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o Introduction to Supersymmetric Higgs Potentials
@ SUSY Motivations, Terminology and Examples
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VS mSUS Y
Why is SUSY (no longer?) called a beautiful theory?

Consider loop correction to vector/fermion/Higgs mass:

heavy

® Vector bosons: 6, oc 5, log —5
protected by gauge symmetries, my — 0

heavy

a Fermions: dms oc my Iog
protected by chiral symmetry, m; — 0

heavy

w Higgs: dmj, o< nh,,, log =5
which symmetry protects my,?

Mheavy — Msusy

Other important buzzwords: GUT, Dark Matter, radiative EWSB, SUGRA...
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Example: SUSY Toy-Model

see SUSY Primer by S.P. Martin

Consider the field content: Needed SUSY partners:
= gauge field GJ| m must be fermions:
m scalar Ne = nNg
a Weyl fermions: éa, o)
=2

a — ® must be complex

Gauge Superfield G = (G2, G”) and chiral superfield & = (¢, ®) share
the same gauge/quantum numbers (respectively).
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SUSY goes off-shell

a Higher-order corrections will involve off-shell states.

w 79, = 0 — the SUSY algebra does not close off-shell!

w ldea: introduce auxiliary fields £, O FF* + D?D? to match d.o.f.
® & Fla G p°

onshell 2 2 0| 2 2 0

off-shell 2 4 2| 3 4 1

F-Terms
Loauge D 9(O*ToP)Da + DDy Lo D —LEWES + WF 4 FrF
EOM — D? = —g(®* T20) EOM — F

SUSY connects scalar with gauge sector SUSY connects Yukawa with scalar sector

Introduction to Supersymmetric Higgs Potentials Overview on Higher-Order Higgs-Mass Corrections Two-Loop fixed-order Corrections in the N
0000®00000000 000000000 0000000000000

Martin Gabelmann — Overview 26.11.2020 7/38



The N/MSSM Scalar Potential
Encoded in the superpotential W = W(®), dimW=3:

Wiissm = ,U«I:I u’:ld + YLZF/ e + YUCA?FIUG + YdUFIdEI
A3
Wiwmssm = Wussml,,_\5 + £S
and constructed by:
SW [(SWN\" 1 a 2
V: Z % <(5d}> + E(D‘] D1 +DzD27a+D3D37a)
O=H, 4,5,L,Q,u,d
with:
D, :%(|Hu\2 ~|Hgl?) + ...
D3 =go(Hjo?Hqy + Hjjo%H,) + ...

Dg =0 (for this talk)
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Example: (N)MSSM Neutral Higgs Mass
(m};ee)z = m& cos® 23 + \v?sin? 23

D-Terms F-Terms
— SUSY connects scalar- with gauge- and Yukawa-sector!

® MSSM: mil*¢ < m;
a NMSSM: A\ < 0.7 (assuming perturbative unitarity below mgyr)

— In either case: Higher-order corrections must shift my, to the measured Higgs mass.
At one-loop, the leading contributions to 6 m? are:

® In the SUSY-restoring limit: (") m? Msusy =0,

® but we need §m? ~ O(20 — 40 GeV) !
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o Introduction to Supersymmetric Higgs Potentials

@ Higher-Order Corrections to m?
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Analytic structure of §mpYSY

Perturbative series of dmy, will involve expansions in powers of:

= number of loops: (47)~2

2
= number of logs: log "S5
SM

2
® suppression by heavy scales: n;"SM

Truncation at fixed-order leads to:
a dependence on renormalization scale (often m3YSY)
a schme dependence: only equivalent to all orders
However:
a If mysy > msy, the expansion does not converge well.
—Need to resum large logs in EFT-framework.
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Analytic structure of §mzYSY: Fixed Order

A fixed-order n-loop result will incorporate the full logarithmic dependence

2
(4m)—2n > koo log® (good and bad ones!) and constant —3-terms:

2
Mgusy
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Analytic structure of §mzYSY: Fixed Order

A fixed-order n-loop result will incorporate the full Iogarithmic dependence

(4m)=2n S0 0 logk (good and bad ones!) and constant Si“s"Y -terms:

= effective potential: 8,5_1 v — G L (0)]sn
IREN LRSI/
a Vg known up to 2- and 3-Ioops for general QFT (Martin, Patel, 18] Martin, '17]

® OV, numerically difficult
m p? = 0 — massless particles are troublesome

Introduction to Supersymmetric Higgs Potentials Overview on Higher-Order Higgs-Mass Corrections Two-Loop fixed-order Corrections in the N
0000000008000 000000000 00000000000000

Martin Gabelmann — Overview 26.11.2020 12/38


https://arxiv.org/abs/1808.07615
https://arxiv.org/abs/1709.02397

Analytic structure of §mzYSY: Fixed Order

A fixed-order n-loop result will incorporate the full Iogarithmic dependence

(4m)=2n S0 0 logk (good and bad ones!) and constant SM -terms:
SUSY
= effective potential: 8,,,_1’. é,';) = Gﬁ,:)m,,l_k(o)!fm
a Vg known up to 2- and 3-loops for general QF T [Martin, Patel, 18] [Martin, "17]
® OV, numerically difficult
m p? = 0 — massless particles are troublesome

= diagrammatic: calculate Z( )(p?) and T")
a computational expenswe
® mass hierarchies: expand loop-integrals
m numerical evaluation: no access to logs, slow
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Analytic structure of §mzYSY: Fixed Order

A fixed-order n-loop result will incorporate the full Iogarithmic dependence

(4m)=2n S0 0 logk (good and bad ones!) and constant Sz“s"Y -terms:

w effective potential: 95 v — Gg:)7..'7hik(0)’fin
a Vg known up to 2- and 3-loops for general QF T [Martin, Patel, 18] [Martin, "17]
® OV, numerically difficult
m p? = 0 — massless particles are troublesome

= diagrammatic: calculate Z( )(p?) and T")
a computational expenswe
® mass hierarchies: expand loop-integrals
m numerical evaluation: no access to logs, slow

Other ingredients:
a OS s/top sector: (n — 1)-loop selfenergies
a OS vgy: n-loop vector boson masses
a full n-loop SUSY RGEs from mz 10 Qge.. = Mgysy (thresholds!)
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Analytic structure of §mpYSY: EFT
Idea: avoid large logs by separation of SUSY/SM contributions.

BSM
>
=
— SM
A RGEs
A
%
=
A 4
)\Sﬂ/[ m
sM 1 h ( t)

L> mp = mi™ + dmy,

missing: only resummation in leading logs, no p?- and no

mzé"" -dependence
- - Susy
attention: often AZM(aPR) but AZM(aM®)
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Analytic structure of §mpYSY: EFT vs. fixed-order

Common lore: n-loop matching requires n 4 1-loop running

0| al Qoc(4n) ™!
1| alog «
g 2| o?log® a?log a?
Tl on|alog” alog"! alog"? ... o
LL NLL NNLL ... NLL
EFT
However:

the two approaches are not as orthogonal as the table might suggest!
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Hybrid Higgs Mass Calculations

— combine FO and EFT results

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

5(1))\SM = Viz (5(1)mfusyz — 6(1)me2)

o YEBL—““‘
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Hybrid Higgs Mass Calculations

— combine FO and EFT results

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

5(1))\SM = Viz (6(1)mfusy2 — 6(1)me2)

o YEBL—““‘

= combine méM/"’%usv from FO with resummed EFT results
[Hahn, Heinemeyer, Hollik, Rzehak, Weiglein, '13] [Bahl, Hollik, '16]
[Harlander, Klappert, Voigt, "19]

2 g 2 ] 2
mi = (m'|:0> _ (mso, large Iogs) + (mEFTresummed))
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Hybrid Higgs Mass Calculations

— combine FO and EFT results

tan 8 =20,X, =0

ATLAS/CMS +1o

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

8oy = % (J(W)mf"M - 5<‘)m§’”2)

My, [ GeV

= combine mgM/"’zsusv from FO with resummed EFT results
[Hahn, Heinemeyer, Hollik, Rzehak, Weiglein, '13] [Bahl, Hollik, '16]
[Harlander, Klappert, Voigt, '19]

2 g 2 - 2
mi = (mffo> - (mfo, large Iogs) + (mEFTresummed))

— MPFT

g

— M

10 10*
Mg / GeV

[Harlander, Klappert, Voigt, '19]
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Hybrid Higgs Mass Calculations

— combine FO and EFT results

tan 8 =20,X, =0

ATLAS/CMS +1o

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

8oy = % (J(W)mf"M - 5<‘)me2) % z
= 5
= combine mgM/"’zsusv from FO with resummed EFT results = S
[Hahn, Heinemeyer, Hollik, Rzehak, Weiglein, '13] [Bahl, Hollik, '16] ‘g
[Harlander, Klappert Voigt, '19] — MPT o
= (mFO> (mFO, Iarge—logs)2 n (mEFT-resummed))2 Mo g
h = \Mh h h ue || 5
R g
0 i 107 ‘—E
Ms / GeV z
Fixed Order (FO) RGE Improved (EFT) Ren. Conditions
m Weak/TeV-scale SUSY m High/Split-scale SUSY a DR: minimal subtraction
» msysy S 1—2TeV ® msysy 2 1 —2TeV m OS: Express result through
= calculate full . matchlng calculate physical quantities
SUSY
my~°" (msusy) 5)\ a scheme dependence due
full — SM | dependence = neglects m"'SMY -terms to missing higher orders

o my(mP) ¢ my(mP®)
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o Overview on Higher-Order Higgs-Mass Corrections
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o Overview on Higher-Order Higgs-Mass Corrections
@ MSSM
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Status in the MSSM: Fixed Order

Most precise results are based on 3-loop self-energies&tadpoles: [Kant, Harlander, Mihaila, Steinhauser, '10]
m gaugeless limit g1, go — 0 (no graphs involving EW vector bosons)
a vanishing external momenta: p? ~ m2 = v?g? , — 0
m consider strong sector only, t, f, g, § (up to m;‘-terms)
w assume hierarchies, e.g. (1) mg > my, (2) mzg > m;, etc.
a DR and MDR
m new 3-loop results (semi-numerical) for general mass hierarchies [Reyes, Fazio, '19]
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Status in the MSSM: Fixed Order

Most precise results are based on 3-loop self-energies&tadpoles: [Kant, Harlander, Mihaila, Steinhauser, '10]
m gaugeless limit g1, go — 0 (no graphs involving EW vector bosons)
= vanishing external momenta: p* ~ mj, ~ v?g: , — 0
m consider strong sector only, t, f, g, § (up to m;‘-terms)
w assume hierarchies, e.g. (1) mg > my, (2) mzg > m;, etc.
a DR and MDR
m new 3-loop results (semi-numerical) for general mass hierarchies [Reyes, Fazio, '19]
Two-loop self-energies (diagrammatic or effective potential): [Slavich, '01], [Martin, '01] , [Degrassi, Di Vita,
Slavich, '14], [Borowka, Hahn, Heinemeyer, Heinrich, Hollik, '14], [...]
® g1,0,0 =0
— 2
PP 0 =0 — mP 70 & 100 — 500 MeV
full mass hierarchies

with CPV and RPV
DR and OS conditions for m;, m;, X; and m,,+
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Status in the MSSM: Fixed Order

Most precise results are based on 3-loop self-energies&tadpoles: [Kant, Harlander, Mihaila, Steinhauser, '10]
m gaugeless limit g1, go — 0 (no graphs involving EW vector bosons)
= vanishing external momenta: p* ~ mj, ~ v?g: , — 0
m consider strong sector only, t, f, g, § (up to m;‘-terms)
w assume hierarchies, e.g. (1) mg > my, (2) mzg > m;, etc.
a DR and MDR
m new 3-loop results (semi-numerical) for general mass hierarchies [Reyes, Fazio, '19]
Two-loop self-energies (diagrammatic or effective potential): [Slavich, '01], [Martin, '01] , [Degrassi, Di Vita,
Slavich, '14], [Borowka, Hahn, Heinemeyer, Heinrich, Hollik, '14], [...]
® g1,0,0 =0
— 2
PP 0 =0 — mP 70 & 100 — 500 MeV
full mass hierarchies

with CPV and RPV
DR and OS conditions for m;, m;, X; and m,,+

One-loop self-energies:
a complete in all concerns
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Status in the MSSM: EFT

SM
BSM_| MM (Mpsnr)
N

> MSSM

&

— SM \MSSM

A RGEs

A =

g (gt +93)

0 2
& 1 cos” 283 + oA
=1

A4
)\Sf\f m
SM h ( t)

l_) mp = m;{ree + dmy,

O00®00000
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Status in the MSSM: EFT

Benefit from FO calculations:

m Pro: Hybrid approaches allow to "recycle” FO results

— 3-loop pole-mass matching + 4-loop RGEs (N3LL)
[Harlander, Klappert, Ochoa, Voigt, '19]

m Con: applicable for high-scale SUSY BSM

AfM(MBSM)
i.e. one light Higgs but nothing else
N
> MSSM
&
— SM \MSSM
A RGEs B
b (gi+d)
& g cos 26+ o\
=
\ 4
ASM (1,
SM h ( t)

l_) mp = m;{ree + dmy,
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Status in the MSSM: EFT

Benefit from FO calculations:

m Pro: Hybrid approaches allow to "recycle” FO results
— 3-loop pole-mass matching + 4-loop RGEs (NGLL)
[Harlander, Klappert, Ochoa, Voigt, '19]

m Con: applicable for high-scale SUSY BSM

AiM(MBSM)
i.e. one light Higgs but nothing else

Dedicated matching of scalar couplings:

N
MSSM
a one-loop:

a real 2HDM [Haber, Hempfling, *93]

a complex 2HDM [Gorbahn, Jager, Nierste, Trine, 09
[Murphy, Rzehak, '19]

m generic [MG, Muehlleitner, Staub, '18]

m matching extended 2HDM Higgs-masses,
Split-SUSY with light fermions,

SM
RGEs

/\]\«ISSM

Mpsyr >> 1TeV

(g% +93)
1

cos? 28 + oA

a two-loop Asm: v

= leading QCD [Bagnaschi, Slavich, '17] AZM (my)
= mixed QCD-EW, combined with 3-loop hybrid SM  ——

[Bagnaschi, Degrassi, Passehr, Slavich, '19] o
mp = m;I;l&e + 5mh

m three-loop: hopeless, but

2| FO,p?=0 2L FO,p2#0 __

p O — mit ~ 100 — 500 MeV
miL, hybrid miL‘ mixed QCD-EW 10 — 100 MeV
mee e gl x5 50 — 500 MeV

gauge/momentum-less approximation fully
exploited(?)
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Status in the MSSM: EFT
MA = 200 GeV, MSUSY = 105 GeV

.--”_--
.-"‘-':— -
”

130 - P

= effective THDM-II

“ degenerate HighScaleSUSY
= non-degenerate HighScaleSUSY
I AO =0

== Ay = 2Mgusy

1 2 3 5 10 20
tan 3
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mp, [GGV]

100 -

[MG, Muehlleitner, Staub, '18]



https://arxiv.org/abs/1810.12326

o Overview on Higher-Order Higgs-Mass Corrections

@ NMSSM
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Status in the NMSSM: Fixed Order

Full one-loop corrections are available in DR as well as OS scheme [Baglio, Grober, Muhlleitner, Dao,
Rzehak, Spira, Streicher, Walz, '13].
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Status in the NMSSM: Fixed Order

Full one-loop corrections are available in DR as well as OS scheme [Baglio, Grober, Muhlleitner, Dao,
Rzehak, Spira, Streicher, Walz, '13].
Two-loop corrections:

@ againp?, 91,9 — 0

= full DR with CPV and RPV (SARAH) [Goodsell, Staub, '16]

m partial OS: O(aso + af) with CPV (NMSSMCALC) [Dao, Groeber, Krause, Muehlleitner, Rzehak, '19]
a OSwith full O(asa; + (o + ax + aN)Z) corrections work-in-progress (NMSSMCALC).
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Status in the NMSSM: Fixed Order

Full one-loop corrections are available in DR as well as OS scheme [Baglio, Grober, Muhlleitner, Dao,
Rzehak, Spira, Streicher, Walz, '13].
Two-loop corrections:

@ againp?, 91,9 — 0

= full DR with CPV and RPV (SARAH) [Goodsell, Staub, '16]

m partial OS: O(aso + af) with CPV (NMSSMCALC) [Dao, Groeber, Krause, Muehlleitner, Rzehak, '19]
a OSwith full O(asa; + (o + ax + aN)Z) corrections work-in-progress (NMSSMCALC).

Attention: In the MSSM Higgs-self couplings are given by D-terms. Gaugeless-limit — no two-loop
diagrams with Higgs-self-couplings!
In the NMSSM, we have additional F-terms:

Whmssm = Wassu + ASHyHy + kS°

ow |2
Vimssmu D Z

O=H, 4,S o0

The NMSSM introduces many new couplings between S, H,, Hy and the (s)fermion sector which are
independent of gauge couplings!

— Many new two-loop diagrams with Higgs-self-couplings.
Leading contributions © ((cxx + cvx + or)?) are work-in-progress
and subject to the s.c. Goldstone Boson Catastrophe (more later).
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Status in the NMSSM: EFT

a One-loop: full matching in DR:
m studied: NMSSM — SM [Zarate, '16] [MSc Thesis, ‘18]

A
0.00 0.05 0.10 0.15 0.20

50

Q10
c

25

103 104 10° 100
mgysy [GeV]

Re=V6,r= % all SUSY masses degenerate)
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Status in the NMSSM: EFT

a One-loop: full matching in DR:
m studied: NMSSM — SM [Zarate, '16] [MSc Thesis, '18]
m studied: NMSSM — SM+Singlet+EW-inos [MG, Muehlleitner, Staub, '19]

125 GeV

400 — mwo
—m mio

— | I mum
@ 3009 ___ o

= — mMo
E . mo
200 :

Msysy [GeV]
(A=r/2=10.9,tanB8 =5,Ty = —T, = 0.5TeV, Ay = vg = 0.1 TeV)
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Status in the NMSSM: EFT

m One-loop: full matching in DR:
m studied: NMSSM — SM [Zarate, '16] [MSc Thesis, '18]
m studied: NMSSM — SM+Singlet+EW-inos [MG, Muehlleitner, Staub, '19]
m also possible: 2HDM, N2HDM (+EW-inos)

Mg Mg Mg Mg Mg Mg
M My
My /
i M, My My
My / f My ‘
i My M
M,
M,
My
M, ‘
My My M,
ity ity v v v ity
i) i) i) i) i L
(a) (b) () ) {e) #)
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https://arxiv.org/abs/1703.03267

Status in the NMSSM: EFT

= One-loop: full matching in DR:
m studied: NMSSM — SM [Zarate, '16] [MSc Thesis, '18]
m studied: NMSSM — SM+Singlet+EW-inos [MG, Muehlleitner, Staub, '19]
® also possible: 2HDM, N2HDM (+EW-inos)

m Two-loop: DR-hybrid (pole-mass matching) only, [Staub, Porod, '17]

- MssMm mm———— 1SM
— NMSSM — 2SM

140

my [GeV]

-3 -2 -1 0 1 2 3
XilMsusy

(mgysy = 5TeV, A =8k =0.2,tan 3 = 2)
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Intermezzo: EFT matchings beyond Higgs boson masses

Matchings can answer the question:
How does an EFT/simplified model compare to a given UV model?

Example: Relic density in the singlet extended SM:

a by how much does the
parameter space differ?

103 ’
—1500 500 0 500 1500
musp — 1/2m, [GeV]

green/violet: with/without matching
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Intermezzo: EFT matchings beyond Higgs boson masses

Matchings can answer the question:
How does an EFT/simplified model compare to a given UV model?

Example: Non-decoupling of heavy fermions:

s S
@ by how much does the P ;
parameter space differ? P
S 0f S--- f
a obeys UV symmetries? f‘x\l r
— radiately stable? M NN
s s
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Intermezzo: EFT matchings beyond Higgs boson masses

Matchings can answer the question:
How does an EFT/simplified model compare to a given UV model?

Example: Non-decoupling of heavy fermions:

S S
a by how much does the P ¢
parameter space differ? P
S--=_f 8- f
a obeys UV symmetries? f‘x\: f
— radiately stable? NN 5
s

Decoupling heavy states also simplifies calculation of other observables:
Electroweak Phase Transitions: Boltzmann suppression

— efficiently calculate strength of phase transitions in (split-) SUSY
[Demidov, Gorbunov '06], [Athron et. al '19], [MG, Mdller, Mihlleitner TBA]
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https://inspirehep.net/literature/xxxxxx

@ Two-Loop fixed-order Corrections in the NMSSM
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Two-Loop O ( (ay + a + ozt)2 Corrections

Ingredients:
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Two-Loop O ( (ay + a + ozt)2 Corrections

Ingredients:
m numerically solve:

~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0
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Two-Loop O ( (ay + a + ozt)2 Corrections

Ingredients:
m numerically solve:

det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0
= renormalized self-energy:
£49(p) = £ (0) - 0@t
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Two-Loop O ((Oq + ay + ozt)z) Corrections

Ingredients:
m numerically solve:
~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0
= renormalized self-energy:
£,°(p2) = £ (0) - 0@t
m two-loop mass matrix counter-term:
6@ = 0 (62, + 6O ms2,) + (6@ Zfm? + mi?5® 2,

+mf,°)(a S a+6Va+ (5(2)a)|a:0, a={\kK,V,vs, t,..}
a pure DR: da are purely divergent, canceled by wave-function ren. (SUSY-non ren.)
m OS quantities (e.g. §v <> mw .z, or 8t) : can yield extra finite contributions to 6 m?
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Two-Loop O ((Oq + ay + ozt)z) Corrections

Ingredients:
m numerically solve:
~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0
= renormalized self-energy:
£,°(p2) = £ (0) - 0@t
m two-loop mass matrix counter-term:
6@ = 0 (62, + 6O ms2,) + (6@ Zfm? + mi?5® 2,

+mf,°)(a S a+6Va+ (5(2)a)|a:0, a={\kK,V,vs, t,..}
a pure DR: da are purely divergent, canceled by wave-function ren. (SUSY-non ren.)
m OS quantities (e.g. §v <> mw .z, or 8t) : can yield extra finite contributions to 6 m?

Most manpower required for (decreasing complexity):

2
= two-loop wave-function ren. constants 52, = 2222 |
pc=0
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Two-Loop O ((Oq + ay + ozt)z) Corrections

Ingredients:
m numerically solve:

~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0

= renormalized self-energy:
~ (2

£,°(p2) = £ (0) - 0@t
m two-loop mass matrix counter-term:

6@ = 0 (62, + 6O ms2,) + (6@ Zfm? + mi?5® 2,

+mf,°)(a S a+6Va+ (5(2)a)|a:0, a={\kK,V,vs, t,..}

a pure DR: da are purely divergent, canceled by wave-function ren. (SUSY-non ren.)
m OS quantities (e.g. §v <> mw .z, or 8t) : can yield extra finite contributions to 6 m?

Most manpower required for (decreasing complexity):

2
= two-loop wave-function ren. constants 52, = 2222 |
pc=0

= two-loop vector self-energy diagrams 6 ¥/ (0) (required for 6 v)
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Two-Loop O ((Oq + ay + ozt)z) Corrections

Ingredients:
m numerically solve:

~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0

= renormalized self-energy:
~ (2

£,°(p2) = £ (0) - 0@t
m two-loop mass matrix counter-term:

6@ = 0 (62, + 6O ms2,) + (6@ Zfm? + mi?5® 2,

+mf,°)(a S a+6Va+ (5(2)a)|a:0, a={\kK,V,vs, t,..}

a pure DR: da are purely divergent, canceled by wave-function ren. (SUSY-non ren.)
m OS quantities (e.g. §v <> mw .z, or 8t) : can yield extra finite contributions to 6 m?

Most manpower required for (decreasing complexity):

2
= two-loop wave-function ren. constants 52, = 2222 |
pc=0

= two-loop vector self-energy diagrams 6 ¥/ (0) (required for 6 v)
m two-loop scalar self-energy diagrams 5(2)2;,(0) < discussed in this talk
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Two-Loop O ((Oq + ay, + ozt)z) Corrections

Ingredients:
m numerically solve:
~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0
= renormalized self-energy:
~ (2
£,°(p2) = £ (0) - 0@t
m two-loop mass matrix counter-term:
6@ = 0 (62, + 6O ms2,) + (6@ Zfm? + mi?5® 2,

—|—mf70)(o¢ S a+6Va+ (5(2)a)|a:0, a={\kK,V,vs, t,..}
a pure DR: da are purely divergent, canceled by wave-function ren. (SUSY-non ren.)
m OS quantities (e.g. §v <> mw .z, or 8t) : can yield extra finite contributions to 6 m?

Most manpower required for (decreasing complexity):

2
= two-loop wave-function ren. constants 52, = 2222 |
pc=0

= two-loop vector self-energy diagrams 6 ¥/ (0) (required for 6 v)
m two-loop scalar self-energy diagrams 5(2)2;,(0) < discussed in this talk
= two-loop tadpole diagrams 8@t + discussed in this talk
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Two-Loop O ((Oq + ay + ozt)z) Corrections

Ingredients:
m numerically solve:
~ (1 ~ (2
det [p°1s:s — mi + £ (%) + £4?(0) gy 20| =0
= renormalized self-energy:
£,°(p2) = £ (0) - 0@t
m two-loop mass matrix counter-term:
6@ = 0 (62, + 6O ms2,) + (6@ Zfm? + mi?5® 2,

+mf,°)(a S a+6Va+ (5(2)a)|a:0, a={\kK,V,vs, t,..}
a pure DR: da are purely divergent, canceled by wave-function ren. (SUSY-non ren.)
m OS quantities (e.g. §v <> mw .z, or 8t) : can yield extra finite contributions to 6 m?

Most manpower required for (decreasing complexity):

2
= two-loop wave-function ren. constants 52, = 2222 |
pc=0

= two-loop vector self-energy diagrams 6 ¥/ (0) (required for 6 v)
m two-loop scalar self-energy diagrams 5(2)2;,(0) < discussed in this talk
= two-loop tadpole diagrams 8@t + discussed in this talk

The same discussion applies for the charged Higgs bosons, h — H*.
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° Two-Loop fixed-order Corrections in the NMSSM
@ The Goldstone Boson "Catastrophe”
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Generic Two-Loop Tadpoles |
S

- = -~
Q/ \‘/ S\ c, c. 2,0
r< ) — __ 7505152 °515p5353 2 2 2 2 , . -
S NN 102474 Ao(ms,)Bo(ms,, ms,, p° = 0)——— (|5I£10|0g()

S

« IS \IS iCsg 5154 O 5553 G555 2 2 2 > 0 "% 40
— 15253 “525354 m2 . m2 . m2 . m _ J ;
! 4 - 4 U( sp5 Msyy Msgy Mgy, P~ = O) I.' |Og6

I P 10247 5§—0
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F = % [( 7,5 Chtes T Chotgs, Oy, ) [(Ao(m) + Ao (2 ))Bo (11, 2, ,0)
—S(m,, mj,, m,, 0) + (m&, — mJU(mz,, s, , mi, , m, 0)]
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Intermezzo: Goldstone Boson Catastrophe in the
Effective Potential

The effective potential needs to be summed over all possible masses (expressed as
functions of the field or its VEV). E.g. at one-loop in the SM we have:

mn( )’

2
§Omg = ié“ Verr o Z ma(v)* log > 12X log TG Q

0?v

where mg is the Goldstone mass. This is equivalent to the diagrammatic calculation:

¢,
_h___liz_:_o _____ ( ’ \\). _________ h
G
NV [ g eye = Bolmig, b, p* = 0) = v*X*log 5 G 41
G

Attention:  For a vanishing mg — 0 this is IR-divergent
("Goldstone Boson Catastrophe”)!

Solutions: *Use external momentum [Braathen, Goodsell, '16] [Braathen Goodsell, Staub, '17]
*OS Goldstone mass [Braathen, Goodsell, '16] [Braathen Goodsell, Staub, '17]
*Resummation [Miro, Espinosa, Konstandin, '14] [Martin, '14] [Epsinosa, Garny, Konstandin, '16]
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https://arxiv.org/abs/1607.08432
https://arxiv.org/abs/1706.05372
https://arxiv.org/abs/1607.08432
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https://arxiv.org/abs/1607.08432

The Goldstone Boson Catastrophe
in the Two-Loop Tadpoles

2
are all IR-divergent  log %, caused by Goldstone self-energy sub-graphs.

However: they are manifestly momentum-independent:
no momentum regularisation of IR-divergencies possible!
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Generic Two-Loop Tadpoles Il

When working with unrenormalised loop-functions (in contrast to the renormalised Ver),
we also need to take into account:

- X =~z [(Ao(m2,) — i Bo(md,, i, pF = 0)) 6V Z4,5,

st +Bo(m§2.,m§1,p220)5(1)65@2]

and

The first diagram is also IR-divergent.
Furthermore, it is conntected to the previous diagrams by the BPHZ formalism!
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IR-Finite Two-Loop Tadpoles

Careful isolation of all IR-divergences and taking into account CT-diagrams leads to

IR-finiteness!

— - N

AN ! \

I | - /
h‘ -—-4 \\ /X\\
N > N ] f )

L} \ / \

| | N 4 N g

All two-loop IR-divergences are cancelled by they one-loop sub-graphs.
This mechanism is similar to the R-operation in the BPHZ formalism.
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IR-Finite Two-Loop Selfenergies

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

4 \
¢ By N
GG G- \G g\ Mg G:/ ~G
-——— ‘r---+----¢ .fk F==-+ ===4 hi F-=--+=-==4 r---
A ’ A 1 v 1 A ’
AN s AN PRs AN R4 o PR
hi # G hi # G hi # G hi #
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IR-Divergent (!) Two-Loop Selfenergies

Example of an IR-divergent subset:

-<
2
-~ A} jr
‘his I,
X Thiy S
Gy e q/@\‘g GG G, \\G
- r-- + ==-— fk F===- 4+ ===4 k F===+ ===4 r--
A ’ v ’ A ’ v 7
‘\~—’I \\~—’I \\~—’I \\~_’I
G G G G

. xA- @ (Mlgegulator) +B- @2 (Msegulator)
m — inclusion of finite external momentum required!
a Solutions:
m use p? # 0 from the start — many scale problem
m keep p? = 0, but expand IR-divergent integrals around small p? [sraathen,
Goodsell, "16]
— avoids numerical integration methods.

Introduction to Supersymmetric Higgs Potentials Overview on Higher-Order Higgs-Mass Corrections Two-Loop fixed-order Corrections in the N
0000000000000 000000000 000000000e0000

Martin Gabelmann — Overview 26.11.2020 34/38
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0 Two-Loop fixed-order Corrections in the NMSSM

@ Results
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(Preliminary) Results: momentum dependence

Compare result obtained by small-momentum expansion with a numerical mass regulator
M = RQRen :

140

120

100

mi(p?)[GeV]

80

60

0.35 0.40 0.45 0.50 0.55

).55 0.60 0.65 0.70

Q= 1.3TeV,x = 0.299, tan § = 4.44, MJ3 = 898 GeV, A?® = 3 TeV
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Short Outlook

Full p?- and Gauge Contributions

Were e.g. recently calculated for general QFTs in MS/DR [Goodsell, Passehr, '19].
However, need p?-dependence of loop integrals
m TSIL (integrates numerically): relatively slow
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https://arxiv.org/abs/1910.02094

Short Outlook

Full p?- and Gauge Contributions

Were e.g. recently calculated for general QFTs in MS/DR [Goodsell, Passehr, '19].
However, need p?-dependence of loop integrals
m TSIL (integrates numerically): relatively slow

Hybrid Calculation

Use new results of FO calculation

a RGEs already (partially) implemented in NMSSMCalc

m needs SM Higgs pole-mass (rather straight forward)

m careful (re-)parametrisation of pole-masses and OS quantities
Precise prediction for stop-masses above ~ 1 — 2 TeV
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https://arxiv.org/abs/1910.02094

Summary

Higgs mass predictions being pushed by a very active community

Solved the Goldstone "catastrophe” in NMSSMCalc:
m spurious IR-divergences cancel in sum of all graphs
m left-over divergences: require momentum regulation

Allow for precise Higgs mass predictions:
m MSSM: further accuracy requires momentum/gauge dependence

a NMSSM: mixed DR-OS calculation on its way to full two-loop precision

EFT <> UV matching can be used beyond Higgs masses:
a Electroweak phase transitions in split-SUSY
m Benchmarking against simplified models
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(Preliminary) Results: scheme dependence

Random scan yields:
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(Preliminary) Results: size of new contributions

— tree-level
— == two-loop O(asr)
..... two-loop Oasar + (o + ax + 1))

mlacrortan)? _ pauon (Gey)
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(Preliminary) Results: size of new contributions

— tree-level
— == two-loop O(asr)
..... two-loop Oasar + (o + ax + 1))

mlacrortan)? _ pauon (Gey)
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Two-Loop Diagrammatic n-Point Functions (n < 2)

Idea: calculate "generic” diagrams
Assume most general Lorentz-invariant couplings and arbitrary masses.
Calculate to "robust form” and perform specific field-insertions later-on.

Strategy:
m FeynArts: generate generic diagrams (’insertionLevel— { Generic}*) [Hahn, '01]
m FeynCalc: basic simplifications, Dirac traces [shtabovenko, '16]
m TARCER: reduction to scalar master integrals [Tarasov, '97] [Mertig, Scharf, ‘98]
m handle special cases such as vanishing Gram determinants etc.
Then:

m NMSSM FeynArts model file with SARAH [staub, '08]:
calculates LO-vertices and NLO-CT-vertices

generate arbitrary set of diagrams with FeynArts ("InsertionLevel— { Classes or Particles} *)
iterate over generic amplitudes while applying insertion rules
evaluate numerics
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https://arxiv.org/abs/hep-ph/0012260
https://arxiv.org/abs/1604.06709
https://arxiv.org/abs/hep-ph/9703319
https://arxiv.org/abs/hep-ph/9801383
https://arxiv.org/abs/0806.0538

Terminology: EW/TeV- VS. split- VS. high-scale SUSY

Mw =

SUSY

o qluldlllel hulhd +Gi

arXiv:hep-th/0503249v2 1 Apr 2005
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Terminology: EW/TeV- VS. split- VS. high-scale SUSY

1-3
TeV

SUSY

arXiv:hep-th/0503249v2 1 Apr 2005
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Effective Potential

No rigorous introduction here! (e.g. Peskin, Schroeder)

Consider quantum correction to classical action S[®.]:

W[J, b, = dg] = S[do] + /% log [—kz + v”(%)]

5(1) Vg, one-loop Coleman-Weinberg effective potential
9§V

9%;...0%,
m typically calculated in minimal subtraction scheme

w eg 0V = § 30, (1) (28, + 1)(md)* (log % — k)
already renormalized (UV-finite)!

k accounts for MS (2) or DR (2)

closed form encoding all loop-corrections
known up to three-loop order

Neat tool to calculate higher-order corrections to scalar quantities (?)
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equivalent to scalar n-point function with zero external momentum

45/38



mSM VS, mSUSY ||

Is there (still) an advantage w.r.t. Higgs mass?

Given that all other parameters of the theory are fixed by experiment:

any model SUSY
® my needs to be measured m my predicted perturbatively
m unitarity: m, < 1TeV m MSSM: gauge sector only
2 2 . H
m m a NMSSM: A, x constrained by SUSY
® Apsu o< log (m%) + mé non-renormalisation

a 114 < M < 154 GeV [aiitten]

SUSY is able to predict mi™® to given precision while the SM can at most extract my® from
indirect fits. Thus, in general SUSY-relations can be falsified. Difficulty: many parameters
to measure.
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http://gfitter.desy.de/Standard_Model/

The N/MSSM Scalar Potential

Encoded in the superpotential W = W(®), dimW=3:

WMSSM—,U,H Hd+ YLLHUe + YUOHuU -+ YdOf:l d

Wiwssm = Wussml ,,—xs + K8’

and constructed by:

SW [sW\™ A
v= > (—) + ~(D1Dy + D3Ds 2+ D3Ds 1)
d=H, 4,5,L,Q,u,d oo oo 2
F—terms D—terms

with:
Dy =T (| — |Hof*) +
D5 =go(Hy o™ Hy + Hio%Hy) + ...
Dg =0 (for this talk)
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