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Disclaimer

> The renormalisation theory of BSM models is an extremely broad and active
topic, and it is impossible to make justice to it in a single talk...

- | have tried to find a balance between overview and interesting recent
results

-1 apologise if | don’t have time to cover your work!

- Also, | won’t cover the renormalisation of the electroweak sector

(- for that, see your favourite QFT book or e.g. [Bohm, Denner, Joos])
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Introduction:
Renormalisation basics
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Standard Model Production Cross Section Measurements

Precision calculations for precision measurements
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Infinities in loop calculations and regularisation

A\

Calculation of quantum corrections, i.e. loop corrections, contain divergences!

SN d*k 1 > Ek3dk
] \ _ 2 —_ \
Lo = Ao(w) = —(16m )/ em)ikZ+z _szzo k2 + o

A\

First step: regularisation, i.e. modify theory to make loop integrals mathematically well-defined,

Various options are possible, e.g.:

Cut-off A A E3dk A2 ... but breaks
A (37> — _2/ m = —A’+ x log <1 =+ ?> Lorentz invariance!
k=0

A\

\4

Dimensional regularisation (DREG), i.e. work in d = 4 - 2& dimensions [NB: for SUSY models, DRED]

[ d%k 1 1 T
Ag(z) = —(1672) /(QW)dkz_i_w:xlz—vE%—logélw%—l—log—Q

7
- : regularisation scale
... and many more (e.g. Pauli-Villars, etc.) fLreg
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Q = (4me~72)1/2 ), renormalisation scale

7 — OO
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Renormalisation

» Second step: renormalisation, replace “bare” parameter by renormalised parameter +
counterterm

renormalisation transf. CT
g > ghare = g T+ 07°g
—~— N~~~ N——
bare param. ren. param. counterterm

- Mathematical interpretation: absorb divergences into parameter counterterms

- Physical interpretation: determine the physical meaning of Lagrangian parameters, which are
not physical observables, order by order in perturbation theory

2 main choices:
- relate parameter to some measured/measurable observable

- on-shell-like conditions; common e.g. for masses of particles
- choose a simple/convenient definition of parameter

- MS/DR-like conditions or specific schemes; useful when the parameter is not easily
related to an observable (e.g. hidden sector coupling, BSM VEVSs, etc.) or obtained from UV
theory (e.g. via matching and/or RG running)

- *Renormalisabllity” of a theory: all divergences compensated by a finite number of
counterterms
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Renormalisation of models
with extended scalar sectors
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The Two-Higgs-Doublet Model . @&Q@

- 2 SU(2)L doublets c])1,2 of hypercharge 1/2 Figure by [K. Radchenko Serdula ‘24]
- CP-conserving 2HDM, with softly-broken Z, symmetry (¢.—»®_ , ¢ — -0,) to avoid tree-level FCNCs

VQ(I({))DM = m7|®1]* + m3|Ps|® — (<I>§<I>1 + @1@2)

A A A
+ 71|<I)1|4 + ?2\(1)2\4 + )\3|(I)1|2\(I)2|2 + >\4|(I)$(I)1\2 + 75 ((@5@1)2 + h.C.)

> Mass eigenstates:
h, H: CP-even Higgs bosons (h = h_,.); A: CP-odd Higgs boson; H*: charged Higgs boson

b, = ( . w;” ‘ ) hi _ [ TSa H 21\ _ (¢ —SpB GY ’wi _ (¢ —SpB G+
75 (Vi + hi + 12;) ho Sa  Ca h 2 sg  ¢p A w, Sg Cp HT

vF 4+ v3 = v? = (246 GeV)?

- Tadpole equations

(minimisation of the 9 =0=m? —mts+ - [Alcﬁ + (A3 4 A+ A5)s2]0?
scalar potential) . -
té):o—mQ—t——i— [)\285+()\3—|—)\4—|—)\5)CB} 2
8

- BSM parameters: 3 BSM masses m_, m,, m_, BSM mass scale M (defined by M*=2m_?/s, »), angles
a (CP-even Higgs mixing angle) and 3 (deflned by tanf3=v /v ), 2 tadpole parameters tl, t, (or t,t.)
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Renormalising the 2HDM

> Parameter renormalisation:
Tadpoles: t; — t; + 5Cth-, 1 =h, H

Physical masses: m; — m; + 6“Tm m2, i =h,H, A H*
BSM mass parameter: M? — M? + §¢T M? EWVEV: v — v+ 6°Tw

Mixing angles: o — o + 6“Ta, B— p+6°T8

> Field renormalisation:
H\ | (1+50"Zgu 0% Zun H
h 5CTZhH 1+ %5CTZhh h
G ééCTZG 0T Zaa G
A ) TZAG 1+%(5CTZAA A
Gj: 1 +é5CTZGiGZF 5CTZGj:H:F Gj:
Hj: 5 ZHj:Gq: 1—|— %5CTZHj:H:|: Hj:

— 22 counterterms
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Renormalising the 2HDM

> Parameter renormalisation:

Tadpoles: t; — t; + 0Tt 1= h,H
Physical masses: m —> m +6“Tm ,L, 1 =h,H A, H*
BSM mass parameter. M? — M? + 6T M? EWVEV: v —v+6“Tw

B

Mixing angles: o — o + 6“Ta

> Field renormalisation:

(1) = (st
(1)~ (e

() = (Ve

— 22 counterterms

DESY. | Extended Scalar Sectors From All Angles 2024 | Johannes Braathen (DESY) | 25 October 2024

Aparté: renormalisation of the EW VEV (and BSM VEVSs)

-~ Divergent part:

6“Tv  6YTME,  cos?O, (6CTMZ  §°TMG, 6“Te
v MI%V 2 sin? 0., M% MI%V e
> Finite part:
depends on EW input scheme
{G.,a_,M}vs{M, a_,Mj} etc.

> Renormalisation of BSM VEVs in general,
see e.g. [Sperling, Stockinger, Voigt ‘13]
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Desirable properties for renormalisation schemes
See e.g. [Freitas,Stockinger '02]
[Denner, Dittmaier, Lang '18]

Always a matter of choice, but some properties that one can care about:

- Simplicity/applicability to new or generic models

> Numerical (or perturbative) stability
— avoid artificial enhancements of higher-order corrections
- avoid breakdown of calculations in regions of BSM parameter space (e.g.
degenerate masses, special mixing angle like alignment limit, etc.)

- Gauge independence
> Preserve symmetry(ies) and/or structure of the theory

> Process independence
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Tadpole schemes

When one of my friends finally
looks down the rabbit hole,
and sees me at the bottom:

Tadpole schemes down the hole....



Tadpoles and VEVs at (one-)loop level

oV (0) .
» Tree-level tadpole egs.: W = t§0> =0 < ?@ __________ o =0
e.g. in SM: tg)) = p*v + M\ =0
(0)
> Loop-level tadpole egs.: () = OVesr — oV + OAV
8@52 min a¢@ min aQﬁ@ min

Eb.z .......... o | g.bf ......... i ?.i .......... X =0
T = O + + 6Ty, =0

»Divergent part of 3t fixed to -t™| ., but what choice for finite part?
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» Parameter-renormalised tadpole scheme (PRTS) (see e.g. [Bohm, Hollik, Spiesberger ‘86], [Denner ‘93]):
Absorb corrections to tadpole equation into finite °'t, but at cost of this appearing in other CTs

69Tt = —t;" t” ({pi}) =0

> Tadpole-less scheme (see e.g. [Martin ‘01, ‘03]):
Fix the VEV as minimum of loop corrected potential, and solve tadpole eq. including loop corrections

0 1
M=tV 8+ 87 (D], =0

> Fleischer-Jegerlehner tadpole scheme (FJTS) [Fleischer, Jegerlehner ‘81]:
Take the VEV as minimum of tree-level potential, solve the tree-level tadpole equation for one of the
parameters p. in the model, and include finite tadpole contributions t®|_in loop calculations
i

69Tt =~ | () =0t ({pi}) #£0

» Gauge-Invariant Vacuum expectation value Scheme (GIVS) [Dittmaier, Rzehak ‘22]
— combine advantages of PRTS and FJTS, more in backup + in talk by R. Feser this afternoon

See also [Loschner, Grimus ‘18]
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PRTS and Tadpole-less Scheme: Example in the SM

> In both schemes:
1) EW VEV is minimum of loop-corrected potential
2) No explicit tadpole diagrams in loop calcultations

» Parameter Renormalised Tadpole Scheme (PRTS):
- Solution of tadpole eq.: +{V =0 = ;2= -0
- Tree-level Higgs mass: (m}zl)(o) — % 3002 = 2% 4 t%O)/v — \p?

1

: 1
- One-loop Higgs mass: M?2 = 2\0? + =6 Tty |gn. — S (MP)= 2)00% — =iV g0 — 200 (012)
v v

> Tadpole-less scheme: .
- Solution of tadpole eq.: ! 4+ ¢t!V|g, =0 = p%=-X?— =t |a.
(u? becomes formally 1L) | v
- Tree-level Higgs mass:  (m?)© = ;2 + 3x0® = 200% — —t{V|gn.
v

1
- One-loop Higgs mass: M? = 1% + 3302 — SV (MP) = 200° — ;tg) — 2\ ()
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Fleischer-Jegerlehner Tadpole Scheme

» Take the VEV as minimum of tree-level potential

> Solve the tree-level tadpole equation for one of the scalar parameters,

e.g. in the SM ”2 — 2

»As we aren’t working at the minimum of the loop corrected potential, we must include
finite contributions from tadpole diagrams in all processes, e.g.

6 _
M}% — 2)\',02 mv <1>’ﬁn - Z(l)(M}%) Q IMS
//// h

Not same v as in PRTS/tadpole-free scheme!
»This can also be seen as a finite shift of the VEV v

Ay — 1,
mpy

- In a BSM model, this means we let New Physics disrupt the EW hierarchy
(c.f. also [Farina, Pappadopulo, Strumia ‘13])
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Tadpole Schemes: Advantages and disadvantages

Explicit tadpoles in
loop calculations

Numerical stability
(or where is it lost?)

Gauge dependence
in calculations

Can it be used for
generic theories /
automated codes

-t ~
vp T 4 GeV 1672

No (but d°Tt|. )

Stable in SM and many
BSM theories

... but problems if small
BSM VEVs (e.g. singlet or
triplet VEV)

1 (1) 1 (1 TeV)3

with v =4 GeV, mpr =1 TeV

Yes

Not easily

(but ~doable in anyH3, see
later)

~ 10°GeV?

Same as PRTS

+ mixes order in perturbation
theory (- can aggravate
issues like Goldstone Boson

Catastrophe, see [Martin ‘14],
[Elias-Miro, Espinosa, Konstandin
‘14], [Pilaftsis, Teresi ‘15], [Kumarr,

Martin ‘16], [JB, Goodsell ‘16], [JB,

Goodsell, Staub ‘17])

Yes

Yes
e.g. in SARAH [Staub
‘07-'15]
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Tadpole diagrams can be
numerically very large and
spoil numerical accuracy
(especially if light scalar
masses)

but better for scenarios with
small BSM VEVs (see e.q.
[JB, Goodsell, Pal3ehr,
Pinsard ‘21])

No

Yes
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Renormalising masses



Renormalising masses and wave functions

------.------ —_— - N N N N . —I— - .

Renormalised self-energies: | 5 | |
i (0%) = %4 (0°) = 69Tm3; + 5 (5CTZT)7J<( —my) s + :
> Mass renormalisation:
OS condition: ReY;;(p® = M?) 0 MS condition: ReX.;(p® = M?)aiv. L

Tadpoles enter depending on choice of scheme:
- PRTS: tadpole CT can enter mass CT matrix (depending on how tadpole eq. is solved)

5 (p —ms )5 k5CTZk]

- Tadpole-less scheme: no tadpoles in self-energies (but typically in tree-level mass matrix)

-FJTS: X — Eg?d’ (includes self-energies with tadpole-diagram insertions, i.e. ; )
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Renormalising masses and wave functions

Renormalised se/f-enérgies:
5 (p?) = S (p?) —
> Mass renormalisation:
OS condition: ReY;;(p® = M?) L0 MS condition: ReX.;(p® = M?)aiv. 20

- Diagonal WFR: 9
~ | -
OS condition: Re [ D ] =0 MS condition: same with div. part
2 M2

- Off-diagonal WFR:

OS conditions: Reiij (p* = M?) = Reiij (p* = Mj2) =0
MS conditions: same with div. part
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Renormalising masses and wave functions

------.------ —_— - N N N N .

Renormalised self-energies:

£5(0%) = 4(0%) - 5CTm +

0 ~
ReS; (p? = M2) =0, R S
eXii(p” ) e[ap

§°Tm? = Re[Sy;(p* = m?) — 691 T;] (PRTS) or Re[Xi2% (p* = m7?)| (FJTS)

Re [E@J (m?) — (SCTTZ'J'} (PRTS) or
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Renormalising mixing angles
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Mixing angle renormalisation: overview

> MS scheme > Process-specific OS'
+ simplicity e.d. I'(h— XY)=T"(h = XY)
+ Process independence + Gauge independence
— Scale dependence, but this can be used to estimate — Process dependence
th. uncertainty and/or check perturbative stability — Possible perturbative/numerical instabilities in parts
— Tadpole scheme dependent: FITS/PRTS/etc. of BSM parameter space

— Possible numerical instabilities (especially with FJITS)  _ pificult beyond 1L

- Momentum-subtraction schemes ~ OS conditions on ratios of amplitudes
(Process-independent OS) eg. M(h— XY) 1 MYO(h— XY)
Ren. condition based on 2 (p®) at some momentum p? M(H = XY) - MLO(H — XY)

[Kanemura, Okada, Senaha, Yuan ‘04], [Krause et al. '16], and many more
+ Process independence

+ Stable coverage of BSM parameter space

— Possible gauge dependence (often removed ad hoc,
which are difficult to interpret or adapt — see next slide)
« Can be adapted/extended using symmetries of theory
or of UV divergences

[Denner, Dittmaier, Lang ‘18]

+ Gauge independence

+ Tadpole contributions drop out (scheme choice
irrelevant)

» Process independence (by adding auxilary “dummy
fields which only serve for renormalisation condition)
+ Stable coverage of BSM parameter space

— Difficult beyond 1L
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Mixing angle renormalisation and “alignment-ness”

Slide elements by K. Yagyu
[Kanemura, Kikuchi, Yagyu ‘24]

> sin(B-a) - 1 controls the alignment limit at tree level,

but this picture is lost at loop level 2HDM type-I,
_. can a scheme be devised to recover this? ?552A_\,m”;m~1 KOSY scheme
ev, :
Decay rate at NLO 5 )* s i gy Ky X SM tanB:Z = -
. 2 {(,_ *(@i . { )i VaryM 1
InLo(h — 77) o 1 A,< | + Re l 1 - ‘t"'r‘“‘“}“'l y %
, L <.,_ 1 <
- I'to . 107§
AEW 1 1 1 L1 1 1.1 i 1 1 A1 1 11
r h =P h i —a) X SM o 10! 10° 10”
[ NLo(h = 77) = (k7)” X I'npo(h — TT)SM] | prmmneees sin(8 — a) BSM deviation B i L eisin(F o)
RN in Higgs decay ' . S
4o, 2 zl{;:)xi( / Q,
Ixro(h — Z0707 )< |4 4* , ‘ | + Re b Sl i < KOSY scheme
L ' 2 ) L ’F"{";{ e ¢ /_I; g 107
—TI'Lo 'Azae h \ =
EW -1;
[FNLO(h' — ZeL) = sin’(3 — o) x Tnpo(h — fo)SM] A, X 100
<
> Newly-proposed renormalisation conditions: >
! AT ERNA Y CT CT 10— S
Apw = Agwlsm, Agw = Agwlsm =0 a, 677 10 19 10

0 =1—sin(B—a)
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Renormalising other BSM
parameters

Here: focus on renormalisation of BSM mass parameters, like M in 2ZHDM

In backup: renormalisation of Lagrangian trilinear couplings (see also talk by A.
Verduras Schaeidt yesterday!)
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Renormalisation of BSM mass scales

> BSM parameters in 2HDM:
@mHa ma, M+, &, 5

- BSM parameters in IDM.:

@mﬂ, ma, Mg+, )\%\

quatrtic self-coupling of
inert doublet

- Masses of BSM scalars in (many)
extended sectors

m(21> — ./\/l2 + )\@1}2
M = M, s, --- depending on model

> How to renormalise BSM mass parameters
like M or u,?
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- Easiest choice: MS

... but residual renormalisation scale
dependence

Process-dependent OS scheme
(see e.g. [Abe, Sato ‘15], [Banerjee, Boudjema,
Chakrabarty, Sun 21] for y, in IDM)

Fix some renormalised amplitude, dependent
on parameter at tree level, to its tree-level
value, e.g.

where F%%H - 2(7773{ — N%)

... but may not be suited for all of parameter
space of model + difficult beyond 1L

(same as for mixing angles...)
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Decoupling-inspired renormalisation of BSM mass scales

- Can we find a prescription related to the role of M, p, in controlling the decoupling of BSM states?

- Taking here the example of calculations of higher-order corrections to the trilinear Higgs coupling A,

. 4 2 ? _
At one loop: SN, — 167‘;%) (1 B M_2) m2 = M2 + Apv?]
v s

> Decoupling of BSM contributions:

2% \ 2\n
()= (1 B %> _ ()\qm“) M—oo

=M2+43pv2 M? + Apv?  Xpv?2 fixed

What about two loops? -
If we express the two-loop corrections to A in terms of OS BSM scalar masses but M in MS scheme

M9 cot? 2 M2\ ° M2 M2
Mg cot26 (M~ 1—————log<92

2
Aol M?2
— ! /
Written out here for M, =M, ,=M,_,=M, for brievity doesn’t seem to show decoupling:
(in fact, one-loop relation between M and M is required!)
DESY. | Extended Scalar Sectors From All Angles 2024 | Johannes Braathen (DESY) | 25 October 2024 Page 27
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Decoupling-inspired renormalisation of BSM mass scales

~ Ildea: define CT for mass parameter to make
decoupling of BSM states apparent with relation of

the form: ~ ~
Mg = M? + Agpv°

- 2HDM: M
[JB, Kanemura ‘19], [Degrassi, Slavich ‘23]

1672

M? M? [
GCTPI N2 — [ ()\3 + 2 4 + 3)\5) (AUV + 1 —log —> 1.6 |
~<

Q2
M2
—i—3yt26% (AUV + 2 —log @)}
» IDM: > [Alko JB, Kanemura ‘23]

A
5CT,DI,LL§ _ 1(25;42 [ 3AUy + 6

1 2 2 2
' <logm§ —i—log 5 —|—4logm i)] 1'0-'
Ayy = - —7E+log4ﬂ'] Q Q Q I

> Scheme defined for calculations of A__, but
found to work also (out of the box) for I'(h - yy)

DESY. | Extended Scalar Sectors From All Angles 2024 | Johannes Braathen (DESY) | 25 October 2024

2.0

1.8

1.2]-

,.\
*

\

' decoupling limit

.
\
1
\
1
\

2HDM in

[JB, Kanemura ‘19]

L
\

\.\ /M¢2 Ny

A
\
.

M [GeV]

500 1000

1500

2000

Page 28



Aparté: OS-like renormalisation a la BSMPT
[Basler, Muhlleitner ‘18]
[Basler, Muhlleitner, Muller ‘20]
[Basler et al ‘24]

» Impact of loop and thermal corrections to
electroweak phase transition dynamics can be V(9 T)

obfuscated if these corrections modify the EW

minimum

- “OS-like” renormalisation conditions

tree

0= 0y, (Vcw T VCT) |¢k=<¢k>(T=0) *
0= 04,05, (VCW T VCT) |¢k=<¢k}(’r=0) )

- Fixes finite CTs entering in effective potential:

V(9i,T) = Viree + Voew + V1 + Vor + Vaaisy

V... tree-level potential
V., Coleman-Weinberg (T=0) one-loop corrections
V_: thermal corrections

V.., resummation of thermal Daisy diagrams
ISy
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Renormalisation scheme
conversions and uncertainty
estimates

aaaaaa



Renormalisation scheme conversions

Jbare — Yscheme A + 5scheme AY = Yscheme B =+ 5scheme BY

— Jscheme B — Yscheme A =+ 5scheme AY — 5scheme Bg

CT

~
finite because 5scheme Ag‘dlv = geheme BY div.

> Scheme conversion via difference of CTs

> Suppose one takes an expression for one’s favourite observable, O in terms of an MS parameter xS

ABC’

1
O _ £(0) (. MS (1) (MS (2) (,MS
and want to convert it in terms of the OS-renormalised parameter X©°
Vi) 1 1
MS _ yOS (1) (2)
— X ) 0
v i 167" i (1672)2 !
(0)( vOS 1 [.0),vosy , 059 _os <)
then Oupec = ' (X7°)+ — | fP(X7°)+ =——(X77)0Vx
1672 Ox
1 ofm a0 192 £
+W[f(2)(XOS)+ S — (X)W + =2 (XO%)0Pw 4 5 ——— (X %) (8V)? | +3 loops

- scheme conversion generates higher-order (here 3L) terms

- this can serve as an estimate of unknown higher-order corrections - provided both scheme are stable!
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[Bahl, JB, Gabelmann,
Weiglein ‘23]

Scheme conversions and uncertainty estimates

= 0 triplet extension (ﬂfoq = 100 GPV Ar = 1. 5)

M2
T‘TIQ

9scheme B = YJscheme A T 5scheme AY — 5scheme BY H+

)\T(Ib

Slvie,1)=2oP + §|fI>|4 |T|4 t hrp® 7O + 212

\TI @[

Examples with 1L conversion of BSM scalar
masses entering in A from 1L (but not at OL)

- estimate of 2L corrections

-
T T T T

IDM benchmarks: change po, Ao and fix

Mg =400 GeV, My = 410 GeV, My+ = 415 GeV — MO9S
Inputs MS masses anyH3 results 1{}}1? -
(at @ = 300 GeV)
BP 2 A2 mgs mglls mgi ()\21}3}1)08 (Agllh?h)m A i
[GeV] | — | [GeV] | [GeV] | [GeV] | [GeV] |GeV] | |%] ' 3
1 | 250 | 0 | 403.7 | 413.8 | 4186 | 220.6 2237 | 14
2| 250 | 2140671 416.7 | 4214 | 220.6 2262 1 25 Here estimates in agreement with explicit 2L
310 1014099 | 419.9 | 424.6 | 356.1 3739 | 4.8 calculations for IDM [JB, Kanemura ‘19], and real
4 0 2 | 412.9 | 422.7 | 4274 | 356.1 3794 | 6.1 triplet model [JB, Egle, Verduras Schaiedt WIP]
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Towards automated
renormalisation

aaaaaa



Predictions for A, in general renormalisable theories seetakbym.

; 7 Gabelmann
Ahhp = - - - g = _Q"/ & this afternoon!

tree-level: )‘-g;fh one-particle irreducible: 5éézmine hhh
Full one-loop generic results tadpoles: §(,) s Anhh
applied to concrete (B)SM model, 4 & ~
using inputs in UFO format = ) .
[Degrande et al., ‘11], p ’
[Darme et al. ‘23] T oo Uil E— T '
Loop functions evaluated via — (1)

‘ external leg corretions: 5WFR)‘M”’~

COLLIER [Denner et al '16]
interface, pyCollier 2 Solid lines:

+ Q&L : - scalars,
Restrictions on particles and/or ) fe; T’gyfécmr bosons
topologies possible ; e £ gh g ’

renormalisation: 5{1},\; hh -g osts
o i

Renormalisation performed vl (public): A, [Bahl, JB, Gabelmann, Weiglein 23]
automatically v2 (under dev.): A, (+ anyHH for di-Higgs prod.)

[Bahl, JB, Gabelmann, Radchenko Serdula, Weiglein WIP]
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Flexible choice of renormalisation schemes

Y

> In general:
(ASDESM = (AT BSM (1, ~ 125 GeV, v =~ 246 GeV,
SM sector

» Most automated codes: MS/DR only

~anyH3: much more flexibility, following user choice:
- SM sector (m,, Vv): fully OS or MS/DR
- BSM masses: OS or MS/DR

1L calculation - renormalisation of all parameters entering A, at tree-level

Sothign =----& =

me, , Qg y Ui gi )
\,./ SN~ A N~
BSM BSM BSM indep.

masses mixing angles VEVs BSM coups.

- Additional couplings/vevsimixings: by default MS, but user-defined ren. conditions also possible!

0
5(1))\Z]k — Z ( (A(O))BSM> 60T, with x € {mp,v, me,,v;, a;, g;, etc.}

17k

ox
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Renormalised in MS, OS, in custom schemes, etc.
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Flexible choice of renormalisation schemes

schemes.yml, here on-shell scheme for 2HDM as an example

0S:
description: 0S conditions for all input parameters and tadpoles
SM_names:
Higgs-Boson: hl
VEV_counterterm: 0S

Define which state is h 105

wfrs: '05' # set momenta in WFR topologies 0S Turn off explicit tadpole diagrams (i.e. don’t use FJTS)
tadpoles: False . .
mas’s’ counterterms - OS renormalisation of scalar masses (can be 0S or MS)
hl: 05
h2: 05

Define counterterms for parameters (here tadpoles in
PRTS) using 1-, 2-, 3-point functions

parameter_counterterms:
- parameter: TadHl

counterterm: dTadH1

condition: Tadpole('h2')*cos(alphaH) - Tadpole('hl')*sin(alphaH)

- parameter: TadH2 Define counterterms for parameters (here for 83) using
°°"3F:Fterm% STafH?.r o (o loha) + Tadele( ha ) e in(alonat) 1-, 2-, 3-point functions. Can use either charged or CP-
condalition: aapole 1 *Ccosl(alpna + ladpolLe 1 *slnlalpha

- parameter: betaH odd sector for 5B

counterterm: dbetal Define counterterm 3M by fixing

condition: (Re(Sigma('Hml', 'Hm2',momentum='MHmM1**2')) + )
Re(Sigma('Hm2', 'Hml',momentum='MHm2**2')) + 2*(dTadH2*cos (betaH) - /\122 to its tree-level value
dTadHl*sin(betaH))/vSM)/(2* (MHm2**2+MHmM1**2) )
= condition: (Re(Sigma('Ahl','Ah2',momentum='MAh1**2"')) + 0si2z: . L
Re(Sigma('Ah2', 'Ahl',momentum='MAh2%*¥2')) + 2*(dTadH2*cos (betaH) - description: 0S conditions for all 4nput parameters and tadpoles +

0S condition for 122 coupling
parent_scheme: 0S5
parameter_counterterms:

dTadH1*sin(betaH))/vSM)/ (2* (MAh2**2+MAh1**2) )
warn: False # turns-off warning that betaH is not an UFO input

- parameter: TanBeta # this is the actual UFO input # countererm of M: sets 122 0S. dM = (lam122(1) - lam122(0)) /
counterterm: dTanBeta ( dlam122(0)/dM) )
condition: dbetaH/cos(betaH)**2 # depends on CT defined above - parameter: M
- parameter: alphaH counterterm: dM
counterterm: dalphaH condition: -
condition: (Re(Sigma('hl','h2',momentum='Mh1**2')) + Re{sympify{lambdahhh{fields=[ I.hll ,'h2','h2'],exclude CTs=['dM'])-
Re(Sigma('h2', 'h1l',momentum='Mh2**2')))/(2* (Mh1**2-Mh2*%*2)) ['total'])-I*sympify(getcoupling('hl",'h2","h2")['c"].value))/-
(I*Derivative(getcoupling('hl','h2','h2')['c'].value, 'M'))
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Flexible choice of renormalisation schemes - detalls

[h=h, h,=H]
schemes.yml, here on-shell scheme for 2HDM as an example
0s122:
description: 0S conditions for all input parameters and tadpoles +
0S condition for 122 coupling
parent_scheme: 05
parameter_counterterms:
# countererm of M: sets 122 0S. dM = (laml22(1) - laml22(0)) /
. gy ( dlaml22(0)/dM) )
Defme_counterterm OM by fixing ~parameter: I
)\122 to its tree-level value counterterm: dM
condition: -
Re(sympify(lambdahhh(fields=['h1l',"'h2"', 'h2'],exclude CTs=['dM']) -
['total'])-I*sympify(getcoupling('hl','h2','h2")['c'].value))/-
(I*Derivative(getcoupling('hl','h2','h2')['c'].value, 'M'))
OS condition:
(1),ren. _ (0) 08y | £(1) 08) 1 3 (O1 ZNO cT 1708y 9 () L \(0)
)\hlhzhz o )\hlhzhz (M ) +9 )\hthhz (M ) + (5 pX) apX )\hlhzhz + (5 M )8M )\h1h2h2 o )\hlhzhz
px#M
(1), ren. (0) CT o (0)
= <5CTMOS) __ hihahs 5T Mm—0 — )‘h1h2h2 _ ZPX?EM((S pX)é’px Ah1h2h2
0,0 0,0
OM “*hihsho OM “*hihoho
1 . .
A I | sor s o : lambdahhh(fields=['h1','h2','h2'],exclude_CTs=['dM']) ['total'])
0
)\21);@@ . Ikxsympify(getcoupling('hl','h2','h2')['c'].value))
N0
. ; : ; ! [ [ ! 1~ M
8—M)\h1h2h2 : I*Derivative(getcoupling('hl','h2','h2')['c'].value,'M")
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Flexible choice of renormalisation schemes

schemes.yml, here on-shell scheme for 2HDM as an example

0S:
description: 0S conditions for all input parameters and tadpoles
SM_names:
Higgs-Boson: hl
VEV_counterterm: 0S

Define which state is h 105

wfrs: '05' # set momenta in WFR topologies 0S Turn off explicit tadpole diagrams (i.e. don’t use FJTS)
tadpoles: False . .
mas’s’ counterterms - OS renormalisation of scalar masses (can be 0S or MS)
hl: 05
h2: 05

Define counterterms for parameters (here tadpoles in
PRTS) using 1-, 2-, 3-point functions

parameter_counterterms:
- parameter: TadHl

counterterm: dTadH1

condition: Tadpole('h2')*cos(alphaH) - Tadpole('hl')*sin(alphaH)

- parameter: TadH2 Define counterterms for parameters (here for 83) using
°°"3F:Fterm% STafH?.r o (o loha) + Tadele( ha ) e in(alonat) 1-, 2-, 3-point functions. Can use either charged or CP-
condalition: aapole 1 *Ccosl(alpna + ladpolLe 1 *slnlalpha

- parameter: betaH odd sector for 5B

counterterm: dbetal Define counterterm 3M by fixing

condition: (Re(Sigma('Hml', 'Hm2',momentum='MHmM1**2')) + .
Re(Sigma('Hm2', 'Hml',momentum='MHm2**2')) + 2*(dTadH2*cos (betaH) - /\222 to its tree-level value
dTadHl*sin(betaH))/vSM) / (2* (MHmM2**2+MHm1**2) )
# . ?Ond];“t];“on: : (Re(Sigma( :Ahll ! IM:lzl ,momentum="MAR1**2")) + oszzzt::ription: 0S conditions for all 4input parameters and tadpoles +
Re(Slgma{ Ah2','Ahl',momentum='MAh2**2')) + 2*(dTadH2*cos(betaH) - 0S condition for 222 coupling
dTadHl1*sin(betaH))/vSM)/(2* (MAh2**2+MAh1**2) ) parent_scheme: 0S
warn: False # turns-off warning that betaH is not an UFO input parameter counterterms:
- parameter: TanBeta # this is the actual UFO input # countererm of M: sets 222 0S. dM = (lam222(1) - lam222(0)) /
counterterm: dTanBeta ( dlam222(@)/dM) )
condition: dbetaH/cos(betaH)**2 # depends on CT defined above - parameter: [l
- parameter: alphaH Eg:g}:;ﬁ:rm; o
counterterm: dalphaH Re (sympify (lambdahhh (fields=['h2','h2', 'h2'],exclude CTs=['dM'])-
condition: (Re(Sigma('hl','h2',momentum='Mh1**2"')) + ['total'])-I*sympify(getcoupling('h2', 'h2', 'h2')['c'].value))/-
Re(Sigma('h2', " 'hl',momentum="Mh2**2"')))/(2* (Mh1**2-Mh2*%*2)) (I*Derivative(getcoupling('h2','h2','h2"')['c'].value, 'M"))
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[Bahl, JB, Gabelmann, Radchenko

Scheme comparisons in the 2HDM Serdula, Weiglein WIP]
2HDM type-II: MM—S(Q — MM—S) = My =400 GeV, My = My+ = Mpsm, a = — /2

3 schemes for M: MS, 122°s (j.e. fix 8™ from )\2112[ 5= 20121 7)), 22205 (i.e. fix 8°™M from qu}{ 5= )\g}{ H

Trilinear scalar coupllngs }\(1) Di-Higgs prod. cross-section g,
20— ——
- A 17, 4 4mMmm™Mm™mM™m ™ m——————————
i oncrloop( 12209 1 30 PRELEMINARY ! i
1000 === one- 10()p(2220q) ,’i': {’! »nms tree-level Ah o PRELEMINARY ,,
s - i ‘s — 5 - !
E soof "~ :)11:; llc:‘olgl( M) /,:. ] E a0l F o 150 [ one—loop(lQQOS) A% 31 (S m%“ m%) ,,
. L i /o' et 7 B
< goof Zs 1 £~ iy, 125F ==~ one-loop(2229%) AL, ), (s,m3,m3) !
s F S 10} e T -1 b, [ NS [
™ 400 (,.‘{(.‘L LfH .. = v LfH = 100t = === one-loop(M™M?) )\gﬁhk(& m3,ms) ,' :'
‘r(‘a‘ . _/ ...... \'\3-.___ o e : " .
QOOLI-I.;,.H.;-M-I—I‘I‘-"::‘------....------:'---1 (Jpeesessessassnasnsnnnsnnnnnsinnanness y ! g I:
"""""""""""""""""""""" S Wh i ,’ !
.?’F 70 .\\ I __F,L:.r’}
Y 2 T O / 50 v
% y U«()U \ *‘ I l_u;:_u;._l_:.:llillll [ ] [ ] ] . I_I&!I:‘JII,!“%HI
©.200 4 <) ] s \
< e < 50 \\ ol 25 NI LGTn -_:)y f<
2 S/ \ 2 E / N\ . o .
IUD » . # /I
Al S eyHs T a0 R -2y 400 500 600 700 300
’., \_ / S \.\ e
X e TR o prers SR IR \“«w;._ il g Mgy [GeV]
400 500 600 700 800 400 500 ()U(] 700 800 )
[h =h, h,=H] Mpsy [GeV] Mgsy [GeV] See talk by M. Gabelmann this afternoon!
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Summary

> Precision calculations are unavoidable to make use of the vast amount of data coming from
various experimental directions to test BSM theories

> Renormalisation in extended scalar sector is a crucial and very active topic of current
research
- devise schemes with desirable theoretical/phenomenological
properties, without paying too much of a price in complexity N il
or computational cost!

o
s
(]

> In general, there is no scheme that fits for any model or
any observable/quantity

> Ongoing progress towards automation of renormalisation
procedure in public code(s) IF IT'S TOO GOOD To BE TRUE,
(also automation of choice of renormalisation scheme, c.f backup) T SRR 49
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Thank you very much for your
attention!

Contact
DESY. Deutsches Johannes Braathen
Elektronen-Synchrotron DESY Theory group

Building 2a, Room 208a
www.desy.de johannes.braathen@desy.de

DESY.



Backup
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A simple toy model

» Abelian Goldstone model + singlet scalar S

1 1
VO = 2 |H|)? + R H|* + 5 m% S? + agy S|H|? + s S |H|)? + ag S% + g 54

: 1 A
with HEE(U—Fh—F’LG), S=vg+ S

> 2 tadpole egs. - solve for pand v, (or m,)

CLSH’U2

2
2mS

For 0 < v < mg, Vg ~ —

» Corrections to singlet mass:
1 3 2 2 6 4 2

Option 1: AM2 = ——tg+Tlgg D o o (1 — log %) ~ Torasn (1 —log ms)
vs s

1672vg ()2 1672a.g 702 (>
. az 3a2 m2 [ a? m?2
Option 2: AM3Z = —32;21;}2114(771%) — mz‘l(m%) +Ilgs D 327‘:2 ( nig — 24)\5> (1 — log Q—g)

-
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1
VO =2 H?+ = /\|H|4+2mSS —i—aSHS\H\ + Asu S?|H? +ag 5% + \g S*

|Oy model scenarios H=—\/_(v+h+zG) S=uvs+38
1 3agm? m2 6agmt m2
: , 2 _ sMg S\ sMmg ms
Optlon 1: A_ZMS = —@ts + HSS D) 167‘(‘2'05 (1 — log Q2> >~ 167T2QSHU2 (1 — 10g QQ )
: 2 G%H 2 36% 2 m% G%H m%
Option 2: AMg = _327T2m%A(mS) ~ 1622 %A(ms) +1Iss D 3277 \ 2 —24)Mg || 1 —log == oL

- In the following: compare results from the 2 approaches, when taking the same
numerical inputs for the BSM VEV v_ (with different interpretations)

- Compare different parameter points, to highlight the difficulty arising from the choice of
definition of inputs

~ Consistency check (with appropriate conversion of VEVS) - backup
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1 1
Vmﬁ:MﬂHﬁ+ZAuﬂ4+5n@52+ampﬂﬂf%w@HSﬂHP+me3+A$¢

Toy model scenario 1 = Leentio) s=usts
, 1 3agm? m2 6agm® m2
Option 1: AM2 = ——tg +IIgg D S (1 —log == | ~ S _(1—1log =2
pHOH S Vg s+ Uss 16m2vg %5 Q? 167m2ag g v? 8 Q>
Option 2: AM?2 T A(m32) 305 A(m2) + TIgs O M5 (95 ouy V(1 10g 5
on 2: = ———F5A(Mg) — ———=5A(m — — —
P S L Tl R P AT S Q2
2000/
1500¢
=
D
<. 1000t
~
— tree level — tree level
110f —| Option1 500f | Option1
0 100 200 300 400 500 0 100 200 300 400 500
asy [GeV] asy [GeV]

> (my)*e=0Q=2 TeV, a_.=100 GeV, A=0.52 (for m,), A, =0, A,=1/24, vary a_, — compute v_ (& J) with tree-level tad. eq.

- Interpret this value of v_ as the minimum of one loop potential (option 1) vs tree level potential (option 2)
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1
VO =2 H?+ = Auﬂ%+2m554ﬁmHsuﬂ-ﬁ@HsﬂHF+qgﬁ+A$¢

Toy model scenario 1 H=Lrnsio) s=ues

1 3agm? m2 6agm® m2
Option 1: AM2=——tg+1I S (1 —log —2 | ~ S (1 —1log ==
pHOH S Vg s+ Hss 2 16m2vg ( %502 Q? 167m2ag g v? %802 Q>
a2 3a2 %‘ a? m2
Option 2: AM2 = ——5H _ A(m? —SA IIsg D SH — 24X g |1 —1 S
proen 5= T 32z AMS) T g,z Al 5)+1ss 2 35 m?2 802
ZOOOLI l I I I
1500r
S
[<b]
©. 1000
<
— tree level — tree level
110f —| Option1 500f | Option1
0 100 200 300 400 500 0 100 200 300 400 500
asy [GeV] agy [GeV]

> (my)*e=0Q=2 TeV, a_.=100 GeV, A=0.52 (for m,), A, =0, A,=1/24, vary a_, — compute v_ (& J) with tree-level tad. eq.

- Interpret this value of v_ as the minimum of one loop potential (option 1) vs tree level potential (option 2)
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1 1
VO =2 |H]? + R |H|* + 5 m% 5%+ asy S|H|)? + Asu S? |H|? + ag 5% + \g S*

Toy model scenario 2 H=Lrnsio) s=ues

, 1 3agm? m2 6agm® m2

Option 1: AM2Z = ——tg +1Igg D S(1—log—=2 |~ S _(1—1log—==

pHOH S Vg s+ Uss 16m2vg %5 Q? 167m2ag g v? 8 Q>
Option 2: AMZ = —Q%—HA(m2) — &A(mz) + Igs D ms (Gsu 24\ 1—1lo ms
PHIOH = S L Tl R P AT S 502

1015F — tree level
—| Option1
) — opionz_
e
3
= 1005
— tree level =
40f — Option1 1000
20} _ 995+ ]
0 100 200 300 400 500 0 100 200 300 400 500
asg [GeV] asg [GeV]

> (my)ee=1TeV, Q=5 TeV, a_.=0 GeV, A=0.52 (for m,), A, =0, A,;=1/24, vary a_, -~ compute v (& Y) with tree-level tad. eq.

- Interpret this value of v_ as the minimum of one loop potential (option 1) vs tree level potential (option 2)
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1
VO =2 H?+ = >\|H|4—|—2mSS +aSHS\H\ + Asu S?|H? +ag 5% + \g S*

Toy model scenario 2 H=Lrnsio) s=ues

, 1 3agm? m2 6agm® m2
Option 1: AM2=——tg+1I S (1 —log—= | ~ S (1—log—=
pHOH S Vg s+ Hss 2 16m2vg ( %502 Q? 167m2ag g v? 8 Q>
2 2 2
: ) 2 Asp 2 3%* 2 ms aSH ms
Optlon 2: AMS = —WA<WLS) mfl(ms) + HSS D) 2 — 24)\5’ 1 — lOg @)

1015F — tree level
—| Option1
v — opionz_
=
3
= 1005¢
— tree level =
40f — Option1 1000
20} _ 995+ ]
0 100 200 300 400 500 0 100 200 300 400 500
asg [GeV] asg [GeV]

> (my)ree=1TeV, Q=5TeV, a_=0 GeV, A=0.52 (for m.), A.,,=0, A,=1/24, vary a_, » compute v (& p) with tree-level tad. eq.

- Interpret this value of v_ as the minimum of one loop potential (option 1) vs tree level potential (option 2)
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) [Dittmaier, Rzehak ‘22]
Gauge'lnvarlant VEV SCheme See talk by R. Feser

this afternoon!
» Combine advantages of PRTS (numerical stability) and FJTS (gauge invariance)

> Go to non-linear (NL) representation of SM (again, as example) Higgs sector

G-i— 1 . Pauli matrices
v= <L(v +h+ iGO)) — &= ﬁ(v + h)expliGioife]

V2
- in this NL representation, (v+h) is gauge invariant Goldstone bosons
> Define tadpole CT in NL rep. same as PRTS: (697 ¢,|“"Y®)nr = (69 45|71 n1, = — ()N
... but gauge independent thanks to NL rep.
> Convert back to linear rep.; (5T, G1VS) = (6Tt |CTV8)y 4 (5CT¢,|G1VS), = —¢(V
with (sCT, |GIVSy _ /(1)
G J1=—(7)Ne Part 1: gauge independent, enters CTs in
§CTy |GIVSy  — 25(1) o t(l) — _m2 ApFITS e loop calculations (as with PRTS)
( GIh‘S )2 . <sh Ine = (8) h gange-dep. Part 2: gauge dependent, but drops out of
ApCVS = ApFIT | gauge dep. any computed observable

» Extended to 2HDM and Z2SSM
> Significant efforts needed to go beyond 1L ...
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Calculating K, in the inert doublet model

Here: Inert Doublet Model
in DM-inspired “Higgs

resonance’” scenario
“ (A W+
T—-mMaA = Mg+
=
<| &
=Hss
=
N
NN Il
\ VN
S <
Nag

L o

1 mH

~ 60 GeV

DESY. | Extended Scalar Sectors From All Angles 2024 | Johannes Braathen (L

DM candidate

IDM: My = My<, 1y =

3.5 1

— 1L
—— 2L, A =0
=== 2L, Ay =6

HL-LHC __
Ky = 2.3 (proje

]Ulll

[JB, Kanemura ‘19]

100

500



Calculating K, in the real triplet model
Real VEV-less triplet model:

A M? A A
2 2 4 i 2 r 4 HT 2
V(®,T) = 210 + 1@ + =L TP+ ST+ 24T TR, (T) =0, (@) = vew
_ . ” _ 1 Y = O triplet extension, M7y = 400 GeV, Ay = 2(M}2]i — M2) Jv?
1000 Y = 0 triplet extension (Ar = 1.5) 20,04 ‘
—— 1L (anyH3) K
1751 —— 2L \p — s
e oL /\ng [JB, Egle, Verduras /
800 15.01 - Schaeidt WIP] ,
§ GUO Us? 10.0 1
500 75pr=63(uﬂtATLAS) .............................
2.0
400 .
05 A SR B
W8 —4 0 4 8 , | | |
’\HT 400 500 600 700 800 900

- Left: k, @ 1L in plane of M, and A, (portal coupling) with anyH3
> Right: K, @ 2L, with results from [JB, Egle, Verduras Schaeidt WIP]
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Renormalisation of Lagrangian trilinear couplings

Taking RxSM (singlet extension of SM) as example Slide bv A. Verduras Schaeidt
. 0 |
EW doublet: & = | 41, Singlet: S =s+4uvgs
V2
Potential:
A A M A
V(®,9) = p2(d1) + §(<I>T<I>)2 ks (®1®)S ‘;H (D19)S% + 7532 + 7384
Gauge eigenstates: Masses & mixing angle:
¢) S mjy = M cos®(a) + M7 sin®(«) + M, sin(2c)
Mass eigenstates: m¥ = M} sin®(a) + M2 cos®(a) — M2, sin(20)
2M3,
h, H tan(2a) = M M2
. _ . 2
Parameters in scalar sector: my, Mg, V,0Vs,Kg, KSH, tqf),ts
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Renormalisation of Lagrangian trilinear couplings __, .

On-shell renormalisation of RxSM [JB, Heinemeyer, Verduras Schaeidt WIP]
+ talk by A. Verduras Schaeidt yesterday

o Masses: mj,my Renormalization of two-point functions
Re[Xnn(mi;)] = Re[Smu(m¥)] = 0

e EWVEV: v SM-like electroweak sector

e Singlet VEV: vs No divergence

® Mixing angle: (87 Rotation matrix: [Kanemura, Kikuchi, Yagyu, ‘15]

e Jladpoles: iy, ts 0OS/Standard scheme

e Kappas: Ks,KSH “
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Slide by A. Verduras Schaeidt

Renormalisation of Lagrangian trilinear couplings 5 cinemeyer

On-shell renormalisation of RxSM Verduras Schaeidt WIP]
Our choice of renormalization 5\(1) 3 )\(0) :\(1) 1 )\(0)
conditions: RhHH — “hidH g8y — “\HEH

(0) (0)
(Y L N &\hHH 4 SN i 1 B, 4 AT G ST O 4 GKOT OMvmm _ =0

W_/ Ok s SH gy sH)
\(_/ v
Tree level Genuine one-loop Contribution from renormalization of different
contribution parameters and WFR
A
r (0) © \
4 wirr 6’\ aA
N 0 e e R e B O - A T B TG = by -
ax¢?) (1) e
5, CT _ Dnge OMham + 2 0nn) — Fust HHH (6Xihm + 3 0N )
. s PNOIEING S50 i
Equations can be e T e
inverted, to obtain
CTs for k. and K,
6)\;“2}[ 5)\(1) I a)‘HHH 5)\(1) S)i
5kCT _ Ors (ONgmg +2-0Agmm) — (N + 20 hpmy)
= Ny s i
OKsSH OKs Ok s OKSH
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Slide by A. Verduras Schaeidt

Renormalisation of Lagrangian trilinear couplings — z cinemeyer

Verduras Schaeidt WIP]

On-shell renormalisation of RxSM

300 - 200
Full one loop —— Full one loop
—— Tree level ——— Tree level
—— Genuine 1L corrections 150 —— Genuine 1L corrections
200 —— Mass counterterm —— Mass counterterm
—— Tadpoles + external legs 100 —— Tadpoles + external legs
e —— Kappas counterterms = —— Kappas counterterms
3 100- 3 50 e
=3 \ 25 of "
O 7 _..--'""--___
_50 il
—100 - ~100-
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Q (GeV) Q (GeV)

- Predictions for trilinear scalar couplings A, and A ., independent of renormalisation scale, in this full OS scheme
— In turn used for computing di-Higgs production cross-section (c.f. talk by A. Verduras Schaeidt yesterday)
- Calculations of )\ijk (and CTs) performed with anyH3 [Bahl, JB, Gabelmann, Weiglein ‘23], [Bahl, JB, Gabelmann,

Radchenko, Weiglein WIP] + talk by M. Gabelmann this afternoon
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What renormalisation scheme to choose?

. ] [Heinemeyer, von der Pahlen ‘23]
> Chargino/neutralino sector of MSSM

~ 6 particles X775, X)234 ool - - - - - ]
— but only 3 masses can be renormalised OS
at the same time 500 b . 'rna)go%;" !
- Mass matrices % 400 " g 1
O s, Al m-l---=----«---------.....1.....:.1..---4“-w';':'.:':'l
M ( M, V2sin 3 Mw> E 300 x e s 4
V2 cos B My i S X2
200 C "“ ....................... ‘3 N
M, 0 —Mzs,cosB  Mzsysin myo
My — 0 My Mzcy,cos 8 —Mgcysin 3 100 | 1
—Mz s, cosB  Myzcy cos 0 — i 0 . . . .
My sysin 8 —My c,sin 3 iy 0 600  -400  -200 0 200 400 600
M, /GeV
u: Higgsino mass term Plot from [Desch, Kalinowski,

M., M,: gaugino (bino and wino) mass terms Moortgat-Pick, Nojiri, Polesello ‘03]
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What renormalisation scheme to choose?

> Metric to decide “most appropriate” scheme:
scheme that maximises dependence on underlying

parameters of the theory

> CNNijk= m

DR

!

, D

os

[

X

t, M
1

%0 are renormalised OS

X9, M

0s DPR benchmark B M, c

1.0
--:-:rlr!rn-.--—--"-"'
-
s
D 8 _h‘-~ / &
" "Q_ "1 ; &
~ ~ % L
. a0 . I
Yo & \: !} 0s
Yo F 4 R/ Df> best
0.6 A o Vi
: . Ly ——- D%
\:;.‘ ,{. \f- !
- * 1 -: P
" s  ]..... DDR
¥ - ]
f-'xt". x *'.
0.4 1 ,{f . e m— CNN124
f LS |
e v 5 m— CNN223
; o R
ﬂff‘ NS 3.7y m— CNN224
0.2 A o by 3 £s s
- i PR O
L b TP ' .
. w ti  f Y g
u, s, ' 1 )
H!"ﬂﬂ-" s ."'.‘ ""‘-
OU_-___--==———I—-'-"""" -~ . u"""—'ﬂ-‘uu
* m
600 700

M; = 500 GeV, M, € [150,700] GeV, u = 300 GeV, tan 3 = 10
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rMGev]

[Heinemeyer, von der Pahlen ‘23]

¥ = x¥'W+, benchmark B M;c
0.10 —
I I
--- loop CNN124 ¢ Bl i
-—- loop CNN223 / :: : : I
--- loop CNN224 £ Fh H
0.05 - loop ” 3% I
i 1 !
" ] H I
- L :
e —— G 1! ]
s i I'!|I I
0.00 1 B —ty '
iy 'y i
M I /
“’h 7
- /
’/
—0.05 - .
‘bh“
“"\
“‘\
-\'\
I“\.
_0.10 y : : *
200 300 400 500 600 700
MQ[GEV]
x5+ = xIw*, benchmark B M; ¢
1.5
-—- tree -
----- loop x 10
1.04 =—— full
05
=
[« 1]
(%]
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0.0 "t
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