -dependence, no mixing contributions
SY
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Alternative EFT: Pole-Mass Matching

Idea: "recycling” fixed-order results and incorporate VQ/Mgusy-terms [Athron, Park, Steudtner, Stéckinger, Voigt '16]

® previously in the NMSSM: get )\, via matching of the four-point function: )\}11
[Gabelmann, Muhlleitner, Staub "18] [Bagnaschi, Goodsell, Slavich '22]
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https://arxiv.org/abs/1810.12326
https://arxiv.org/abs/2206.04618

Alternative EFT: Pole-Mass Matching

Idea: "recycling” fixed-order results and incorporate VQ/Mgusy-terms [Athron, Park, Steudtner, Stéckinger, Voigt '16]

® previously in the NMSSM: get )\, via matching of the four-point function: )\}11
[Gabelmann, Muhlleitner, Staub "18] [Bagnaschi, Goodsell, Slavich '22]

® can also use the two-point function with non-vanishing v2/M§USY (as done in FlexibleSUSY)
® tree-level matching: diagonalize m\MSSM and take SM-like eigenvalue mNMSSM
NMSSM 2
ASMLT _ (my )
h

) ! 2
(MEM)2 = 2(vSM)2 )\EM,]I: (MNMSSMY2 - (/SM. —  NMSSM _,
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Alternative EFT: Pole-Mass Matching

Idea: "recycling” fixed-order results and incorporate VQ/Mgusy-terms [Athron, Park, Steudtner, Stéckinger, Voigt '16]

previously in the NMSSM: get )\, via matching of the four-point function: )\}11
[Gabelmann, Muhlleitner, Staub "18] [Bagnaschi, Goodsell, Slavich '22]

can also use the two-point function with non-vanishing v2/M§USY (as done in FlexibleSUSY)
tree-level matching: diagonalize miMSSM and take SM-like eigenvalue mNMSSM

(m'l;lMSSM)’Z

— 2(VSM)2 )\iM,]I SM _ VNMSSM )\’SJM.]I o

, vV =

one-loop: ignore mixing (two-loop effect)

SMy2 ASMIL  &SM (/- NMSSMy2y L/ NMSSM SNMSSM (/- NMSSM
2(vSM)Z MR — PV (m)) )?) = (m} )? -2 ((mp )%)
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Alternative EFT: Pole-Mass Matching

Idea: "recycling” fixed-order results and incorporate VQ/Mgusy-terms [Athron, Park, Steudtner, Stéckinger, Voigt '16]

® previously in the NMSSM: get )\, via matching of the four-point function: )\}11
[Gabelmann, Muhlleitner, Staub "18] [Bagnaschi, Goodsell, Slavich '22]
® can also use the two-point function with non-vanishing v2/M§USY (as done in FlexibleSUSY)
® tree-level matching: diagonalize m\MSSM and take SM-like eigenvalue mNMSSM
(mMSSM)2

SM _ | NMSSM

- )\’st.]I _

— 9(ySMy2 \SM,TT
=207 v T 2(yNMSSM)2

® one-loop: ignore mixing (two-loop effect)

SMy2 ASMIL  &SM (/- NMSSMy2y L/ NMSSM SNMSSM (/- NMSSM
2(vSM)Z MR — PV (m)) )?) = (m} )? -2 ((mp )%)

® VEV-matching: (vSM)? = (VNMSSM)2 4 gy2, 862 — [SAMSSW () — S8W(0)] + O(v2/M3;5y)
® (include also thresholds to gauge couplings)
® expand self-energies: SX ((mNMSSM)2) = 53X (0) ++ (mNMSSM)2 537 (0) + O ((mNMSSM)4)

SMMT 1 - o (mNMSSM12 A $v/ _ yNMSSM SM
= AN = — gy [Azh+z(mh ) Azh} ,AX =X —X
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Alternative EFT: Pole-Mass Matching

Idea: "recycling” fixed-order results and incorporate VQ/Mgusy-terms [Athron, Park, Steudtner, Stéckinger, Voigt '16]

® previously in the NMSSM: get )\, via matching of the four-point function: )\}11
[Gabelmann, Muhlleitner, Staub "18] [Bagnaschi, Goodsell, Slavich '22]
® can also use the two-point function with non-vanishing v2/M§USY (as done in FlexibleSUSY)
® tree-level matching: diagonalize m\MSSM and take SM-like eigenvalue mNMSSM
NMSSM 2

s (M
A

SM __ vNMSSM
- - 2<VNMSSM)‘2

SM,IL
=2(vSM)2 A7 Y =

® one-loop: ignore mixing (two-loop effect)

SMy2 ASMIL  &SM (/- NMSSMy2y L/ NMSSM SNMSSM (/- NMSSM
2(vSM)Z MR — PV (m)) )?) = (m} )? -2 ((mp )%)

® VEV-matching: (vSM)? = (VNMSSM)2 4 gy2, 862 — [SAMSSW () — S8W(0)] + O(v2/M3;5y)
® (include also thresholds to gauge couplings)
® expand self-energies: SX ((mNMSSM)2) = 53X (0) ++ (mNMSSM)2 537 (0) + O ((mNMSSM)4)

SMMT 1 - o (mNMSSM12 A $v/ _ yNMSSM SM
= AN = — gy [Azh+z(mh ) Azh} ,AX =X —X

® two-loop: today (later)
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Caveats

sM(m__
A)‘h - 2(VNMSSM)2

A2h+2(m;\;MSSM)2A2I’7 . AX = XNSSM_ ysm
* there are large logs in both self-energies, "™ and I

* proper cancellation of large logs in AX requires expansion of self-energies
around p? ~ v? and a parametrisation in terms of input-parameters that does
not induce higher-orders (avoid momentum iteration + consistent EFT/UV
parametrisation)

* two-loops: also large numerical cancellations among (N)MSSM topologies

* possible check: perform v — 0 limit and compare with ;" i
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Intermediate Summary: The Three Frontiers in Higgs Mass

Calculations
(Apart from increasing loops)
Fixed Order (FO)

® Weak/TeV-scale SUSY
° Mgysy 5 1 —2TeV

® calculate full 5m3USY (msysy)

® full SM dependence

universitatfreiburg

RGE Improved (EFT)

Ren. Conditions*

® DR: minimal subtraction

® 0S: Express result through
physical quantities

High/Split-scale SUSY
Msysy 2 1—2TeV

matching, calculate SARUSY
mp(mPR) « my(mP%)

mh(mDR ) > mp(mB3)

neglects SM -terms
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Intermediate Summary: The Three Frontiers in Higgs Mass
Calculations

(Apart from increasing loops)

Fixed Order (FO) RGE Improved (EFT) Ren. Conditions*
® DR: minimal subtraction
® Weak/TeV-scale SUSY ® High/Split-scale SUSY ® 0S: Express result through
° Mgysy 5 1 —2TeV ° Msysy 2 1 —-2TeV phySicaI quantities

® calculate full 5m3USY (msysy) ® matching, calculate 5ASUSY i (MPF) <> iy (m99)
h\ITly h

® full SM dependence ® neglects 1 SM -terms mh(mDR ) & my(mdS)

Also "hybrid approaches” exist: combine FO and EFT results

® using pole mass matching [Athron, Park, Steudtner, Stéckinger, Voigt, '16] [Porod, Staub, “17]:

SM(HIL _ 1 $- NMSSM\2 A ¢/ — yNMSSM SM
AN = — SoAwiSSE [AZh + 2miMSSMyZAS] - AX = x =5

® combine méM/’“éUSY from FO with resummed EFT results [Hahn, Heinemeyer, Hollik, Rzehak, Weiglein, "13] [Bahl, Hollik, "16]

Harl Kl Voigt, 19 2 J 2 2 2
[Harlander, Klappert, Voigt, 19] mﬁ = (mfo) _ (m'I:O, large Iogs> + (mEFTresummed)>


https://arxiv.org/abs/1608.01880
https://arxiv.org/abs/1703.03267
https://arxiv.org/abs/1312.4937v1
https://arxiv.org/abs/1608.01880
https://arxiv.org/abs/1910.03595
https://arxiv.org/pdf/2012.15629.pdf

Intermediate Summary: The Three Frontiers in Higgs Mass

Calculations
(Apart from increasing loops®
Fixed Order (FO) tan B = 20, X, = —vBMs
135 T T
. FeynHiggs
® Weak/TeV-scale SUS &8
° Mgysy 5 1 —2TeV Lo 1
® calculate full 5mpUSY( | farnasions 0 ]
® full MmSM dependenc %
susy a0 1
5
Also "hybrid approache JiRElu 1
® . N 1 L S (R FO
using pole mass matchii 110} e EFT
- | — nybrid
A, 105 T o
Mg [ GeV
® combine mgy/m2, g, fro o

[Harlander, Klappert, Voigt, 19]

universitatfreiburg

107

M, [ GeV

130

125

120

110

105 L
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3 T T
FlexibleSUSY

tan 3 = 20, X, = —v/6Mg

ATLAS/CMS tla

2 J 2) 2 2
mﬁ = (mfo) _ (m'I:O, large Iogs) + (mEFTresummed))

....... FO =
i o~
i/ ---- EFT -
i , , —— hybrid g

107 107 10° S
Mg [ GeV 3

(28
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Now: This but in the NMSSM

The Next-to-Minimal Supersymmetric Standard Model
* Singlet extension of the MSSM.

* Theoretically well-motivated (solves x- and little-hierarchy-problem).
* Rich phenomenology in the Higgs boson sector:

<Vd+f+l> . < ht ¢
Hq = 2 , Hy = ¢ Vythyti , S = (vs + hs +ias)
hy e v

mix to

(mass ordered) and h*, G+

e | HC measurements: hi, h, or h, play the role of the Higgs boson h measured at LHC
(h1/2/5 is "SM-like”). MSSM: no CPV at tree-level and always h; = h.

* Two important new parameters: A and « (singlet-doublet and singlet-singlet
couplings)
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Now: This but with NMSSMCALC

MSSM-limit: agreement with MSSM codes within theory uncertainties:

k= A=0.05, tan 3 = 20, \, = -6

one-loop two-loop

135 T A’\'[lixul—nrdm
130~ M
——— ME
% 125 my"” + 1o
o,
< 120}

110
= 25F%
O 0.0F
9-25 10° 107 10° 107 107
x"\[gusy [G(’V] A\Is('s\' [G(‘\v]
* fixed-order: large uncertainties for large Mqysy
* EFT: resummation, but misses Msw/mgsy-dependence
Hybrid: best of both worlds
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Quartic coupling matching: ‘solved’ saguaschieta. 221 orschensky etal. 251

hs hs hxMss = - e
2y I;M M\:sn h-x;[.wm hNI\l\S.\.\l h.\.’\hm\l hm\l\s.\'.\l hxmssm
A Y 4 A Y / \ ’ ~ 4
o s \ ”,
x p— 'o\ - ’........--...\ +
s N i ’ s ) A
hsht P = by ’ N ’ N
M M hxmssm Fenmissm hxmssm hamssM pyssw Anissm
°

Ms, M, : singlet masses

My+: mass of the heavy doublet
¢y: CP-violating phase

WAL with SARAH®

. 5(2))\1’%

® MSSM-QCD [vega, villadoro]

It 1 5 2 2 1 .2
Ay ree:g(glJrg2)cos 28 + Z\Msm 2/
N
MSSM D-terms NMSSM F-terms

1
 48|k|2M2(3M2Z + M2,)

<3|n|2Mﬁi — 3|f$|2Mf,i cos 43

2
+(3M2 + M2) (|n||)\\ cos ¢y sin 28 — 2|)\|2) )

sft/uchannel s * MSSM mixed'QCD'EW [Bagnaschi,
- 16’?/13 IA2(3MZ + M2 ) sin® 28sin? oy + DAY 4+ §@AN Degrassi, Pafiehr, Savich 9]
s * and leading-NMSSM-QCD
s/t/u-channel a [Bagnaschi, Goodsell, Slavich '22]
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https://arxiv.org/abs/1504.05200
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Pole-Mass Matching

* reminder:
AN = — o | Ay 2(miS)PAS | AX = XS X
all self-energies already contained in NMSSMCALC!

full one-loop

two-loop QCD

two-loop o

two-loop () + ay + ar)?
including CP-violation

— need only SM h self-energy (trivial...)
* (+ minor trivialities regarding DR — MS shifts)

extremely convenient and even get vZ /M2 . -corrections for free!

* one-loop: available in NMSSMCALC and FlexibleEFTHiggs
two- and three-loop: in the MSSM-limit [Kwasnitzaa, Stéckinger, Voigt, Wiinsche "25]
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Size of v/M,,,: One-Loop

BP3 with k= A - kP2 /\PP3 A, = APS.

(3= X3 /X)/2
130} i _
125} M1 e N
/” \\ 1
7’ \
_120f Y
% ,'/ \‘\
O 115 - \
S // \
110¢ e ]
105 ]
100 1
_———— ]\/f}fo O((ar(astar))
0.4 0.5 0.6 0.7 0.8 0.9
A
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Size of v/M,,,: One-Loop

BP3 with = A - k%2 /XS, A, = AP . (3 — \BP3/))/2

A 0 ~v
130 \z\\/f};o =mg, . 1550
[ .\ MPXPe a0 ,”’ \\
125 < = a0
7’ AY
L N e \
=1 N L N\ {450 &
[ \‘)\, \\ U
U 115 / ~
= N 84400 2
- 110 Mh ’/' S N k Eﬁt
S 350
105F - N
S 1300
~.
100 N 9250
FO O((ar(as+ar \'\, :
---- M (@ +. ) | | 325
0.4 0.5 0.6 0.7 0.8 0.9
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Size of v/M,,,: One-Loop

BP3 with = A - K52/ NS A, = AP

(3 A"/N)/2

130P\ MFO = my, -~ 1550
! P
- .\ M;J‘XP' + 10
125 500
AY
\
- 120 N {450 =
\ 5]
3 115 \ 3
= \a00 =
S0 4 oEs
. 1350 ~
105} N 300
-
100} ~_
- ]\4;" —_——— ]W:O O((ar(astar)) =~ <._1250
0.4 0.5 0.6 0.7 0.8 0.9
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Size of v/M,,,: One-Loop

BP3 with £ = A - k%% /\PF3, A, = AP . (3 — \PF3/))/2

130 "\.31{20 ~ my, 550
- .\ M‘?IXP‘ + 10 -
125 '\. \\‘\ 500
W
L \
- 120 \\\\\ laso =
3 115 ' o}
— w1400 o
S p0f IS
. 1350 ~
105} N 200
O O((as(as+ay . ]
100f ]Mh _———— ]MII: ((at(as+ar)) \,\.\.
e ME ~<. 4250
04 0.5 0.6 0.7 0.8 0.9
A
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Size of v/M,,,: One-Loop

BP3 with = A - k%% /\BPS, A, = AP . (3 — \BF3/))/2

130P\ M = ma,
\,

125F N\, MEFP: 410

% 450 Z?
:{ 115 400 8?
Hop . 350 =
105} N
— M, _ ]\4;()0(((1,(&3+m) '\,\.\ 300
- M, pFOOatartentan )~~~ 4250
0.4 0.5 0.6 0.7 0.3 0.9
A
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Size of v/M,,,: Scatterplot
min{v\?> + x?}
0.4 0.6 0.8

0.2
[ R

[GeV]

(3]
T

SUSY
‘ A""z/]‘[‘gusy

800 1000 1200

0 200 400 600
Mhz = Ms [GeV]

— large effects for large NMSSM-specific couplings and/or light(ish) singlet

— behaviour at two-loop?
16/ 33
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What is not (yet) known?

* threshold corrections for various non-SM EFT towers (singlet+THDM, ...)
* NMSSM-specific corrections beyond leading-QCD (only known for fixed-order)

. (’)(Mg2 )-terms beyond one-loop and MSSM-limit + this work
SuUsy
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Pole-Mass Matching: Two-Loops

Difference in the matching condition: one-loop-squared terms from mixing and
from momentum iteration:

o (2 (1 (1
(MR")? — S — B 4 S gy, S

" o) 0 ( ) 5 2(1)NMSSME(11)NMSSM

2 &(I)NMssmM (2)NmssM | (1 NMSSM o 1) NMSSM j

(m;\‘,MSSM) — X =X + X E + Z mNMSSM (mNMSSM)Q)
j:2 J
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Pole-Mass Matching: Two-Loops leading QCD
= no one-loop(-squared) contributions:

SM 2 (1) SM H(2)sm ! NMSSM\ 2 (1) NMSSM 2 (2) NMSSM
(mp")” = X" — X = (M=) — X4 — 3y

same structure as the one-loop case. However,
* shift from replacing the top-quark Yukawa coupling Y}MSS™ in 3N\USSM with Y3V

* as usual for the NMSSM, even in the gaugeless limit, m}{ee is non-zero (due to
A and k)

* expansion in small momentum:
2(2) NMSSM(m%) — 2(2) NMSSM(O) + (m},ree)2ap22(2) NMSSM(O)
— need derivatives including the full v-dependence
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Derivatives of the Two-Loop Selfenergies
* UV-parts known for long
AT

32me? (1—¢)
(5(2)ZHd = 5(2)ZHS =0 [Mihlleitner, Dao, Rzehak, Walz "14]

6@z, =

* finite parts: known only in the MSSM-limit 1908.01670 and also used in the
pure-EFT NMSSM result for A\™ in 2206.04618 [Slavich et al ]

* NMSSM (leading QCD diagrams): differ from MSSM by the mixing of Higgses
on the external legs
— these are v/Mgsy effects not captured in the pure-EFT calculation

* also full v-dependence of stop-masses in the loops

* in practice: FeynArts+FeynCalc+TARCER + S.P.Martin loop-integral basis
[hep-ph/0307101]

* had to work-out some special cases for all derivatives

* full agreement for UV-divergent part; UV-finite part cross-checked with two
independent calculations
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https://arxiv.org/abs/1412.0918
https://arxiv.org/pdf/hep-ph/0307101

Current status

Stuck in comparison mode
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Current status

Stuck in comparison mode
* observe large cancellations among (N)MSSM topologies

* re-organize selfenergies or maybe need quadruple precision
— no easy recycling’ of inbuilt selfenergies?

* analytic proof-of-concept calculation in MSSM-limit works (see next slides)
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Preliminary results: ‘MSSM-limit’, \ = x =0

Msusy=0.9 TeV, tan § = 20, A = k = 0.0 Msysy=1.33 TeV, tan § = 23, A = k = 0.0 Msusy=5.0 TeV, tan 3 = 30, A = £ = 0.0

o r
127.5 —— PMM IL =

------ QCM 1L T
125.0¢ --- PMM 2L | \ /\
QM 2L,
1225} a /
o~ ) , \
] '\ f \ L . —

=3 0 2 22 0 2
* AM,: differerice between pole-mass-miatching (PMM) and o
quartic-coupling-matching (QCM) result

« simple check: AMj, ~ O(%—) Msuor=>Y,

2 0
Msusy
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Pole-Mass Matching in the Limitv — 0

* Assuming the case of M3 = mj

(2)NMSSMDR __ §7(2) SMMS (1) YMSDR_9 (1) NMSSM DR
) by + 0O VSRS

2
S\ = v

N N N 1 - N 2
—12X; — 6X7 4 14X} + 5x;‘ - X2 | +0O(

v
2
Msusv

v—0 g% Yt4
96 74

)

* Perfect agreement with the quartic-coupling-matching result
[Bagnaschia, Giudice, Slavich, Strumia 14] once v — 0 limit is taken analytically.

2 .
* full dependence on O(;z—) terms (no expansion whatsoever)
SusYy
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https://arxiv.org/pdf/1407.4081

Pole-Mass Matching in the limit v — 0: numerically

universitatfreiburg

Idea: manually fix v(Qmatch) to a given value.
X, = \/67 tan 8 = 23, Mgysy =1.3 TeV

Of = full one-loop
_920 ---= two-loop QCD |
T —40
=,
2. —60
<
=
=80
~100
\\\
~120
0 50 100 150 200 250
U(Qm;m-h) [GCV]
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Size of v/M,,,: mass-degenerate and MSSM-limit

min{| X}
1.4 1.6 1.8 2.0 2.2 2.4

1 <tanfj <25, MV =125142GeV
mg, = mg, = 3y = Mysy (NN T ] (MssM it e A=k = 0)

of - -
—201 #

% [
= —4or
Be
= —60f
|
i: _gsob
=1
—100¢
full one-loop full one-loop + two-loop QCD]
1500 2000 2500 3000 3500 4000 1500 2000 2500 3000 3500 4000
Afsusy [GCV] IWSUSY [GCV]

(keep in mind: only simple mass-degenerate scenario in MSSM-limit)
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To-Do List

* cure numerical instabilities (larger numerical cancellations); internal
cross-checks

* cross-checks with results from quartic-coupling matching for non-zero \,
* investigate v/Mgs, With not-too-heavy singlet
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[product placement]:

NMSSMScanner
A scanning tool for the NMSSM (see also talk by Felix Egle @ KUTS14)
[Rafael Boto, Nhung Dao, Felix Egle, Karim Elyaouti, Martin Gabelmann, Margarete Mhlleitner,
Johann Plotnikov ]
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Recent NMSSMCALCulations
Recently:
* Higgs mass predictions at low [2106.06990] and high scales [2406.17635].
* W-boson mass prediction [2308.04059]
* Trilinear Higgs couplings: Ahihih, @t two-loops [2210.02104], used in:

® Higgs-to-Higgs decays (extension of HDECAY [Spira et al.]),
® Di-Higgs production (extension of HPAIR. [Spira et al.]).

* Lepton AMMs ,(g — 2),, and EDMs, d| [2207.12618].

Even more recently:
* All SUSY two-(three-)body decays at NLO (LO) [Egle et al.] (sorcay djouadi et al] extension)
* Dark Matter relic density and direct detection limits using RelExt [Capucha et al ]
* In-house code for electroweakino cross-sections for pp — xix;

Annoying To-Do: combine/link to other codes, setup a scan
— solved by NMSSMScanner
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https://arxiv.org/abs/2106.06990
https://arxiv.org/abs/2406.17635
https://arxiv.org/abs/2308.04059
https://arxiv.org/abs/2210.02104
https://arxiv.org/abs/2207.12618

The Quest for Valid Parameter Points

fundamental input parameters

observables

prediction
W = ASHuHg + YuQuHul + . ..
+ SUSY breaking
inversion

analytic impossible

masses: My, ,...,Mu,, My+
mX? ,,,,, 5'[n>c:E )
m;l gyt

decay rates and cross-sections
dark matter

Need to perform some scan over fundamental input parameters.
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The quest for specific benchmarks

Benchmark searches add boundary conditions in addition to established
experimental constraints, e.g. require:

* specific patterns in BSM masses
* specific patterns in BR'S, op0q. 'S @and/or their combination

This work: develop tool that addresses all three aspects:

* combination of predictions for the NMSSM within the same theory framework
(by means of order in perturbation theory and used renormalisation schemes)

* provide a multitude of different scanning techniques
* possibility to address specific benchmark cases
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Scan orchestration

General scan setup and tool-chain: NMSSMScanner

Higgs & SUSY spectrum

BSMArt [Goodsell et al ]
Parameter scan & orchestration
Random, MCMC, ML, ...

Mass spectrum, Higgs and SUSY decays,
trilinears MiHiHe Ao, Mw, (g—2),

NMSSMCALC [Dao et al]

EDMs, EWino production

Dark matter sector

Up to two-loop O(asar + (at + ay + ax)?)

RelExt [Capucha et al]
Relic density & direct detection

Higgs production & collider limits

SUSY searches

SModelS [Kraml et al ]
SUSY searches

EWino K-factor: 1.3

dynamic| NNLL-fast
-factor | [Beenakker et al]

Prospino [Beenakker et al ]

SusHi [Harlander et al ]
single Higgs production
pp — H; @ N>LO QCD

;

HiggsTools [Bahl et al ]
SM-like Higgs,
BSM-Higgs searches

PYTHIA [Sjéstrand et al.]
Stop&gluino production

universitatfreiburg
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Non-resonant di-Higgs limits
pp — HiH; @ NLO (HTL)
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https://arxiv.org/abs/2305.01609
https://arxiv.org/pdf/2406.17635
https://arxiv.org/abs/1212.3249
https://arxiv.org/abs/2210.09332
https://tiger.web.psi.ch/hpair/
https://arxiv.org/abs/2503.13087
https://arxiv.org/abs/1312.4175
https://arxiv.org/abs/1410.3012
https://arxiv.org/abs/2404.18837
https://arxiv.org/abs/hep-ph/9611232

Application: Find Benchmarks forpp — X — YH

X, Y being scalars or pseudo scalars, H SM-like

fy

g t Y<

!

o i

g t Ho i
fr

For given mass intervals [mi", ma]/[m{" m"®] and given decay channels for Y
and H, what is the maximum cross-section achievable in the NMSSM?

* Need to find valid parameter points with additional boundary condition
* see previous efforts [Ellwanger et al] to define HH benchmarks
Strategy:
® broad random scan
* discretise sample on pre-defined mass-grid
* start MCMC scan within each mass-cell, optimize opp_.x X BRx_,yy x BRy_¢f
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https://arxiv.org/abs/2403.15046

Summary & Outlook

M, calculation:
¢ full one-loop, leading QCD on its way
* inclusion of CPV, v/Mgsy and momentum-dependent effect in hybrid-mode

* also new: top-Yukawa thresholds including v/Mgysy
NMSSMCScanner:

® NMSSMCALC: consistently combine many precision predictions for the NMSSM

® input for collider, dark matter, flavour, ..., processes

® BSMArt: non-trivial scan setups, easy to extend
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Backup
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The algorithm

universitatfreiburg

start new iteration with My, — M}, + sgn(AX) - &

1b) NMSSM high-scale DR input:

1a) SM low-scale OS input: REIERN DR(anp) T DR(Qmp)

Gr/a(Mz), as(Mz), First oSS, (@), X Qi) Qo)
My, My, Mz, My, fir ol Ax(Qinp); Ax(Qinp), At(Qinp),

W@(Qinp), Mg, (Qinp); - -

OS — MS conversion
full one-loop and partial two-loop

2) SM MS parameters at M;:
g (), VS (M),
AMMS (M), vSMMS (A7),

SM RGEs at full two-loop

+ partial three- and four-loop

3) SM+NMSSM parameters at Qmatch:

SM,MS SM,MS MS—DR
g, (Qmaten), Yy (Qmatch); R
SM,MS
Xp 0 (Qmaten)s s ()
M@maten); K(Qmaten); Ax(Qmaten)s NMSSM

Ax(Qumaten), Ar(Qumateh), - - - two-loop RGEs

_4) Matching:
obtain AEMSSM’MS(Qmmh) using effective quar-

tic Higgs coupling or h,-like Higgs pole mass.

— (\SMMS NMSSM,MSy /ySM,MS
AN= (N, = )/ An

6) Output:

5) Compare:

5 0S8
AN Quaten) OS Higgs mass M;”> equal

converged to the SM input Mp,.
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Threholds to gauge-couplings in pole-mass matching

In order to include the gauge shifts consistently at the one-loop order, we expand the tree-level
mass in dg; = g, + dgi™ (i = 1,2) to first order

— —_ 2
NMSSMy 2 _ f NMSSM NMSSM.DR SM,MS
(my ) = (mh (g, —+ g, +59:‘))

. 2
NMSSM,t SM NS
- (mh e (g8 )) + 8 m? 4+ 0((5g;)?) (3.33)
The pole-mass matching involves a rotation into the mass basis,

geauge (RH(1,)5gallgEM ‘R_H { ))11 . {334)

where RH (v) are the rotation matrices that diagonalise the squared neutral Higes mass matrix,
'R.H('a,r)MHRHT (v) = (?7121\1%\1}251 , in the broken phase (i.e. not as in Eq. (2.10) but for the

case of non-zero v) and

FEEMy = Y (8gi™ + 86)F) ———— 0wy

.
NMSSM.DR (3.35)
i=1,2 2

g__\ MSSM.DR _yg!_-?l\-I:MS
i i
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Uncertainty estimate

* SM uncertainty:

e scale uncertainty: 0 = p2 — 2X2(Qew)v2(Qew) — Rex™ M (D2, Qew) | uv—fin

= An = max{[MPS — M @My, IMPS — My (My/2)])
® missing gauge corr. A%“F"/QMZ = |M,‘fF - MhMZ|
® misai SM _ O(ad)y _ 0(ad)
missing top corr. AP = M (Y, ) — Mp(Y; )

* SUSY uncertainty:

e scale-uncertainty: ASUSY — max{|MYsusY/2 _ pMsusy | |pg2Msvsy _ pMsusy |y

Qmatch

* for the quartic-coupling matching: AMIY = | (AM],,I)2 + (M} — M]hy)2]%

A sty
T M 2 sm )2 s 2 susy \? :
* total uncertainty: AM} = [(AGF/QM) + (AQEW) + (Avt ) + (A macch) ]
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Uncertainty Budget

2.5 —
= %
< 2.0 o
1S -
= 8
$ 15 &3
< v%]a
1.0

=
o

Z 5
= 5
2
L iy
35S 19
<

—100

tan 3

e tan 3
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Fixed-order / EFT comparison
0 4min{ X JB%Q}

-
®
o
o
=
S
+
-
8
%
S

FO

}? _ Mio,(at+a)\+an)2 [GeV]
h

11

0 2 A
ME — MO [GeV]
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Example: find benchmarks for pp — H; — H,H,, H, — bb, H; — bb

X, Y scalars; finalstate: H — bb, Y — bb; max: 0.027 pb

2000
0=
1800 E £
+
1600 1075 =L
_ =4
2 1400 % >
O, 1077 gg
B
£1200 13
9 >
1000 0= s7T
3=
800 o
10711 E e
600
0 250 500 750 1000 1250 1500 1750 2000
my [GeV]
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Example: find benchmarks for pp — H; — H5Hj: all considered channels

mx [TeV] my [TeV]

my [TeV]

5 H—bb, Y —tt
o Omax = 30.1fb

10—(}

nla‘x{gggﬂx X HiBRi} [fb]
1071 1072 100

H —bb, Y — bb
Omax = 27.2fb

H,Y — 6b
Oax = 4.64fb

H—17,Y = bb
Omax = 2.92fb

H =y, Y = bb
Omax = 0.121fb

H = b, Y = 7
T = 0119 fb

H =17, Y = vy

H =Y > 77
Omax = 0.012fb

H— 7Y > WTW~ 1
Omax = 1-45e-07th

Omax = 0.0129fb

universit

O R N WA O R N WERARO R N W

0o 1 2 3 4
my [TeV]

atfreiburg

0 1 2 3 4
my [TeV]
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Cascade decay leading to

6b final state:

(channels ordered by the

maximum cross-section)
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Example: find benchmarks for pp — A, — A;H;: all considered channels

max{ogg-4, X BRa, x BRy} [fb]

1076 107t 1072 10°

universitatfreiburg
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AF
23
ot
51- H b, Y — bb H b, Y — H— 77, Y — bb
: max = 4.151e+01 fb max = 3.677e+01 fb max = 4.469¢+00 fb
0 L L L L L L L
AF
2%
ot
gl_ H = bb, Y — 7y H— vy, Y = bb H =717, Y =9y
max = 3.542e-01 fb max = 1.617e-01 fb max = 3.809e-02 fb
0 L L L L L L L
AF
23
ot
gl' H—=vyy,Y =717
max = 2.003e-02 fb
0
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
my [TeV] my [TeV] my [TeV]
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Example: find benchmarks for pp — H; — HyH;: channel with largest xs?

universitatfreiburg

1000}

700

600} ) } ) .
0 250 500 750 1000

Most-sensitive channels e

<, -
%

>

2

s e o - 5 + <

my [GGV}
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