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Motivation / Introduction
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SM Hierarchies
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SM Hierarchies

Top quark Weak bosons

light fermions

my ~ 173 GeV my, mz ~ 80,90 GeV

M 0.02 b 0.05
mwyw

my
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SM Hierarchies

light fermions

Top quark Weak bosons
my ~ 173 GeV my, mz ~ 80,90 GeV me =~ 500 keV
M 0.02 b 0.05 Me ~ 0.0002
myy my,

my
rich tower of EFTs already exists within the SM — very well tested formalism
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SM Hierarchies

light fermions

Top quark Weak bosons
my ~ 173 GeV my, mz ~ 80,90 GeV me =~ 500 keV
m
M < 0.02 b 0.05 Me < 0.0002
my myy my,
rich tower of EFTs already exists within the SM — very well tested formalism:
EHeisenberg ¢ LQED( l:GF ¢ ‘Cg&ﬂ(avour L‘,SM
. . \
' [ 4
Y me my mz my
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BSM Hierarchies: Experimental constraints on...
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BSM Hierarchies: Experimental constraints on...

Electroweakinos Extended Higgs sectors Coloured Scalars

(i.e. weak fermions) (e.g. MSSM inspired 2HDM) (e.g. stops)
m,o 2 50-200 GeV my 2, 500-600 GeV my, 2 1-2TeV
m, & 2 94 GeV tan 8 2 1 — 2[ganiet. al
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BSM Hierarchies: Experimental constraints on...

Electroweakinos Extended Higgs sectors Coloured Scalars

(i.e. weak fermions) (e.g. MSSM inspired 2HDM) (e.g. stops)
m,o 2 50-200 GeV my 2, 500-600 GeV my, 2 1-2TeV
m, + 2 94 GeV tan 8 2 1 — 2[paniet. al

. suggest a hierachy between scalars and fermions

Weak-scale-SUSY: 4

Lsm Lmssm
|

AN
~

mg myma myMmg

pesy. | Automatized Matching of Scalar Couplings | Martin Gabelmann | Thusrday’s Meeting, 18.11.2021 Page 5


https://inspirehep.net/literature/1714750

BSM Hierarchies: Experimental constraints on...

Electroweakinos Extended Higgs sectors Coloured Scalars

(i.e. weak fermions) (e.g. MSSM inspired 2HDM) (e.g. stops)
m,o 2 50-200 GeV my 2, 500-600 GeV my, 2 1-2TeV
m, + 2 94 GeV tan 8 2 1 — 2[paniet. al

. suggest a hierachy between scalars and fermions

Weak-scale-SUSY: 4

Lsm Lmssm
l | | | | | \
¢ ‘ — — >
mg myma myMmg
Split-SUSY: v
Lsmg— Lsmrewinos ¢ LoHDM+EWinos¢ Lssm
y) ‘ ‘ ‘ ‘ L\
‘ T T T T T ,

mg my ma my Mmg
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Example: Higgs Mass Uncertainty in the High-Scale MSSM

Assumption: all SUSY states heavy.

135

X, = —V/6Mg, tan 3 = 20

130 |

115

ATLAS/CMS +lo

—— SS+H
—=- FS+H
----- HSSUSY

10°

Ms/Gev

10*

[Allanach, Voigt, '18]

> SS+H/FS+H: my, fixed-order

~ HSSUSY: mj, EFT (MSSM—SM
matching)
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Possible EFT Towers

Lt gL\ EWinos g LMDV EWinos¢ Lmssm
Split-MSSM: 11, <ma: 4 : ; — —

mg my ma m; mg
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Possible EFT Towers

Split-MSSM:

Split-MSSM:

l Lsmg—L —— LoHDM{EWinos¢ Lyvssm .
. i X , , ;
<ma: € f f f f —2
mg ma m; mg
l Lome— Lowom ¢ L ¢ Lmssm .
>ma: € ; ; ; ; —
me ma mz mé
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Possible EFT Towers

Split-MSSM: m, <ma: €

Split-MSSM: >ma:

Split-NMSSM:

Lnmssm — Lmssm
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Lsmg—L —— LoHDM{EWinos¢ Lyvssm .
i X , ,
‘ ‘ \ —
mg ma m; mg
l Lome— Lowom ¢ L ¢ Lmssm
¢ : : : —
me ma mz mg,
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Possible EFT Towers

Lsmg—L —— LoHDM{EWinos¢ Lmssm
Split-MSSM: 1, <mx: 4 : ; — —
m¢ ma m; mg
Lome— Lowom ¢ L ¢ Lmssm
Split-MSSM: >ma: € : : : ——
me ma mz mé

Split-NMSSM:
Lnmssm — Lmssm — - -
ﬁNMSSM — £2HDM(+EWinos) — £SM(+EWinos)
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Possible EFT Towers

Lsmg—L —— LoHDM{EWinos¢ Lmssm
Split-MSSM: <mu: 4 1 1 ; . —
m¢ ma m; mg
Lome— Lowom ¢ L ¢ Lmssm
Split-MSSM: >ma: € : : ‘ ——
me ma mz mé

Split-NMSSM:
Lnmssm — Lmssm — - -
LNmssM — L2HDM (+ewinos) — LSM (+£winos)
LNMSSM — LN2HDM (+£winos) — L2HDM (+£winos)—> SM (+Ewinos)
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Possible EFT Towers

Lsmg—L —— LoHDM{EWinos¢ Lyvssm
Split-MSSM: 11, < ms: 4 : : : S
m¢ ma m; mg
Lome— Lowom ¢ L ¢ Lmssm
Split-MSSM: >ma: € : : ‘ ——
me ma mz mé

Split-NMSSM:
Lnmssm = Lmssm — - - -
LNmssM — L2HDM (+ewinos) — LSM (+£winos)
LNMSSM — LN2HDM (+£winos) — L2HDM (+£winos)—> SM (+Ewinos)
LNMsSM — LN2HDM (+£winos) — LSM+Singlet(+Ewinos)

— Automation required! (— 2nd part of talk)
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What to match?

This talk: — focus on scalar sector (in particular Higgs mass predictions).
Example: 4-scalar interaction %h‘l receives contributions from
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What to match?

This talk: — focus on scalar sector (in particular Higgs mass predictions).
Example: 4-scalar interaction %h“ receives contributions from

higher-dimensional operators (dim6, dim8, ...)
APt 4+ Sab 4. (>\+C6/‘(—z+...)h4
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What to match?

This talk: — focus on scalar sector (in particular Higgs mass predictions).
Example: 4-scalar interaction %h“ receives contributions from

higher-dimensional operators (dim6, dim8, ...)
APt 4+ Sab 4. (>\+C6/‘(—z+...)h4

higher-order corrections to their Wilson coefficients
Go=C" +50¢+...
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What to match?

This talk: — focus on scalar sector (in particular Higgs mass predictions).
Example: 4-scalar interaction %h“ receives contributions from

higher-dimensional operators (dim6, dim8, ...)
APt 4+ Sab 4. (>\+C6/‘(—z+...)h4

higher-order corrections to their Wilson coefficients
Go=C" +50¢+...

higher-order corrections to ren. couplings
A=2O 4+ 5Mx+ ..
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What to match?

This talk: — focus on scalar sector (in particular Higgs mass predictions).
Example: 4-scalar interaction %h‘l receives contributions from
higher-dimensional operators (dim6, dim8, ...)
AP+ S0 4 (A G . )h

higher-order corrections to their Wilson coefficients
Go=C" +50¢+...

higher-order corrections to ren. couplings
A=2O 4+ 5Mx+ ..

For scalar sector and v < A: only renormalizable couplings!
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Matching and Running in SARAH
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Matching and Running - The Algorithm

BSM m;J?“ =my, K:Jsl‘(‘ = Kijk » )\.'1’;1‘(’1 = }Vijkl
A
>
H
— SM
R +H;+H;+...
= RGEs
n
M
=
SM . \ 4
+H+H+. L g HiHj + A HiHjHH) + g HiH Hye
m; =m* +5m,

—

m, =mI™ +5m,
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Matching and Running - The Algorithm

DESY.

l_) m
m>

xMSSM

>

E SM

A +H;+Hj+..

S RGEs

2}

A 2.2
E (g1 +8)

SM. \ 4

o g = = (i =
A

MSSM

cos” 2B + 5L

+H+HH . misziHj +)\'ijk1HiHijH1 +KiijiHij

=mr +8m

=ml’ +5m,
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Matching and Running - The Algorithm

BSM — e BSM  — .
BSM mij = mlJ 5 Kijk = Kl_]k 5

~ T MccmMm

Matching condition: ABSM(Qnatcn) = AEFT(Qmatch)
> \j,...i, — evaluate n-point function at pZ; = 0 to m-loops in both models
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Matching and Running - The Algorithm

BSM

ij -
~ T McCCmMm

Matching condition: ABSM(Qnatcn) = AEFT(Qmatch)
> \j,...i, — evaluate n-point function at pZ; = 0 to m-loops in both models

> IR-contributions appearing on both sides in the matching condition do cancel
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Matching and Running - The Algorithm

BSM — e BSM  — .
BSM mE =my, KE = K,

~ | MCCmM

Matching condition: ABSM(Qpatcn) = AFFT(Qmatcn)

Air,....iy — evaluate n-point function at p2. =0 to m-loops in both models

IR-contributions appearing on both sides in the matching condition do cancel
More details for LO and NLO matchings:

1810.09388 [Braathen, Goodsell, Slavich]

1810.12326 [MG, Miihlleitner, Staub]

MG’s [Masterthesis]
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Matching and Running - SARAH’s Two-Fold Implementation

two independent implementations:
> numerical (Fortran)
> analytical (Mathematica)

SARAH Wiki

One-Loop Threshold Corrections in Scalar Sectors
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Live Demo
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Demo: MSSM — 2HDM Matching
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Results
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Results: MSSM — 2HDM Matching

Comparison against MSSM — SM matching:

130

120

110

100
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MA = 200 GeV, MSUSY = 105 GeV

s
-

-
"" -

— effective THDM-IT

" degenerate HighScaleSUSY
~ non-degenerate HighScaleSUSY
— AO =0

=== Ay = 2Msusy

2 3 5 10 20
tan 3

Amh [GeV]

10" -

100

107!

My =200 GeV, Mgygy = 10° GeV

" degenerated HighScaleSUSY
— non-degenerated HighScaleSUSY
— AO =0

== Ag = 2Msysy
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Matching the Split-NMSSM
Idea: NMSSM with a light singlet (+EWinos). Everything else decoupled.

LSSM+EWinos Lnmssm

mg my, mg ma, mz

AN
~
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Matching the Split-NMSSM
Idea: NMSSM with a light singlet (+EWinos). Everything else decoupled.

LSSM+EWinos Lnmssm

AN

DESY.

~

nl't mx;‘ ms mA; my
A A
Lssm = — myHHT — 7H|HHT\2 — m3S5* — 75155*|2 — AsySS*HH!
+ [HSHSHHT + 1S3

Y qH'd— Y,qH - Y.IHe— giH,H' W — 8L f, H' B

V2
~ d~ ~ o~ ~ o~
- QdeHW—%H HB— Y!SH,H — Y¢S HyH
A R My ~. My ~
~Y:555 - 9 SH, Hy— —2gg— LBB- ~YWW +hc

V2 2 2 2
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Why keep the EWinos light?

Decoupling them would destabilize the potentiall Example for 1553:
S S
foo f .

-
s

5(1)/15 x g ———Jf\

|
|
|
|
|
- |
f ~
N
N
N

Page 19
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Non-Decoupling Effects

\ my 2
5(1)14353 S____' p cavy . KAT, cos™ 28

” 2
\ AN 60 8w

Thus:
Reff, one-loop _, T,  KATy cos? 23
S ~ 8m2
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Singlet Mass Prediction: LO vs. NLO

100

ITAl/m(©
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Other Aspects of Matchings
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UV- vs. EFT-Model

parameter counting

| Y
UV | Ak, T, Tn, tan3 5
EFT | Aw, As, AsH, ks, ks 5

Matching important at all? Why not simply studying the EFT without connecting to any
UV model?
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UV- vs. EFT-model: Comparison of Parameter Scans

AH
0.4 06 0.8 1.0 1.2 1.4 1.6

w/ matching w/o matching
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Electroweak Phasetransistions (EWPTs)

Idea:

> use matching to simplify (SUSY) predictions other than my, that also involve the Higgs
sector.

> Starting point: Strong first-order electroweak phasetransistions (SFOEWPT).
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Electroweak Phasetransistions (EWPTs)

Idea:
use matching to simplify (SUSY) predictions other than my, that also involve the Higgs
sector.
Starting point: Strong first-order electroweak phasetransistions (SFOEWPT).

However:
PTs are not only sensitive on scalar but also fermion sector ( T-corrections).
Q1: How do split-SUSY fermions influence the PT of a 2HDM?

Q2: Which UV-completions of the 2HDM ewinos are compatible with a SFOEWPT?
— Matching required!
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Electroweak Phasetransistions (EWPTs)

Idea:

use matching to simplify (SUSY) predictions other than my, that also involve the Higgs
sector.

Starting point: Strong first-order electroweak phasetransistions (SFOEWPT).
However:

PTs are not only sensitive on scalar but also fermion sector ( T-corrections).

Q1: How do split-SUSY fermions influence the PT of a 2HDM?

Q2: Which UV-completions of the 2HDM ewinos are compatible with a SFOEWPT?
— Matching required!

Lsm  L2HDM+EWinos Lsusy
|

~

AN

me my, MA msusy
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EWPT in the 2HDM+ EWinos

V(T) = Vo + Vaw + Vr + Ver

> tree-level potential Vz(gge,\),, of the 2HDM
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EWPT in the 2HDM+ EWinos

V(T) = Vi + Vil + Vet Ver

> tree-level potential Vz(tHrge,\),l of the 2HDM

= one-loop effective potential Véa/ including effects of Lewinos
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EWPT in the 2HDM+ EWinos

V(T) = Vi + Vaw + Vr o+ Ver

> tree-level potential Vz(tHrge,\),l of the 2HDM
= one-loop effective potential Véa/ including effects of Lewinos

> temperature corrections V71 (incl. Lewinos)
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EWPT in the 2HDM+ EWinos

V(T) = Vi + Vil + Vet Ver

> tree-level potential Vz(tHrge,\),l of the 2HDM

= one-loop effective potential Véa/ including effects of Lewinos
> temperature corrections V71 (incl. Lewinos)

> Counterterm potential VT
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EWPT in the 2HDM+ EWinos

V(T) = Vi + Vil + Vet Ver

tree-level potential Vz(tHrge,\),l of the 2HDM

one-loop effective potential Vg}/ including effects of Lewinos
temperature corrections V7 (incl. Lewinos)

Counterterm potential VT

implemented in BSMPT [Basler et. al]
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EWPT in the 2HDM+ EWinos

V(T) = Vi + Vaw + Vr o+ Ver

(tree)

tree-level potential V,,,ny of the 2HDM
1)

one-loop effective potential V-, including effects of Lewinos

temperature corrections V7 (incl. Lewinos)
Counterterm potential VT
Imp|emented in BSMPT [Basler et. al]

more details: [2107.00617]
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Can split-SUSY fermions relax tensions in the 2HDM?
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Example Point: 2HDM

Idea: start with 2HDM (without EWinos) and then turn-on fermion contributions.

mp = 125.09 GeV, my = 637.37GeV,
ma = 811.35GeV, my+ = 839.90 GeV,
tan 8 = 6.15 , a = —0.1605 ,

leads to
2HDM — 082 < 1

when considering the pure 2HDM.
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Example Point: 2HDM+4EWinos

My, = Mg = i = 250 GeV

1.4
S ~ up to 40% w.r.t. vanilla 2HDM
1.31 g > up-type Yukawas dominant
— G
s f > SU(2) Yukawas dominant (more d.o.f)
2 | G2u
r 12
::l\‘\f\:
W
1.11
1.04
I ———
0.00 0.25 0.5 0.75 1.00
Gij
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Example Point: 2HDM+4EWinos

MW: MB:/LZQE)OGGV

1.4
oud ~ up to 40% w.r.t. vanilla 2HDM
131 9 > up-type Yukawas dominant
— G
s f > SU(2) Yukawas dominant (more d.o.f)
2 J G2u
r 12
3_\_'}:
W
1.11
1.04
_=_'_'__—'__'__'—
0.00 0.25 0.5 0.75 1.00
Gij

Backup-slides — general feature of EWinos!
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Can it emerge from split-SUSY?
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Matching the 2HDM-+Ewinos to the MSSM

> MSSM: . )
2 ;2 1 A e .
A1,2,3,4 == O(g]_,gz) + WO(FZ) ) : :~ L A;l
Ase7 =0+ —(4;)2 (9(%) f X
A; is a low-scale parameter J Y
’ i \
= our scan requires: / N
MSSM ! *

As > 0.1 to reach {c > 1 for A1 234 =~ AY537

Page 31
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Matching the 2HDM-+Ewinos to the MSSM

> MSSM: . )
2 ;2 1 A e .
A1,2,3,4 == O(g]_,gz) + WO(FZ) ) : :~ L Aél
Ase7 =0+ —(4;)2 (9(%) f X
A; is a low-scale parameter J Y
’ i \
= our scan requires: / N
MSSM ! '

As > 0.1 to reach {c > 1 for A1 234 =~ AY537

alternatives:
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Matching the 2HDM+Ewinos to the MSSM

> MSSM ‘\_ [
—————— o
- 2 2 1 A i f
M2sa=0(81,8) + @rz0(5) . . Al
A O(A o O ey
A6 =0+ @z O(5) . ! (@)% m
- A is a low-scale parameter J Y
’ i \
= our scan requires: / \
MSSM ! '

A5 > 0.1 to reach & > 1 for A1 234 ~ )\172’374

alternatives:
> add ||ght Sing|et (Spllt—NMSSM) [Demidov et. al] [Athron et. al]

— singlet couplings enable SFOEWPT
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Matching the 2HDM+Ewinos to the MSSM

> MSSM:
- A4 =0(gf, 83) + ﬁo(%)
- X567 =0+ G O(55)
- Ay; is a low-scale parameter

= our scan requires:

A5 > 0.1 to reach {&c > 1 for Aj234~ A

alternatives:

> add ||ght Sing|et (Spllt—NMSSM) [Demidov et. al] [Athron et. al|
— singlet couplings enable SFOEWPT

> integrate out heavy singlet

NMSSM — MSSM — 2HDM-+EWinos
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Matching Dim>4 Operators

It is well established that dim>4 operators do not significantly contribute to my. Open
question: how does this behave for e.g.

> Relic density? (4-fermion operators)
> EWPTs?

> Unitarity?

> .
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Summary
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Summary

> despite my > 1TeV, Higgs mass community still very active!
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Summary

despite m; > 1TeV, Higgs mass community still very active!

matching to non-standard EFTs:

2HDM+EWinos split-MSSM
A
‘ ‘ ‘ ‘ \
U U U U ’
msp My ma mz
SM+4-EWinos
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Summary

despite m; > 1TeV, Higgs mass community still very active!

matching to non-standard EFTs:

2HDM+EWinos split-MSSM
A
‘ ‘ ‘ ‘ \
U U U U ’
msp My ma mz
SM+4-EWinos

precise Higgs masses for large m;, my, ...
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Summary

despite m; > 1TeV, Higgs mass community still very active!

matching to non-standard EFTs:

2HDM+EWinos split-MSSM
A
‘ ‘ ‘ ‘ \
U U U U ’
msp My ma mz
SM+4-EWinos

precise Higgs masses for large m;, my, ...
also interesting: other predictions within SUSY-EFTs (e.g. Qh? or )
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Thank you!
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Backup
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Global View: reopen parameter space with |arge masses

> random parameter scan using ScannerS [coimbra et al]
> scan with default 2HDM allowing for all &
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Global View: reopen parameter space with |arge masses

> random parameter scan using ScannerS [coimbra et al]
> scan with default 2HDM allowing for all &

> re-evaluate using
2HDM+EWinos:

8lu = 81d = ng
82u = 82d = é’g
Mg = My, = p = 200 GeV

> compare & with ¢2HDM
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Global View: reopen parameter space with |arge masses

> random parameter scan using ScannerS [coimbra et al]
> scan with default 2HDM allowing for all &

> re-evaluate using
2HDM+EWinos:

© g = g1 = g
© goy = g2d = £
Mg = My, = p = 200 GeV

> compare & with ¢2HDM

> large-mass points
which were forbidden
in the 2HDM are now

allowed!

no EWPT
EWPT with £, < 1
EWPT with &, > 1
(o 5 1L i 22 i1 H

740 870 1000

Automatized Matching of Scalar Couplings | Martin Gabelmann | Thusrday's Meeting, 18.11.2021
pesy. | I I ma GeV
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Global Mass Scan

e
0.78 0.94 1.09
[
1.0 £2HDM —y 1.0
i SM '
14 = J1u = 91
0.8
924 = Gou = G5
— — 0.74
3 0.6 2
% 0.4 &
S = 0.4
0.2
04 Coall 0.14 —
0.1 0.4 0.7 1.0 0.1 0.4 0.7 1.0

gii =g, gi =g fix
5, varied independently

mg, m
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Global Yukawa Scan

—1.751

~3.5 :
—3.5 —1.75 0 1.75 3.5
Gou
p, mg, my, fix
gjj varied independently
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BSMPT (gaseret. a

V(T) = Viied + V&), + Vi + Ver

extended to incorporate corrections from fermions in arbitrary model

pesy. | Automatized Matching of Scalar Couplings | Martin Gabelmann | Thusrday’s Meeting, 18.11.2021 Page 39


https://arxiv.org/abs/1803.02846
https://phbasler.github.io/BSMPT/

BSMPT (gaseret. a

V(T) = VT + VE) + Vr + Ver

extended to incorporate corrections from fermions in arbitrary model
CW linos
VT|inos = —ETF [J+ ( ~0/T2> + 2J+ ( 2~__ )] + Vbebye|inos
- Ji(x fo dk k? log [1 +exp (—Vk? + x x)]
VDebye‘mos x T? f(g1u7g1d7g1 yeen)
calculates all ingredients for V/(T)
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BSMPT (gaseret. a

V(T) = VT + VE) + Vr + Ver

extended to incorporate corrections from fermions in arbitrary model

Vé\lA)/|inos
4
VT|inos e —LTr |:J+ ( ~0/7—2) + 2J+ ( %_/T2>:| + VDebye|inOS
- Ji(x) = [7 dkk210g [1+exp( VK2 +x)]

VDebye‘mos ox T2 f(g1u7g1d7g1 oen)
calculates all ingredients for V/(T)

Ver: achieves equal scalar tree-level and one-loop masses/mixings
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BSMPT (gaseret. a

V(T) = VT + VE) + Vr + Ver

extended to incorporate corrections from fermions in arbitrary model
Viwlines
VT|inos = —ETF [J+ ( ~0/T2) +2J5 ( 2~__/T2>} + Vbebye|inos
- Jp(x) = [y dk k?log [1 +exp (—Vk® + x)]
VDebye‘mos ox T2 f(g1u7g1d7g1 bees)
calculates all ingredients for V/(T)
Ver: achieves equal scalar tree-level and one-loop masses/mixings
minimizes V/(T)
— perturbative determination of £ = v/ T,
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BSMPT (gaseret. a

V(T) = VT + VE) + Vr + Ver

extended to incorporate corrections from fermions in arbitrary model

Vé\lA)/|inos
4
VT|inos e —LTr |:J+ ( ~0/7—2) + 2J+ ( %_/T2>:| + VDebye|inOS
- Ji(x) = [7 dkk210g [1+exp( VK2 +x)]

VDebye‘mos ox T2 f(g1u7g1d7g1 oen)
calculates all ingredients for V/(T)

Ver: achieves equal scalar tree-level and one-loop masses/mixings
minimizes V/(T)
— perturbative determination of £ = v/ T,

Op€n SOUrCe [phbasler.github.io/BSMPT]
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Fixed-order VS. EFT

0|a’ Quox(4m) 71
1| alog a
§ 2 | a?log? o?log a?
" onlan log” a"log™?! alog™? . a"
LL NLL NNLL . N"LL

EFT

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

ot always aPproPriate: TODQ ref to Johannes et. al. i
age
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