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The SM scalar sector
> Vg fixed at tree-level by my ~ 125 GeV and v = (v/2Gg) ™7 ~ 246 GeV:

2 2 2
Vem(h) = "ip2 4 3Mhps 5T pa
2 v v
mj, 2 3 4
= th + Annnh® + Appnnh
> However: \pn, (and Apppn) experimentally unknown.
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The SM scalar sector

Vswm fixed at tree-level by my, ~ 125 GeV and v = (v2GF)~"/* ~ 246 GeV:
2 2

Vom(h) = "2+ 370 p3 45t

4

M o 3 4
= U A h® h
However: App;, (and ) experimentally unknown.
BSM case: deformation of the scalar potential possible!

m‘z m2 m2
Vesm(h,...) = —I'h* + 37’7@5%3 + 372’7 W+

. I ABSM " "
155M: describes deviation from SM: xESM = & in model "BSM".
hhh

|ka| > 1 possible even though other (known) couplings behave very SM-like
Example: "BSM"=THDM (talk by Johannes Braathen)
— higher-order corrections important
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Higgs pair production (in the alignment limit)

8 9800998009

K/l //
! U T o
H .
8 0999990009999 -

pp — hh: —0.4 < k) < 6.3 [ATLAS-CONF-2022-050]

When to apply the x)-constraint to BSM models?
> only k) is significantly modified by BSM physics
> all other couplings SM-like

— a scenario often enforced by experimental constraints
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Higher-order corrections to A3}

A few studies of the trilinear Higgs
self-couplings (i.e. k)) already exists:

SM [Kanemura et al. '04]
SM + Singlet [Kanemura et al. '16]

TH DM[Kanemura et al. '04][Basler et al. '17]|[Braathen et al.

19] [Bahl et al. '22]

THDM + singlet Baser et al. 19)

Triplet extensions [acki et al. 18] [Chiang et al. '18]
MSSM [Brucherseifer et al. '13]

NMSSM [Dao et al. '13] [Dao et al. '15][Dao et al. '22]

of which many can have sizeable
deviations from k) = 1 and hence also

from O'%i,,\l/l (K,)\ = ].)[Abouabid et al. '21]
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https://arxiv.org/abs/1911.11507
https://arxiv.org/abs/1911.11507
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https://arxiv.org/abs/1912.10477
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https://arxiv.org/abs/1804.02633
https://inspirehep.net/literature/1253866
https://inspirehep.net/literature/1238833
https://inspirehep.net/literature/1375507
https://arxiv.org/abs/2210.02104
https://inspirehep.net/literature/1996558

Higher-order corrections to A3}

A few studies of the trilinear Higgs
self-couplings (i.e. k)) already exists:

SM [Kanemura et al. 04] However, many more models to explore:
SM + singlet (Kanemura et al. '16] THDM-variants
TH DM[Kanemura et al. '04][Basler et al. '17][Braathen et al. Sing|et—variants

'19] [Bahl et al. '22]

THDM + S|ng|et [Basler et al. '19]

extended gauge sectors

extended fermion sectors

Triplet extensions {aoki et al. ‘18] [Chiang et al. '18] non-minimal SUSY, e.g. seesaw

MSSM [Brucherseifer et al. "13] extensions, dirac gauginos, SplitSUSY, ..
NMSSM [Dao et al. '13] [Dao et al. '15][Dao et al. '22] (+ com binations)

of which many can have sizeable
deviations from k) = 1 and hence also

from O'%i,,\l/l (K,)\ = ].)[Abouabid et al. '21]
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Higher-order corrections to A3}

A few studies of the trilinear Higgs
self-couplings (i.e. k)) already exists:

SM [Kanemura et al. 04] However, many more models to explore:
SM + singlet (Kanemura et al. '16] THDM-variants
TH DM[Kanemura et al. '04][Basler et al. '17][Braathen et al. Sing|et—variants

'19] [Bahl et al. '22]

THDM + S|ng|et [Basler et al. '19]

extended gauge sectors

extended fermion sectors

Triplet extensions {aoki et al. ‘18] [Chiang et al. '18] non-minimal SUSY, e.g. seesaw

MSSM [Brucherseifer et al. "13] extensions, dirac gauginos, SplitSUSY, ..
NMSSM [Dao et al. '13] [Dao et al. '15][Dao et al. '22] (+ com binations)

of which many can have sizeable
deviations from k) = 1 and hence also

from O'%i,,\l/l (K,)\ = ].)[Abouabid et al. '21]

— framework to calculate \}}Y for large class of "BSM’s”
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BSM

Theoretical constraints

Vacuum stability '—

Unitarity ———

EVADE/Vevacious++.

_EVADEISARAHISPhem—\

UV behaviour ——RGEppIARGESfSARAHJPyTatE—D: BSM model

Renormalisability ’»—GruupMaﬂﬂSARAHfSusymy'/

¢ in the landscape of generic BSM tool-boxes

Experimental constraints

FlexibleSUSY/Hdecay/SPheno + HiggsBounds——— BSM searches

FlexibleSUSY/Hdecay/SPheno + HiggsSignals——— SM-like Higgs |

FlavorKit/Flavie———— > Flavour observables

_———FlexibleSUSY/SPheno

—DEWPO‘

-;'"‘———DarkSUSYfMicrOmegH—b Dark matter ‘

KBSM PT/PhaseTracer————————

—+ Early universe

ety __
anyHB
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Strategy
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Strategy .

e D

N N
N N
N N
—_———
I I )\(0) . . . genuine
tree-level: A0 one-particle irreducible: §\

ionee §YWFR
external leg corretions: §A} %

-
-

+ &

N
N

—_——
featione S)\CT
renormalisation: §A},.
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Example: generic fermion triangle

Idea: compute generic diagrams i.e. assume most generic
p3
G .-

pd
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Example: generic fermion triangle

Idea: compute generic diagrams i.e. assume most generic

G- P > couplings C; = P, CF+ PrCR, Pr/L = H;%
mf, > as well as loop-masses my. and
P G my, > external momenta p;, i =1,2,3.
my,
= p2
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Example: generic fermion triangle

Idea: compute generic diagrams i.e. assume most generic

P3
G .-
mf1
G
P1---- my,
mf3
Gy~
3 P2

couplings C; = P, CF+ PrCR, Pr/L = li%

as well as loop-masses m¢ and

external momenta p;, i =1,2,3.

= 2B0(p3, m3, m3)(Ci (C3 Cf my + C§C§mf2 + CzRCémfg) + CR(CFCsmy, +
C5Csmy, + C5C¥my,)) + my CO(p3, p3, pi, mi, m3, m3)((Cr G5 Cf +
CRCFC3)(pi + p3 — P3) +2(CL G5 G5 + CR G CE ) mpy m, +
2my, (CH(CECEmy, + CECEmy, + CEChimg) + CR(CECEmy + C5Chmyg, +
C5C¥my,))) 4+ C(p3, p3, pi, m?, m3, m3)(2p5 (Cf CX(Csmy, + CSmg,) +
CRCE(CEms, + Cimyg,)) + (pf + p3 — p3)((CECECE + CRCRC)my, +
(CLCECs + CF G5 CEYmyy)) + C2(p3, p3, pt, mi, m3, m3)((p? + p3 —
p3)(CECR(CEmy, + C8me,) + CRCE(CRme + Cimy,)) + 2p2((CECECE +
CrCFCs)my, + (CLCE G + CR G Cf)myy))
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Example: generic fermion triangle

Idea: compute generic diagrams i.e. assume most generic

P3
G .-
m,cl
G
p1---- my,
m,c3
Gy~
3 P2

insert concrete BSM model
(UFU[Degrande et al. '11] )

evaluate with the help of
COLLIER[Denner et al. '16]
public code anyH3

[Bahl, Braathen, MG, Weiglein tbp]

1i’Ys

couplings G; = PLCH+ PRCE, Pgj =

as well as loop-masses my and

external momenta p;, i = 1,2, 3.

= 2B0(p3, m3, m3)(Ci (C; G5 my, + C§C§mf2 + CzRCéme) + CF (CF Cymy, +

C2LC3me2 + CZLCZ?’mf?,)) + myg Co(p27 P3, pla m17 m31 m2)((cl C2 C3
CRCFC)(pT + p3 — p3) + 2(CL G5 C5 + CR CF Cf ) my, my, +
2my, (CH(CECEmy, + CECEmy, + CRChimy,) + CR(CECimy, + C5Cimy, +
C: C§my))) + C1(p3, p3, pi, mi, m3, m3)(2p3 (Cr C5 (Camy + Cfmg,) +
CFCE(CEmpy + Cimg,)) + (pT + p3 — 2)((C1LC2LC§ + CFCQRCé)mﬁ
(CILCQRCSE + C{?Céc??)mf:;)) + C2(p2, P37P17m1: m§7 m2)((p1 + P2 -
P??)(Cfc??(chmfl + C2Rmf2) + CfCs(Cs mg + Cs mg,)) + 2p7 ((CLC5CE +
CRCFCs)my + (CHCEC5 + CR G5 Cf)myy))
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https://arxiv.org/abs/1108.2040
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Renormalisation of )\, e

cT —
o . (0),BSM Oy ==& =
one-loop — renormalisation of all parameters entering A,
reminder: App”" =34
— generalization (reminder: quasi-alignment!):
0),BSM _ ,(0),BSM, SM _SM _BSM _BSM
>‘I(1h21 :Afmz ( y My 5 My v )
SM Higgs sector,
BSM masses  vevs
user's choice: couplings etc. (that can’t be expressed in terms of masses)

SM sector: fully OS or MS/DR
BSM masses: OS or MS/DR
additional couplings/vevs: most likely MS but also custom ren. conditions possible!

a)\(O),BSM - o - -
¢ C SM\OS/MS SM\0S/MS BSM\0S/MS MS /cu
(5>\hhTh = E hgihxé Tx, x = (mp") / (M) / , (mE™) / () /custom

X
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(Default) Renormalization choice of (v3M)95 and (m?)°S

0s 2MOS MQOS
v rat VA Mzos with
Rert{"""
. 5(1) M\Z/OS = 7\/]5‘/05 (p2 = I\ﬂ\Q/OS)7 V = W Z

- §Me%S = 111, (p% = 0) + sign(sin O ) 7 520% 1, 7 (p? = 0)

M2 cos Ow

attention (i): ptree'evel £ 1 — further CTs needed (depends on the model)
— ability to define custom renormalisation conditions
0S _

pole
scalar masses: m;

- 0m? = ReE |p2,m

attention (ii): scalar mixing may also require further CTs/tree-level relations

= m;

All bosonic one- & two-point functions and their derivatives for general QFTs are
required for flexible OS renormalisation.
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Treatment of external leg corrections

default treatment of external legs:

1
5(1) ,ext.—legS)\hhh — Z 2 )\537)’1 Z

i jh;éh

hj

2@
Ah;hh

=0, for alignment

Attention: insert into di-Higgs production:
need one off- and two on-shell Higgses:

. 1 1 0

glb)extolegsy,  — (2 + 2> Zh(mhp‘%h)h

possible to turn-off default behaviour and specify ext.-leg contributions in terms of
selfenergies
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Treatment of tadpole corrections

w/o specifying a concrete scheme, nor the vacuum (in the alignment limit):

2
tadpoles 3ty 6 (1) 1) 3.1 o 3mi (1)
)\hhh - V2 - 72§CTth + §tadpoles>‘hhh + ;5CT, tadpolesMh — V2 5CT, tadpoles "
~— —— -
tree-level ~ CT-inserterd diagrams tadpole diagrams tad. contr. to input parameters

In the SM (and BSM+alignment): once Appp is expressed in terms of physical input
parameters, its result is independent of the treatment (OS, FJ, ..) of the tadpoles (up to
higher orders):

5(1)/\hhh D %6(1)th|finite
v

However: UF0 models do (often) not contain the explicit dependence on the
tree-level /one-loop/one-loop-CT tadpoles.

Thus: we choose the Fleischer-Jegerlehner treatment t,tfee"e"e' = 0 and renormalize
5(1)tl,(,:T‘finite =0 in the MS scheme per default (can also turn-off automatic tadpoles and
implement own scheme).

only need to take into account tadpole contributions

to all two- and three-point functions: /Q and
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Feature list (so far) of anyH3

import/convert arbitrary UFO models

definition of renormalisation schemes
# schemes.yml
renormalization_schemes:

0s:

MS:

mass_counterterms:
hi: 0S
h2: 0S
VEV_counterterm: 0S

mass_counterterms:
hi: MS
h2: MS

VEV_counterterm: MS

optional: full p? dependence
numerical / analytical / ATEX outputs
restrict to certain topologies
restrict to certain particles in the loop

python-library with command-line- and

Mathematica-interface
from anyBSM import anyH3
myfancymodel = anyH3(
'path/to/UF0/model’,
scheme = '0S')
result = myfancymodel.lambdahhh ()
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Validation/checks and some results
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Simple cross-check: UV-finiteness in the SM

Numerically: Analytically:
200F i " << anyBSM®
LoadModel ["si"]
150 F ] lam = lambdahhh[];
total tadpoles (1al|["tota'L“] - lam["treelevel"] //. UVparts // Simpli fy) =0
—— tree-level —— mass CT
. ] T
100 — one-loop genuine — VEV CT rue

— external-leg

=50
9,
: 0f
=
—50
—100}
—150F - ‘ :
0" 2 0°
Qren. [GBV}

two-loop O(a (o 4 as))05: O(+1.4%)

[Senaha '18] [Braathen et al. '19]
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https://arxiv.org/pdf/1811.00336
https://arxiv.org/abs/1911.11507

Another check: decoupling in the alignment limit

Decoupling in &) in various scenarios of aligned BSM models > alignment means
L3 L plree-level _
— SM | A -
— SSM 1 > recover SM result for
1.2} — IDM 1 Mgsm —

THDM-II | A
‘ «  NTHDM.II 1 > many models built-in
11 TSMy_o ] and cross-checked
\ —— TSMy_, ] > easy to implement new
—— GeorgiMachacek ] models (UFO)

1.07

Odos 05 om 1o 13 15
MBSM[TGV]
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Renormalization scheme comparison for a real Triplet)
A M2 A A
V(@ T) = w8 + Z|@|" + ST TP + ST+ ZH TP, (T) =0, (2) = vem

Y = 0 triplet extension (Ar = 1.5)

Y = 0 triplet extension (My+ =1 TeV, \p = 1.5

7
f—os
| S pn=m
""" MS, pp = (mu + Mpy+) /2 =
§4 .......... S, jip = Mys 9]
3t &
=
2» 4
1 et T D e emmmmm =TT 7
) L
-4 -3 -2 -1 0 1 2 3 4

— natural choice of ug closest to OS result
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Summary
developed computer code anyH3 (anyBSM) for Appp in arbitrary ren. QFTs

- at the full one-loop order
- with arbitrary choice of renormalization schemes

uses UFO input (generate with SARAH, FeynRules or use a custom one)
analytical results; fast numerical results; SM: 0(0.2s), MSSM: O(0.55)

many models already implemented:
SM, SM+singlet, THDM, NTHDM, various triplet extensions and MSSM

reproduced known results in the SM, SSM, THDM and TSM
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Summary
developed computer code anyH3 (anyBSM) for Appp in arbitrary ren. QFTs

- at the full one-loop order
- with arbitrary choice of renormalization schemes

uses UFO input (generate with SARAH, FeynRules or use a custom one)
analytical results; fast numerical results; SM: 0(0.2s), MSSM: O(0.55)
many models already implemented:
SM, SM+singlet, THDM, NTHDM, various triplet extensions and MSSM
reproduced known results in the SM, SSM, THDM and TSM
Future todos:
publish
more models / cross-checks
go beyond one-loop (see Johannes' talk)
non-SM self-couplings (e.g. kx,,,)

Rt and Rtt
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Backup
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Example: Momentum dependence in the THDM

THDM-1 mpy = M = 400 GeV, m4 = mpy: = 700GeV, t53 =2

3.0

2.9f

»n

2.8F /
g n \ A

27F T . _h__g’ Ve 2

— s
2.6} AN P Sah
. 2
2.5} . -
pi = (pzv mh,m,,)
2.4 : .
0 200 400 600 800 1000

= —
(5] ’”
<) y
=100} i
= e P L L L Lt
S
ER | B et . . . . .
= 0 200 400 600 800 1000 1200 1400

V2 [GeV]
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Example: Momentum dependence in the THDM
THDR’I—I mpy = M = QOO GeV, mA = My = 1000 GeV, tr;» =2
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L pi=0

— pi= (A mim})
0 200 200 600 800 1000 1200 1400
0 200 00 600 800 1000 1200 1400
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The sign of «x)

N2HDM M, = 125.1 GeV, My, = My, = Ma = Mg+ = 300 GeV., i = 100 GeV, t5 =2

1.25 T " i 1.25
1.00 1.00 > N2HDM = 2HDM + real singlet
0.75} 0.75 > CP-even sector: 3 states
mixing, with 3 mixing angles a,,
0.501 0.50 a,, 0y
Z 0.25F 0.25 > Here a,-1/2 - recover 2HDM

(itself in alignment limit)

0.00

—— N2HDM 1L, (ay + a3 = f — 7/2), vg = 300 GeV > We can study e.g. the relative
—— N2HDM 1L, (o +a5 = — 7/2). « —0.25 sign of k, and k, — affects
------ N2ZHDM 0L, (a1 + a5 = f — 7/2), v double-Higgs production
""" N2HDM 0L, (ay + a3 = 8 — m/2), vg = 3 TeV —0.50

2HDM 1L, (alignment limit a = 3 — 7/2) : > K too far away from 1 excluded

+ 2HDM OL, (alignment limit o = 3 — 7/2) t
n n =
w/a 37/8 mYoRll

az
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Full MSSM result: interface to SPheno

CMSSM, mg = my g = — Ay, tan § = 10, sgn(u) = 1, with my, computed at 2L in SPheno

220

5 anyH3
| 200
128 //
180
1267 129 — 195.1 GeV 160
=z
O 140

(1) \MSS
(MM

i i (0) yMSSM
A
120 100 (“;),m,)
— Ogen Min ||
L i 80 1 — 3mijv
116 60 - ()\(hlh)h)sm
10° 101 10% 10*
my [GeV] my [GeV]

- Example for a very simple version of the constrained MSSM - BSM parameters m,, m,,,, A, sgn(y), tanp
- For each point, M, computed at 2L with SPheno, and SLHA output of SPheno used as input of anyH3
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OS vs FJ tadpole treatment

THDM type-1l. sp_, =1, {3 =2, my, = my = my= = mg

195
Vmd — M? =200 GeV
190
185
i
=180
E
175
m— NS tadpoles (FJ)
170F = = OS tadpoles (tOS)
— SM
4 n n L "
16t 107 17 107 107

M [GeV]

10!

Vmd — M2 =100 GeV
Vmi — M? =200 GeV

m3, — M? = 300 GeV

Vmg — M? =400 GeV

AW MY . .
10° 10% 107 10°
M [GeV]
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Non-decoupling in the alighment limit

25 : : : - — : — > mass spliting within the
—— THDM-1II M = My =400GeV, My = My+ = Mgy, tg=2 [ / .
same multiplet

DM M = My = 400 GeV, My = Mys = Mysys do =2/
—— TSM (Y=1) My++ = 400 GeV, My+ = Mpsy
207 — GM sing = 0, M, = 400 GeV, My, = My = Magu
— M

=== pertubative unitarity

] > induces large couplings
for Mggym — o0

:§§§15_ A > corrections large-enough
~= to exclude otherwise

A” unconstrained parameter
=& 10p 1

space

ATLAS CONFE-2022-050 > (see also previous talk by

5t "””ff///y 1 Johannes)
HL-LHC

__/
300 400 500 600 700 800 900 1000
M, BSM [GQV]

pesy. | Precise predictions for ) in the Standard Model and beyond | Henning Bahl, Johannes Braathen, Martin Gabelmann, Georg Weiglein | KUTS, Feb 2023 Page 24



Scheme- and top-mass- uncertainty

184
182 f—
¢ MS with m{S = 172.5 GeV
~ —— MS with m}5(Q)
' - JE—
180 —— MS with mMS(my,)
— OS
178
/
176
102 103

Q [GeV]
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Workflow

User input
FeynRules/SARAH/custom
UFO model Automatic or user-defined Specify scheme for masses and VEV Input parameters
python code

Filter and check relevant interactions

N

Find SM-like particles

e ]

Calculate genuine diagrams Calculate CTs

— —

Obtain 1L corrections

caching,
\\

Numerical evaluation
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W Mass

. . . 2 M?2 _ TOtem
start with HO corrections to muon decay: Mj;, (1 — M—‘%) = Va6 [1 + Ar}

and solve for: M2, = M2 [% +./5- \/ggi;mM%(l + Ar)]

with: Ar(D) — 95 4 T O =6DMg 50 sin? gy

Mav sinZ 6y + 5vertex+box
and: sWsin?0y  cos?y [TW(M2) _ T (M3)
" sin?0y ~ sin?ly MZ, MZ,
It's all there but:
SM ____2sign(sinfw) 2 QQED 7—4sin? Oy 2
5vertex+box T cosOwsinfy M2 HZ'y(p = 0) + dmsin? Oy 6 + 2sin2 Oyy log(cos Hw)
BSM _ H
Oyertextbox — Needs to be implemented
However:

a2
in many models Ar D % ~ dp is the dominant effect!
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