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Introduction

e We can look at ag with five-and six quark flavors [Berreuther & Wetzel'81]

e At one-loop Greens-functions expressed through MS-parameters contain remnants of
the heaviest quark

= No decoupling a la Applequist and Carazzone [Appelquist & Carazzone'74]
e In a momentum subtraction scheme there is always decoupling
e They derived a relation between the two MS couplings

k

MS MS o MS 2
[e% [e% [e% My
Qss Y6 [ + Z S6 C [ log 1\;{5
™ 7r m 7’
C(mymygs)

o Here the function {(u, myzg) acts as decoupling parameter

= If “we now calculate processes in the six flavor theory and express them in terms of
a55 the non-decoupling contributions of the heavy quark are absorbed
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Motivation

e Going away from the QCD sector, we want to apply this to the EW sector of any
BSM model

e We want to find renormalization schemes in the full BSM theory that exhibit a
decoupling property

e Among the list of properties Gauge-Independence, Numerical Stability and

Process Independence for renormalization schemes we can add a fourth
= Decoupling Property
e One advantage of this is that it allows us to include higher order SM QED and QCD

corrections
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How to extend the description?

e An extention to the previous formulation is applied in FlexibleDecay [Stsckinger & Kotlarski

et.al’21]
e We set up a renormalization scheme in the full theory that leads to decoupling
e We have to make a distinction between the low-energy SM-like and BSM parameters

e Comparing back to Bernreuther & Wetzel we can define a decoupling
renormalization scheme as

SM
Ppee(p) = Pyzs (1)
= Renormalization condition for a SM-like parameter!

e This does not fix the complete scheme!

— How to treatment the BSM parameters?
— What if there is no one-to one correspondence of a SM-like parameter?
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How to setup the analytic calculation?

e For analytic calculations the renormalization condition is not too helpful
SM
PDCC - Pm
e We want to extract an expression for the counter term in the decoupling scheme

Pl)ec + (SPDGC ; POS + SPOS

311\? +5PSM = PG + 0P

Master Equation

SPP = 6PN + 6P — 5PSS

o Generally one can fix the BSM parameters in the MS-scheme =-there are models
where this needs to be decided individually
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How to apply the decoupling scheme, practically?

f M+
|
|
e Explore the S;-Leptoquark model with ¢ being the h----- v
Leptoquark transforming as (3,1, —3) !
LL ;AcT . 2 T RR O 7 .t m
Ly = Y5 (QC io"Lj)¢' + Yy ¢ ;Lid" +h.c.
+
Lpg = —9h¢(‘1>T(1>)TY{¢T¢} x a
e The parameters that describe the EW-sector are h==--- K\A
— SM-like: e, mw, myz, my, mf N e
— BSM: YLL YRR, 9ho
e The advantage is the unaltered EW-sector! ut
e Leading to the same tree-level results. At one-loop,
BSM effects only appear in loops!
u
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How to calculate the renormalization constants?

e Generally, self-energies have the form
(p®) = M (p%) + IV (p°)

e We can define the SM-like renormalization constants as

— BSM — BSM
8 Dy = 6 Zmes + 8255 8 Ty = 820 4 820
finite finite
— BSM — BSM
8 oy, = 020 + 62500 o O = SIS + 870° o
inite inite
= BSM
62, =625 + 62°°
finite

e The remaining renormalization constants for BSM
parameters are

6 Zrp = 6 25

gg

0z = 5Z|EVLTS, 0Zg = 5ZgNTS
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What are the most important parts?

,,,,,, __tmu [l It L 32y
h - v{2(52#+5zu)+5zmu+(2 §Z,) b P,

imy (170 4 ! ! 6Zn
- {5(52# +02L) + 62, + (5202
e Comparing to the triangle diagrams the most important parts for decoupling are the
muon renormalization constants
57bDec = 5ZLAS | 3 {(YL”>% Vi By (s, ma, mg) + . §

1672
. MS 3
62507 = 52 = {(YPEY) VBB (i mg) 4 |
3m 3aq,
L,D. L,MS t LL RR
(SZ CC:(SZm“ + — 1672 (Y T)QkYkQ Bo(mu,mt,m¢) 327 QBl(mu,mt,md,)

I,Dec LMS |, 3™ RR} LL 3ayu,
825 = 3215 G (YRIT) Yl Bo (e, i, my) — 2 B (e, mi, m)
LL RH RR
Yup = ( STyl Yy ty, )
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The h — ptp~ counter term in the decoupling scheme

e The explicit counter term responsible for decoupling is

+

3mt LL RR
Yor t Y5 Bo(my, me, mg)

v 2
imy (171 TSt 1,8 LMS
(5 (52“ 02 ) L T2 Yok

. 1 e e e
zmu( (5Z£,MS +5Z;ZL,MST> +5Z7€livls + =
s

v
e From the one-loop contributions, including the LQ, we get
. 3my .
A = 1677;2 (Bo(my., me, mgy) + C-function) YszLT vEREP,
3m
167rt2 (Bu(mﬂ, me, me) + C—function) Y;ZRT YkL2LPR
e Adding everything results in an amplitude that is suppressed by the LQ mass
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Decoupling in a simple model with mixing
e In the HSESM, the SM gains a singlet S
_ oy L noy 2t to) 262 4 ) g2
Lscatar = (Dp®)' (D' @) +50,50" S+130 0—A(21@) +uis* - A.5' (')

e The scalar parametrization are

S:i(v-—i—s) d = a
V2 ’ %(U}L + h+igz)

e and the physical states become

(H1> _ < cos(a) sin(oz)) (s)
Ho —sin(a) cos(a) ) \ h
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What is the decoupling limit of the HSESM?

e \We expect that the doublet and the singlet decouple

e At tree level there is only v, that can lead to decoupling

e The equation fixing the mixing angle is

0 = —(Asvs — Aup) sin(2a) + Kwsvp, cos(2ar)

e In the decoupling limit, the mixing angles behave as

KU
—0
SUS

K,’U;%

cos(2a) ~ 1 — INT

sin(2a;) ~

—1

e The only possible decoupling limit is therefore v — oo such that & — 0 and we have
a Higgs field h from the doublet and a completely decoupled singlet s

= Also at one-loop we have a simple decoupling trajectory
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Intermediate Conclusion

e We can set up a decoupling renormalization scheme, which handles large logarithms

from BSM contributions
e At heart the decoupling scheme is a partial momentum subtraction scheme
e This allows for consideration of higher order SM — MS corrections

e An easy recipe is that SM renormalization constants contain a finite part from the
BSM contributions
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Type-1l 2HDM

e motivation for considering the 2HDM:

— step forward in complexity — impact of mixing angle treatment and parametrisation
— large variety of existing schemes

— similar structures of Higgs sector in many BSM models

Higgs Potential

We assume a softly broken Zs-symmetry and CP-conservation:
Vir = miy ® @1 4+ m3,®5 & — mi, (‘I’I‘bz T 4);@1)
+ % (@I@l)Q + % (<1>;<1>2)2 W (cb{qn) (@3%) W (@1%) (@Q@l)
% [(o10:)"+ (ste’

with m2,, \s € R. ®; and ® aquire VEVs:

of bs
Py = ' , Do = 2 , tanfg = L2
1 0., -0 1 0., -0
75 (v + 61 +ix1) 75 (02 + @3 + ix2) tn
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Type-1l 2HDM

e rotation from gauge into mass basis:

H 9 Go x4 G*
() () (5o (5)-

Type-Il Yukawa Coupling Structure

Down-type fermions couple to ®1, while up-type fermions couple to ®,:

Lyuk = _yua(b;uli = ydatl)l dr — yefd)l er + h.c.
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Type-1l 2HDM: Parametrisation Issues

o Higgs potential parametrisation: Ppoi = {¢, gu, gs, U, A1, A2, A3, A, As, mia, 3, v}
o use tree-level relations to replace A;.. 4 and m?, by Higgs mass parameters and o

m7 sin® a + m¥ cos® o — (m3 + Asv?) sin? 8

)\ =
! v2 cos? 8
mi cos® a + mi sin® o — (m3 + Asv?) cos® 8
>\2 - 2 i 2
v? sin” 8
(mf — mj) sin2a + (2mj. — m3)sin 23
Az = - - X5
v2sin 23
2(m3 — m?
)\4 — M + )\5
v
2 2 24
mis = (my + Asv”) sin § cos B

= physical parametrisation:

{a, X5}
Pphys

e variations of physical parametrisation:

2 2 2 2 2 2
= {e, Gs, My, Mz, My, mH7mA7mH:ty)‘57a7ﬂ}

{Xs:A5} _ 2 2 2 2 2 2

Pphys = {e7gS7mW7mZ7mh7mHamAymHiy)‘iia)\Sy,B}
{a,miy} 2 2 2 2 2 2 2
Pphys :{e7gS7mW7mZ7mh>mHamA7mHi7m127a7/B}
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Type-ll 2HDM: Decoupling Trajectories at Tree-Level

e appearance of decoupling behaviour of low-energy observables depends on details of
chosen trajectory in parameter space
e reasonable decoupling trajectory should involve:
— light CP-even Higgs h becoming SM-like (alignment)
— BSM Higgs bosons becoming heavy

— \; remaining perturbative

e from perspective of Py, decoupling at tree-level achieved via:
mis — 0o while A1, A2, Az, A, A5, B, v fixed
e translated to P}Eg}’,:“”} = {mj, mj;, m%, my, A5, @, B, v}:

Ci=mi=mi+Agr=mhe +Ayr 00 and cos(a—fB) x (2 —=0

while  m?, Au, Ay, s, 8, v fixed

e beyond tree-level: loop corrections complicate statements on decoupling
significantly
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Type-lIl 2HDM: Renormalisation Schemes

e different sets of input parameters
e different tadpole treatments:
— Parameter Renormalized Tadpole Scheme (PRTS)

— Fleischer—Jegerlehner Tadpole Scheme (FJTS) [Denner et al16, Miihlleitner et al’16, Altenkamp/

Dittmaier/Rzehak’17, Kanemura et al.24]
— Gauge-Invariant VEV Scheme (GIVS) [Dittmaier/Rzehak'22]
e different mixing angle renormalisations:
— MS scheme [Altenkamp/Dittmaier/Rzehak’'17, Denner/Dittmaier/Lang’19]
— MS(\3) scheme [Altenkamp/Dittmaier/Rzehak'17]
— Kanemura scheme [Kanemura et al 04, Miihlleitner et al 16]
— process-dependent schemes [Miihlleitner et al'16, Denner/Dittmaier/Lang’19]

— pinched schemes [Miihlleitner et al16]
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Type-1l 2HDM: Constructing Decoupling Schemes

Why should we construct decoupling schemes for the 2HDM?
— transparent separation of SM and BSM effects
— simple inclusion of multiloop SM results in MS scheme possible

p{%)\s}

ohys | — incorporates m7 as parameter

e choice of parametrization:

e divide parameter set into SM-like and BSM-like:

{aAs5} _ 2 2 2 2 2 2
Pphys = {6, Gs, My, Mz, Myf;, mh} U {mH7 ma, Mg+, AS, Cl,ﬁ}

SM-like BSM-like
e tadpole treatment: PRTS
e field renormalisation: on-shell

e SM-like parameters: renormalisation fixed by decoupling prescription (“master
equation”)

o m¥, mi, my+, As: MS scheme

e different renormalisations schemes applied to the mixing angle
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Type-1l 2HDM: Mixing Angle Renormalization

e Higgs field renormalization in gauge and mass basis:

Ho\  [1+ %6ZHH %5ZHh (H> ¢(1),0 {1+ %5Z11 %5212 #)
ho 26 Zhn L+ 362, ) \ b 90 16720 1+ 26Z22) \ 99

=:\/Zy =i1\/Zy

e rotation with (bare) « connects (bare) Higgs fields in gauge and basis basis:

(Ho) = R(av) @32) = VZu = R(6a)R(a)\/Zs0 R(a)'

ho

= 6Zun = 2867211 + Saca (0Z12 +02Z21) + 520 Zo2
8 Zmh = Saca (—0Z11 + 8 Z22) + a8 Zha — 520721 + 20
8 Znir = SaCa (=071 + 0 Z22) — 520712 + €20 21 — 20
8 Znh = 520211 — S0.Ca (0Z12 + 02Z21) + 2.8 72

= relation for da: 1 1
da = 1 (8Zun — 0Znm) + 1 (0221 — 0712)
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Type-1l 2HDM: Mixing Angle Renormalization

Kan(or) Scheme [Kanemura et al04]

Use symmetric /Zg:

1 1
\/Ziqb = <1 + 26Z11 26Z12 ) = (SOéKan =

5798 _ 5ZOS)
36212 1+ 3675 ( f M

| =

MS(a) Scheme

g

MS K
do > = o
div 4

(6287 - 525%)

div

— analogous definitions for 8 in CP-odd sector
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Type-1l 2HDM: Mixing Angle Renormalization

W(A3) Scheme [Altenkamp/Dittmaier/Rzehak’17]

Renormalise a such that CT for A3 is purely UV-divergent:

1 2 2 2 2, Sin 2« sin2a . o
o\ =2 -2 — — — 1)
o 02 [ (mA My — (M mh)sinQB Y sin28 e
2a sin 2a cos 28 !
2m% — m?) [ 22250 — 5 20
+2(mr — mi) <sin25 @ sin? 23 b ;
MS tan2a [ dm? sin 2
RO e {T B (’" = i+ (1 Qm?fi)smi) o
1n H - h

— cot 28(m¥ — mi)Sﬂ]

fin
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Type-1l 2HDM: Constructing Decoupling Schemes

e three schemes constructed with different mixing angle renormalisation:
— Dec + MS(a, 8): « and 8 both MS-renormalised

— Dec + Kan(a, 8): « and 3 both renormalised in the Kanemura scheme

— Dec + MS()3, 8): 8 MS-renormalised, o renormalised such that Az is MS-renormalised

e for pedagogical purposes: MS + MS(a, 3) constrcuted with MS-renormalised SM-like

parameters and mixing angles — reference scheme with non-decoupling behaviour
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Type-lIl 2HDM: The Process h — up

e renormalised NLO amplitude:

n n w
Aﬁi?mh< +h@< + h---
© jz Jz
tr 1£,VC 16,CT
= hif## + “Ah%uu + Ah%pﬂu
= woha + genuine 1-loop diagrams
vcos B

— 07,4+ cota da + tan 8 58

my, sin o [6mu

vcos B | my

—|—% (5Z}L}L —cota 6 2y + 5Z,f + §Zf):|

J. Lang, J. Wiinsche h — ff in Decoupling Renormalization Scheme 26/37



Type-1l 2HDM: Analytical Considerations

e for demonstration purposes: consider specific parameter trajectory defined by

Q:m%:mi:mzi andd:=0—-7/2—a=0

and extract non-decoupling parts of all quantities

e cancellation of non-decoupling effects among genuine 1-loop diagrams:

wo H o M
| |
Alllé_’:zg non—dec.: U :H t AsSos :A
BN i BN y
non—dec.
mj tan® B lglﬁ—i—l _mitanQ,B lg’u—Q—&—l
167203 (2 167203 (2
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Type-1l 2HDM: Analytical Considerations

e cancellation of non-decoupling effects among muon-related counterterms:

smS =0
non—dec.
3m? tan? g w5
5 Dec — 6 Os _ e 7 1 =~ _
" non—dec iz non—dec. 32292 8 C2 * 6
2 2 2
tan® 8 1 3
51,08 __Mmptan pof, B L2
J s non—dec. 167202 o8 <2 * 2
2 2 2
tan® g3 W 1
§7R08 —_Mmptan gl B 2
e non—dec. 167202 o8 <2 * 2
5mF 1 1,08 R,08 m?2 tan? 8 T
5 (62505 +9250%) =t (log 55 +1
( m? T3 ( i 0% non—dec. t6mz2 (Bt
5mBPC 1 L,0S R,0S
< mfb + 5 (5Z‘L'u T 6ZH# ) non—dec. =0
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Type-1l 2HDM: Analytical Considerations

e non-decoupling effects in scalar sector:

8 Zmy’ =0,2Sm(p?)|, , =0
non—dec. pe=mj
2 2
575 = = Re{Sun(m}) = otn | -0
H} non—dec. C2 - m,f ¢ }LH(m}) nH non—dec.
2
5735 = = Re{Sun(¢?)  thn }
hi non—dec. CQ — m,% ¢ hH(C ) i non—dec.
3m? cot 3
~——— |log = +2
47292 g ¢? +
5aMS _ 558 _o
non—dec. non—dec.
1 3m? cot B
sakan :7(6ZOS_6ZOS) 2T loa " 49
@ non—dec. 4 Hh hi non—dec. 167202 g CZ +
3m? cot 8 T
spken (52 675%) ~ 2R (1og By g
ﬂ non—decA Goa T AG0 non—dec. 167202 o8 <2 +
MS tan 23 . ~ 3A5c0828 T
5 MS(Xs,8) _ 5 2,Dec _ 1 H 1
@ non—dec. 2C2 h non—dec. 167 2 CQ *
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Type-1l 2HDM: Analytical Considerations
e non-decoupling effects in scalar sector:

(cota da+tan B o8 + % ((52,8,,8 — cot « 5225))

= tan §(63—da) ‘nonidec
non—dec. ’

= for different mixing angle renormalisations:
(658" - ™)
(65Kan _ 6aKan)

((wm - 6am<>‘3>)

=0

non—dec.

=0

_ 3Xscos2f T
non—dec. - 1671'2 (log C2 +1

non—dec.

=0

non—dec.

=62.°

non—dec.

e VEV free of non-decoupling effects: §Z°

= we indentify two schemes as decoupling schemes:
— Dec + MS(e, B)
— Dec + Kan(a, 8)
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Type-1l 2HDM: Numerical Results

e along same numerical decoupling trajectory in different scheme (different physical

trajectories!):

my, =125 GeV, tanf8 =3, A\; =0, 6(¢) =0

e
o
T

=== NLO MS + MS(a, 8)

0.8
' —— NLO Dec + MS(a, )
B —— NLO Dec + Kan(a, 8)

H - == NLO Dec + MS(\s, 8)
ol P P
10%

¢/ GeV

my, =125 GeV, tan 8 =3, A\; = 0.1, 6(¢) =0

11

1.0
ES
- <
al
~
&
H

3 0.9
I
[an

0.8

=== NLO MS + MS(a, 8) ||
—— NLO Dec + MS(a, 8)

—— NLO Dec + Kan(a, )
=== NLO Dec + MS(\s, 8)

10*

= MS + MS(a, 8) and Dec + MS(X3, 3) schemes do not decouple although

tree-level decoupling limit is approached!
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Type-1l 2HDM: Numerical Results

e along same physical decoupling trajectory (defined in Dec + Kan(c, 3) scheme):

tanf =3, A5 =0,6(C) =0

1.10 T
=== NLO MS + MS(a, 8)
—— NLO Dec + MS(a, 8)
1.05 —— NLO Dcc+iun(a,ﬁ) |
=== NLO Dec + MS(As, )
2
=1 1.00
7=
ey '
ES
F '
Loogs} 1
= '
0.90 | i
(]85‘ L L TR | L
10%
¢/ GeV
. SM .
= ratio Fh%uu/rhauu has decoupling

behaviour in all schemes (up to 2-loop

effects)

J. Lang, J. Wiinsche

tanf =3, A5 =0,6(() =0

150 ‘
> 0| 1
o 4
=
£ 120 \ .
ol L
10% 10
¢/ Gev
= proper scheme translation reveals
non-decoupling differences in
trajectories
32/37
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Type-1l 2HDM: Numerical Results

e along same physical decoupling trajectory (defined in Dec + Kan(c, 3) scheme):

tan 8 =3, As = 0.1, 5(¢) =0

1.10

T T

=== NLO MS + MS(a, 8)
—— NLO Dec + MS(a, )
—— NLO Dec + Kan(a, )
=== NLO Dec + MS(Xg, 8)

H IR ,
2 100 R
o
3 v
H
L oos ]
[
0.90 I |
Y A i
10°
¢/ GeV
i SM .
= ratio I'y, ., /T3, | has decoupling

behaviour in all schemes (up to 2-loop
effects)
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3eV

V3¢ /G

my [ GeV

tan 3 =3, A5 = 0.1, 5(¢) =0

)
=]
T

150 T
140 - . ‘

120 |-
110 - —

10%
¢/ Gev

= proper scheme translation reveals

non-decoupling differences in
trajectories
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Type-ll 2HDM: Scheme Comparison

e properties of constructed schemes:

MS + MS(a, B) Dec + MS(«, B) Dec 4+ Kan(a, 8) Dec + MS(\s, 8)

my; MS Dec Dec Dec
v MS Dec Dec Dec
mﬁ MS Dec Dec Dec
m3, m3, m2 S S S S
A3 - MS
s MS MS MS MS
« MS MS Kan —
B MS MS Kan MsS
decoupling ‘ ‘ v ‘ v

= Applying decoupling prescription to all SM-like parameters is not sufficient to

guarantee decoupling (but it may work)!
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Conclusion

e \We propose decoupling property as fourth criterion for renormalisation schemes next
to gauge independence, numerical stability and process independence.

e We constructed decoupling schemes for the S;-extension of the SM, the HSESM and
the Type-1l 2HDM.

e The application to the 2HDM reveals: applying the decoupling prescription to all
SM-like parameters is not sufficient, the choice of the mixing angle renormalisation
plays a crucial role.

e Further investigations are necessary for the desired general applicability and an
implementation in FlexibleSUSY/FlexibleDecay.
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