Higgs trilinears at NLO and
implications for gg — hh

predicting x and ou, in any model.

Based on works with Henning Bahl, Johannes Braathen, Kateryna Radchenko, Georg Weiglein.
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Why the trilinear self-coupling?

\%

probes electroweak symmetry breaking
mechanism

influences shape of the potential
important for electroweak phase transition

very sensitive to BSM loops (Part I)

V V V V

important input for
di-Higgs production (Part Il)
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Why the trilinear self-coupling?

> probes electroweak symmetry breaking
mechanism

> influences shape of the potential

> important for electroweak phase transition

> very sensitive to BSM loops (Part I)

- two-loop also important (Part Ib)
(if there is time left)

> important input for
di-Higgs production (Part II)

Vsm D hh2+3| Vﬁh3+4l V2
() _ /\(n) BSM n=loop—order
= W' in given BSM model

Ahhh

h

pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAAQCERN, October 2024

&2)\/74

Page 2



Awpn in and beyond the SM (Part 1)

> Many studies for A\ppp already exist
SM  [Kanemura et al. 04][Senaha "18][Braathen et al. '19] ,
additional singlets [Kanemura et al. "16][Basler et al. 19],
doublets [Kanemura et al. "04][Basler et al. "17][Braathen et al. '19],
triplets [aoki et al 18][Chiang et al. "18],

SUSY MSSM [Hollik et al. '02][Brucherseifer et al. '13] = NMSSM [Dao et al. "13][Dao et al. '15][Borschensky et al. '22]

> Higher-order corrections can be significant
> Many more details and models to explore!

suitable renormalisation schemes
estimate theoretical uncertainties
simple scanning / re-usability

- "
— anyH3 ‘w [Bahl, Braathen, MG, Weiglein '23]:
automated tool to calculate Appp (soon also Annk, and onps) in any model

pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAAQCERN, October 2024

Page 3


https://inspirehep.net/literature/1479467
https://arxiv.org/abs/1912.10477
https://arxiv.org/pdf/hep-ph/0408364.pdf
https://arxiv.org/pdf/1711.04097.pdf
https://arxiv.org/abs/1911.11507
https://inspirehep.net/literature/1203866
https://arxiv.org/abs/1804.02633
https://arxiv.org/abs/hep-ph/0108245
https://inspirehep.net/literature/1253866
https://inspirehep.net/literature/1238833
https://inspirehep.net/literature/1375507
https://arxiv.org/abs/2210.02104

Higher-order corrections to \,,, in any renormalisable theory

’ > Solid lines:
Bsmyone-loop e e
(Ahri) T <o f ""Q\ + - - scalars,
N - fermions,
—_— R
tree-level: )\5,22, one-particle irreducible: SASST™ gauge/vector bosons,

ghosts

. S)tad
tadpoles: dAj3

> possibility to

/O Q > /Q exclude/restrict certain
+ - + - T+ - +

particles and/or
external leg corretions: SAYFR topologles
> automatic non-trivial
+ @1 renormalisation
- OS or MS masses
renormalisation: GAS], ~ size of two-loop
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Many more details to discuss!

How do you handle the

> treatment of tadpole corrections,

> treatment of external-leg corrections,
> renormalisation of electroweak VEV,

> renormalisation of mixing angles

..in a flexible way, that is applicable to:
> a broad class of BSM models,
> a broad class of renormalisation schemes?

Answer: we do! Backup slides: feel free to ask questions!
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Numerical results for «)

note: also analytic results (Mathematica/SymPy) easily available!
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Decoupling — alignment

13 Dccouphng in L2y in varlous scenarlos of ahgncd BSM models = ensure appropriate

S T T . .
:\,\ - /_\< decoupling behaviour
|\ SM + singlet ——» —— SSM 'y H ~ recover SM result for

L27 \ SM + doublet ——> —— IDM Mpsym — 00
\ - THDM-IT _
\ SM + doublet 1 > further checks
\ + singlet > * NTHDM-II 1 ) ) )
g ; ) ] - literature (if available,
< L1p SM + triplet —— " TSMy—q MSSM)
: N —— TSMy_ _ e M
~ SM + triplets ——» —— GeorgiMachacek ] -Tiniteness

FeynArts/FormCalc

1.0
S e > ((20) models built-in
I and cross-checked
0825 05 o1 10 12 15 > easyto implement new
Mpsm [TQV} mOdeIS (UFO)
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Constraining BSM parameter space using )

Leading-order parametrization used by experiment:

= T T T T
g ATLAS Preliminary  — Ovanesiot 0560
T VE-13TeV, 126139 fo-!

T 10tk HHbbT* T+ + bbyy + bbb

&

2
8 h °

K, -
h .
______ o
~h

8

pp — hh: —1.2 < Ky < 7.2 [aTLAS-CONF-2024-006]
Which BSM effects can this approach actually capture?

T RIS } How
Hi —‘E“‘: H
| ~ |
L - H_ e h H e oo I

& O(Y2g2nun ) (not included) & OYeGinnn ) (included)

When to apply the k)-constraint to BSM models?
> no additional resonance in s-channel

> only ky is significantly modified by BSM physics

— a scenario often enforced by experimental constraints
> all other couplings SM-like
DESY.
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Alignment w/o decoupling

Mass-splitting effects on k) for various aligne
T T T T T

d SU(2),, multiplets

ATLAS-CONF-2024-006

/

_/

— SM

—— IDM

—— THDM-II
—— TSMy_;

—— GeorgiMachacek

HIL-LHC

2_

1_

-anyH

N

350 400 450 500 550 600 650 700 750
]MBSM [GeV]

800

Simplest case: V(®sm, H) D ghnun|Psm|?H? + p2 H?

pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAAQCERN, October 2024

> alignment: choose parame-

tree-level _
ters such that r)3= S =

> introduce hierarchy within
multiplet: Mggm > MESM(:MOGeV)

> induces large couplings for
Mgsm —> 00 & BhhHH > Yt

> corrections large-enough to
exclude parameter space

> SE€E€ [Bahl, Braathen, Weiglein ‘22] for
in-depth discussion (THDM-I)

= ghwHH o< (ME — 1i2,)/véy
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More results in the backup

> investigation of momentum dependence
> estimate missing higher-order BSM corrections
> dependence on m;-scheme

> relative sign of k) and &
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Aibibe ANd O gg s ph

New update coming soon (anyHH / anyBSM v2.0):
ability to compute arbitrary trilinear couplings
even more flexible renormalisation

double Higgs production cross-sections

- few BSM predictions exist (SM+singlet(s),doublet,SUSY,...)
- mOSt|y NLO—QCD (K—factor% 2, HTL[Dawson et al. '98] OF full mt—dependence [Baglio et al. '21 and '23] )
- higher-order BSM corrections?
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Double Higgs production

Independent calculation:
> at leading-order e

hh, hH and AA production (later: Ahaswell) 1 A------ -
triangle and box form factors for generic theory [pichn et al. o6]

. . o 0000 p—s—@ — — — — —
pre-integrated luminosities and/or LHAPDF [Buckiey et al]
running of as using rundec [Herren et al]
VEGAS [Lepage] and/or quadpack sympy] o REEERREEE T m TS
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Double Higgs production

Independent calculation:

> at leading-order
hh, hH and AA production (later: Ah as well)
triangle and box form factors for generic theory [pichn et 21 ‘6]
pre-integrated luminosities and/or LHAPDF [Buckiey et al]
running of ais using rundec [Herren et al]
VEGAS {[Lepage] and/or quadpack [sympy]

> at NLO

BSM: capture corrections to triangle
formfactor; propagator corrections
- QCD flat K-factor ~ 2 (HTL [Dawson, Dittmaier, Spira '98] : WIP)
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Double Hig$s production

Independent calculation:

> at leading-order
hh, hH and AA production (later: Ah as well)
triangle and box form factors for generic theory [pichn et 21 ‘6]
pre-integrated luminosities and/or LHAPDF [Buckley et al]
running of ais using rundec [Herren et al]
VEGAS [Lepage] and/or quadpack [sympy]

> at NLO

BSM: capture corrections to triangle
formfactor; propagator corrections
- QCD: flat K-factor &~ 2 (HTL [pawson, Dittmater, Spira o8] : WIP)
> flexible setup
total cross-section + differential distributions
automatically makes use of loop-induced couplings
turn on/off individual resonances, couplings etc. pp...

------ -
~
~
\\
BO000 p———@ - — — — —
BTO000 b—>——e — - — — -
P i
PG
-« .
N
~ 1
~
& - - —

— individual definitions of resonant/non-resonant contributions (exp. constraints!)
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Double Higgs production

Independent calculation:
> at leading-order
hh, hH and AA production (later: Ah as well)

- triangle and box form factors for generic theory [piehn et a1 96]
pre-integrated luminosities and/or LHAPDF [Buckiey et al]
running of ais using rundec [Herren et al]

VEGAS [Lepage] and/or quadpack [sympy]
> at NLO

BSM: capture corrections to triangle
formfactor; propagator corrections
- QCD ﬂat K—factor ~ 2 (HTL [Dawson, Dittmaier, Spira '98] . WIP)

> flexible setup

- total cross-section + differential distributions
automatically makes use of loop-induced couplings
- turn on/off individual resonances, couplings etc. pp...

— individual definitions of resonant/non-resonant contributions (exp. constraints!)

> WIP: MG5-integration for arbitrary processes
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Cross-checks: SM,SSM, THDM perfect agreement with HPAIR

THDM I: #3 = 2, M = 400 GeV

gg = hh in the Standard Model @ 14 TeV' L2 SIM: @ = 045, us = 0/\/3, ks = s = 0 GeV 0
—— anyBSM (PDFALHCIS, jt = my)
anyBSH, 1 = 0.5, 2y 10! 0
— == HPAIR (PDFALHCI5, ji = my) = 3
o0 = 151" 3w £102
= =
£10! £
5 S o
S —2 Q=
S 10 ic.‘ my = 500 GeV, ¢
/ﬁ< 525 10-3 = 10t my = 600GeV, ¢;_, = —0.04
< he = 200 GeV — my, = 500 GeV =600GeV, ¢, =0.04
—druH o s m .
9 10 — oy —— HWPAIR  ——- anyHH
— iy =400 GV == [Dawson, Lewis ‘15]
0.00 107°
— o x107° — =102
=1 Z 10 3
g 2 102 <10
= =H =6
a0 - B L E
300 400 500 600 700 800 300 400 500 600 700 800 300 400 500 600 700 800
mpy, [GeV] mpn [GeV] my, [GeV]
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Double Higgs production: inert complex triplet A (Y = 1)

V(®,A) = m?dTd + M*Tr(ATA)
2
A (@TD)2 1 ), [Tr(NA)} + s [Tr(ATA)Q}
+ (TR Tr(ATA) + \sBTA ATD .

> A= ((HY/V2,=H")T, (H, —H* /v2)T).
> invariant under Zy : A — —A (forbid triplet VEV)

> most-relevant parameters: My+, My++, A\g

(0), TSM

> SM-like Higgs: in exact alignment with SM Higgs (protected by Z3): &y =1

-(1) 1 <M/_H7M/_)/\ >7
However: '\, o< Ty -3 !
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Double Higgs production: inert complex triplet A (Y = 1)

> LOBM (tree-level )\537),1): ahThSM()\ﬁ)h) = oM ::::3> ______ .;::i
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Double Higgs production: inert complex triplet A (Y = 1)
> LOPSM (tree-level )\57(;7),1)' UhThSM()‘Evh)h) = oM Z}> ------ o

= NLOPSM (ane-loop A{Jy): oTSM(A,) =~ oSi(my = n0TM) T T

A
PO
BSM double-box diagram doesn’t exist! — full NLOESM prediction
100 SM + complex triplet (TSMy~—;), vp = 0GeV, my++ = 500 GeV fm
=== excluded by ATLAS [PRL 2024] KASM
=== exclusion projection HL-LHC —-—— ATLAS [PRL 2024]
o3k T M Ow)
=
- \
=
=8 “
© 102k N
AY
\ - A
\\~ w
10t - - - - - - . v
400 500 600 700 800 —10 -5 0 5 10 15
mpg+ [GeV] KASM (my+)

attention: only works if hH-mixing / hhH-coupling is protected by a symmetry!
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Impact of loop-induced couplings: additional resonances

What if alignment is only accidental?
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Impact of loop-induced couplings: additional resonances

What if alignment is only accidental?

Example:
> THDM-Il with a = tan 8 + /2

3113—2 ’\[AHH+—600GeV ’\[—4[)(]GeV a—

- T/2

two CP-even Higgs bosons h, H (+ A, HT)
tree-level: h same couplings as in the SM
tree-level: hhH-coupling vanishes

— heavy resonance not contributing

— indistinguishable from SM-prediction

> leading NLOBSM corrections:

OS renormalisation of «a, tan 3, my, my
non-zero hhH-coupling

— peak appears

slight distortion due to momentum

dependence

oL E
= 10 R \"<
T e e I Y I (e N
3
S
é 10*1 .............
g ............
2 1072
S — 2= mg,) o' = 50.07fb
10-3 ——— )\(M (p* = 0), 0%t = 60.79fh
..... ,\510;, tot — oot = 29.7fb
300 400 500 600 700 800
Muh [GOV]

w/o alignment: see Kateryna's talk [Heinemeyer, Miihlleitner, Radchenko,

lein '24
pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAA@CERN ctober 21’]24
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Estimating missing higher-order (BSM) corrections

...via scheme conversion

> simple scheme: all masses and mixing angles OS (KOSY-like) but M? = —% is MS

> non-minimal ren. of M?
> considering alignment limit (a = 3 — 7 /2):

\O _Bmh 0 _ 0 _ (ma2mE —2M%) ) M= M 6
A1l = v’ A2 =0, Ajgy = v s g = v %
> 22205 scheme:
. ren. condition:
), ren. Is]
A = MRMOS) 4 TN (MO%) (5OTMOS) SN, £ 0L,
N—_—————

diagrams+vertex CTs
- solve for
1
Ay = 60 Aa0

§9TM = 5
N, jom

<—anyH3 needs only this equation

- starting with MMS and converting to MOS we generate higher-orders

/\gk(MOS) — )\ijk(MMisi(sCTMOS,fin) _ M(Mmﬁ)%ﬂ” MOSs ”“Jr)\ﬁj (o( T 7108 im) /2.
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1,

H=2
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Estimating missing higher-order (BSM) corrections: )

THDM II: MMS(Q = MMS) = My =400 GeV, Hy+ = My = Mgy, o = f — 7/2

1200 T T T T T T T
one-. loop(12205) /I, 30
1000F === one-loop(222°%) S/
= +=xx one-loop(MYS) /.'.' =
i 800r ... tree-level ,/.f' i 20
o 7 o
< 600} v 1z
= e 210
< ¢ <
4001 5 ]
00 W
-
200 .,._.‘._._.“_._.-...-..ﬁ‘. ................... i 0
' ' ' ' 4]
300} L
s
g 7 2w
(5] 4 ©
S, 200} J/ 1 o
7
< J/ <50
5 e <
B r P 1 =
~ 100 ‘/, ~ 40
M e
Of oo mns s aamd T searsassansnnrnnnnn 1 30
400 500 600 700 800 400 500 600 700 800

eV
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Estimating missing higher-order (BSM) corrections: oy,

1200
— one-loop( /
1000} === aneloop ¥ 150
= weee one-loop( MYS) _a A
800 N /
8 B0 treedovel y

600

100

100

n CEP PP PR TP PP PPrTT 30

DESY.

400 500 600 700 800 400 500 600 700 800

L R ]

=ere tree-level )\ff }l’

hye

L ===+ one-loop(MMS) Al

~ == one-loop(1229%) /\,l.,ll,u(s’, m3, m3)

T5F === one-loop(2229%) )‘h e (5 mp,mj,)

h,h,lu(b mi,mj,)

Mygyi [GeV] Mygyr [GeV]
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Double Higgs production: multiple resonances

> THDM + real singlet (NTHDM) -
> THDM + complex singlet (STHDM) Three CP,—Teve;Tn thggs bosons
> SM + two real singlets (TRSM) 1, 112, 13-

Two possibly resonant!
With same masses and mixing angles:

NTHDM STHDM TRSM
I AR =m0, o = 2978 o, 08— AR =m3,). 0w = 2010 o, I M0 =m3,,). o = 3.8 7@
== AP =0), o 3 - === AN =0), o = 2230 " === A2 =0), o = 390 "
) 39.3f1 0 V u’n, _ \’(
= 9.3 = N R A% own = 2.60b
) ) (
o D10t
= =
= =
3 S10°
= =
<) i)
< <
1076 100 . .
£ i 5
400 600 800 1000 400 600 800 1000 400 600 800 1000
iy, [GeV] miny [GeV] M, [GeV]

very simple to generalise / run new models!
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Two-loop corrections to scalar amplitudes (Part Ib)

WIP [Bahl, Braathen, MG, PaBehr]

> Large one-loop corrections to Appp
— strong motivation to study two-loop corrections
— study new genuine two-loop effects (e.g. BSM self-couplings in inert scenarios)
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Two-loop corrections to scalar amplitudes

Large one-loop corrections to Appp

— strong motivation to study two-loop corrections

— study new genuine two-loop effects (e.g. BSM self-couplings in inert scenarios)
generic setup at two-loops: (FeynArts + TwoCalc)

- generic tadpoles + self-energies (two-loop counterterm)

- generic two-loop three-point function (e.g. di-Higgs)
- generic two-loop four-point function (e.g. tri-Higgs or EFT-UV matchings)

- no gauge-less limit applied!

more details in backup
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Example: two-loop corrections to A, in a singlet extension

> SM + real singlet S, (S) = vs:
A m? K A A
Vssm = 1| ®[* + TH"I’\LL + 7552 + 3553 + 7554 + rsHS|O* + %52@’2-
= consider heavy-singlet case ms > my,
> and no mixing « = 0 (alignment)

. the two-loop CT depends on (5(1)a)2
— proper OS/MS treatment

@405 _ 3 [s0, _ 5@, 2 s 2B B ey sy a5 s
5 )\hhh_ V2 6 th V5 mh+(6 Oé) > + B 5 th V(S mh+)\hhh 5 Zhh
S
_3msnv (s 7 VL3 (0 e+ 2 500 4 A0 | (50 (2) yding
i (5 zsh) 5| 2y + 7 ) 0a+ 340 (5 Zs,,)+5 Adia
1 9/@§Hv3 m? /@%H K]% _ .
_ ) 2v§ (FE’ = ,m—g) (full result in backup slides)
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Example: two-loop corrections to )\, in a singlet extension

reduction of diagrams using canonical edges: only a handful of diagrams left

’ ’ ho h h ’
; /h /h A i /h
n o 2 -5 s A s
__-r\’;n\\\ ihp ———-:: ‘hn:hq ———-::I:jn{ )ho ____‘\ hnr ____‘,/’!/'lnt o ::\hz{le\l
h N N h W \\__,/: \\‘_//: h N9
° %h hm * h " %h hoih ho 'h m % h
/ h, h ‘ /
. h /h n | /h
hl”.’h hl _-® hlf".’\: hn/"h\ hm ,c—:"}fp’ hl .
—___.: ; . - ! o / hlh A o ’ i Al \\‘J:‘ N o :
AR S I R T
ho . h ho * h ho i ' b " Pnbp .
th h h, /h h h h /h R
o b el i hy N ¥ =" i, h, : \’h/
= hp % -- RN Ty S NS
hm h"ih m % h, hn)\\h hn i\\h hn  “h hm “x\\h
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Example: two-loop corrections to )\, in a singlet extension

ks = Ksi, kisg = —10 - vs = =3 TeV, firen = [Ms/2, 2, ksg = —10 - vg = =3 TeV, fhen = My, ks = [~Ksu, Ksi

6 —— OS one-loop ]

=== 08 one-loop approx.
5¢ —— OS two-loop

0.3 0.6 0.9 12 15 03 0.6 0.9 12 L5
myg [TeV] my [TeV]
> left: reduction of theoretical uncertainty

> right: dependence on ks (singlet self-coupling) appears first at two-loop
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Outlook / Summary

V

DESY.

Aphp in arbitrary ren. QFTs

- at the full one-loop order
- optional momentum dependence
- flexible choice of renormalisation schemes

analytical results; fast numerical results O(ms)

already studied many models:
SM, SM+singlets, doublets, triplets, SUSY, ..

found large mass-splitting effects

(one-loop) )\(two—loop)

hih hhh and o, coming soon

| Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAA@CERN, October 2024

> pip install anyBSM
> anyBSM --help

> documentation, tutorials and

examples: anybsm.gitlab.io
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https://anybsm.gitlab.io/

Backup
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Example: generic fermion triangle

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

Co. Ps couplings C; = P, CF+ PrCR, Pr/L = 1j:'y5

-

pd

as well as loop-masses my and

mf1
G external momenta p;, i = 1,2, 3.
PL---- mf2 :QBO(p§7m§:m§)(Cf(C2LC§mf1 +C§C§mf2 +C2RC3€mf3)+C{?(C§C§mf1 +
me, C5Cimy, + C5CEmy)) + m CO(p3, p3, pi, mft, m, m3)((CHC5CE +

R CrCEC) (Pt + p3 — p3) + 2(Ci 3 Cs + CR CFCf)my, me, +
G 2my (CH(C3 G my + CF Clmy, + c§c§mf3) + CR(CEChmy, + C5Chmy, +
Cch??mfs))) + CI(P27P37P17 mla m3, m2)(2p2(C1 CS (Cmel + C2 mg,) +
insert concrete BSM model ClRCgf(CQRmfl e me)) + (p? + p2 — )((C1 CLCR + CRCR Cg)mfl
(UFO oo et 201 ) (CECECE + CRCECR)my)) + C2(p3, pi. pi . mi, md) (93 + p3 —
evaluate with the help of  p2)(CLCH (Chmy, + CFme,) + CIFCH(CEmy + Chma,)) +2pF(CHCHCE +
(py)COLLIER (Demner et al. '16] (R CRCHYmy, + (CECECE + CRCECRYmy,))
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Generic renormalisation of )\,

Xy =~ &1

I : 0),BSM
> one-loop — renormalisation of all parameters entering )\Em),; at tree-level

2
> In the SM A(%SM — 2T
> In general:

0),BSM 0),BSM
/\E;h)h = grh)h (VSM» mM mx v, pr )
~— N =~
SM Higgs sector  further (OS) BSM mixing indep.
masses VEVs angles  parameters

> user's choice:
SM sector: fully OS or I\/TS/W (using aqep(0), mw, mz, ms, see backup slides)
BSM masses (scalars/vectors/fermions): OS or MS/DR
Additional couplings/vevs/mixings: MS/DR by default. Custom ren. conditions possible!

) 9\ (0),BSM o
5éT>/\hhh _ Z <h(l;/;)> 5CTp, with p = {mf/\/l7 VSM7 mxﬁaj’.“}MS/OS/custom
P
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Momentum dependence in the THDM

THDM-I: myy = M = 400 GeV, my = my+ = 700GeV, tg =2

= : ; : . ; . —
[ -
9,
— 100 ]
S gt H
N
g Ob=c=c==z- T ——— = L . . . . B
— 0 200 400 600 800 1000 1200 1400

VPP [GeV]
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Momentum dependence in the THDM

THDM-I: my = M = 400 GeV, my = my+ = 700GeV, tg = 2

== pi=0 y
— pi =" mj, \/<
2.4k . . L L L L i
0 200 oy 600 800 1000 1200 1400
= . : . . : . —
() -
O,
100 I
N S e w
-
E Ob=eg==-=- Tmmmmm - ; ) ) A ; i
= 0 200 400 600 300 1000 1200 1400

VP2 [GeV]
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L)

Uncertainty estimate: a real inert triplet 7= (7°/v2, 7H7,(T-,7°/v2)")

A M? AT AHT
V(@,T) = 2|0 + S|l + ZL TP + SL T+ S0 TR0, (T0) =0, (2°) = veu

Y = 0 triplet extension (M5% = 100 GeV, Ar = 1.5)

6F

1 7OS
— M9

MYS

L

DESY.

AHT

| Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAA@CERN, October 2024

4

> at one-loop no explicit
dependence of SO Nppp on AT

> but:
§1-OSMyy = X7 (p* = Mp,)

’

depends on At

> Ann(ME2) = Anan(MYR):
estimates two-loop corrections
generated by triplet self-coupling A7
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Impact of loop-induced couplings: individual corrections

tan 8 =2, My g p+ = 600 GeV, M =400 GeV, a = — /2

100 L
=
S -1
< 107'¢
=)
=
S 10—2.
S
~
=
€ 03
s — N0 = m3,), o' = 50,07
""" ML (@? =m2,), o' = 1638
74 L
L M (p? = m3)), o' = 58.46fb

300 400 500 600 700 800
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The sign of x) in the NTHDM

NTHDM: my, = 125.1 GeV, my, = my, =ms =mpy+ = 300 GeV, =100 GeV, tg =2
T T T
1 ............. 1
0.5 10.5
~< S
< ey
0 10
-0.5 v -0.5
— THDM 1L, (alignment limit a = 8 — 7/2)
----- THDM 0L, (alignment hmn a=8-n/2)
0 /8 71'/4 371'/8 /2

pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAAQCERN, October 2024

NTHDM=THDM+ real singlet

3 CP-even scalars hy 23, 3 mixing
angles 1,23

ag — m/2 : decoupling of singlet
+ alignment

attention: from ggHH we only
get sgn(k¢/Ky), the relative sign
of top- and Higgs modifiers!

BSM
Kt = Zsr strongly constrained

Page 33



The sign of ) in the NTHDM: full-fledged parameter scan

sin(8 — o) log + a3 — B4 7/2| - ||ag| — /2|
—0.1 0.0 0.1 0.2 0.3 0.25 0.50 0.75 1.00 1.25
| AEEEERREE 200000 AhEEEERERE
30f i =hsm 1 L'® hy=heu ° ]
= 20/ ] ]
=
]
210t - ] ] ‘e !
~ [ ]
:/z«
0 L 4 4
®
—10¢ | . . L] 1t . . . . s
—0.5 0.0 0.5 1.0 —0.25 0.00 0.25 0.50 0.75 1.00
W) sign(si”) w) - sign(si”)

[WIP: Bosse, Braathen, MG, Hanning, Weiglein]
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Treatment of external leg corrections

default treatment of external legs:

] 1 Ehn; (P
5(1) ext. Iegs}\hhh _ Z 5 hh P, hh + Z 5702#7
i Jhj 75’7 h’

=0, for alignment

> Attention: insert into di-Higgs production: /,,\

. A
need one off- and two on-shell Higgses: h | ’/2 =m2

2 . \
p N
5(1),ext.—|egs/\hhh _ (% ) E/l7h(mh)>‘§31)h y mj

= possible to turn-off default behaviour and specify ext.-leg contributions in terms of
selfenergies
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Treatment of tadpoles: many possibilities

At tree-level:
2
define t, = and m? = 2V
h = 6h}h 0 h 23,,2 o
then VSM D) thh + 5m%}h2 + mh;i‘f”/vhii 8Vt2h/‘/h4

popular choice t, = 0 (but not the only choice!)
At one-loop: in general the renormalized tadpole consists of t, = t, + th —l— 5th 2

HOS” tadp0|es Bohm '86, Denner 93]
. demand t, = t, = 0 at one-loop such that t,gl) = —6t,(71) ﬂ<

- effectively no need to "attach” tadpoles to any diagrams
"F|eiSCher—Jeger|ehner (FJ)” tadp0|es [Fleischer, Jegerlehner '01]

- demand t, = 0 at one-loop but let 5t,(,1) cancel only divergent pieces
need to consider finite contributions of all 1PI diagrams

"tadpole-free MS scheme” [vriin 01

- set 6t =0 and demand t, = 0 = t, = —t")

Pinched scheme, GIVS [pittmaicr, Rechak 2] 5(Fess relevant for this work)
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Treatment of tadpole corrections for A

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

2
tadpoles __ 3tp 6 (1) (1) 3 (1) 9 Smh (1)
)‘hhh - V2 - 725CTth + 5tadpo|es/\hhh + ;5CT, tadpolesmh - v2 5CT, tadpolesv
~— -
tree-level  CT-inserted 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 Xpan O %6(l)th|finite
v

However: UFO 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 tﬁ'ee"e"e' = 0 and renormalize
6(1)t/(_’: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: f;/\: and
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OS vs FJ tadpole treatment

THDM type-ll, s5_, =1, t5

195
Vmd — M? =200 GeV
190
s
i
=180
=
175
m— NS tadpoles (FJ)
170F = = OS tadpoles (tOS)
— SM
16T 107 i? 10t 107
M [GeV]

=2 my, =

10!

My =Mmpg+s = Mp
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VmZ, — MZ =100 GeV
Vmg, = M2 =200 GeV
Vmg — M2 =400 GeV

300 GeV

107 17
M [GeV]

10

107
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Details on renormalisation of the SSM: OS scheme

OS conditions:
sV m?2 = —x4(p? = m?)

S

Wz = —6MWz; = —2%,:(p> = 0)/m?, i # ],
y I Iy s

Mz = - %i(p? , i,j=s,h,
1 8,02 ll( )p2:0

5@ty = () — %50)2,755(1)1; - %5“)2,,,,5(1) th,
sWml = (m} —m?)6Wa = —m?6Wa = Sps(p? = 0).
MS conditions:
(4m)20 RS = g (6r55As + KsHASH)
(4m)26(0) M — % (ks + 2ksH) -
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Full result for \,,, in the SSM: OS scheme

(4m)2A0) 05 = _fsuv” + O(mp/m3)
hhh 2v§m§ h s/
24(1),0S _ _’ig‘HV2 2, 2 2 2/, 2
4m)“\ 6 2 3 (@)
(4m) " Appe = 11 2( mivs — 2ksvs + 3ksyv?) + O(mj/m3)
vem?
9k3, v3 3k V3 _ L2
4 SH SH 2
(4m)* @A, = — 20 - 2m2v [(’fs + 2650)Inmg — 2(ks — Ksp) — 3"€SHV2]
3 .3 L2 4
K v v
— B4k + ks (5rsy — 12k5) 5 + OKdp—g il
8m; vs 5 Vs

mg— 0o

0

behaves "nice” for ms — oo
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Full result for )\hhh in the SSM: MS scheme

3 HSH

(47r)45(2)/\hh =— [6/@5v5(31nm +In” m? — 3) + 8ksyva(—2lnm? +n’ m? 4 1)

ve
+ rgpv?(—23Inm? — 3In°m? + 35)}
1 3/15Hv

m2 16vS

|:I£5HV (35 — 17Inm?) — 4x2vi(Tnm? — 1)

+ 4rgyviv? (ks(3l m? — 8) — 6rsy(Inm? — 1))}

1 gV (Inmg —2)

—i—mQQZSH <4l m —Hn m 4> .
vi
S

Shows non-decoupling behaviour for mg — oo!
Need to simultaneously scale vs oc ms.
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Simple cross-check: UV-finiteness in the SM

Numerically: scale independent result

200
150 — total —— tadpoles
—— tree-level — mass CT
100 —— one-loop genuine — VEV C1
. — external-leg
=50
3
s ot
~<
—50
—100
—150¢t
107 102 07
Qren. [GeV]

Analytically: cancellaiton of !/ poles
<< anyBSM®

LoadModel["SH™]

1lam = lambdahhh[];

(lam["total"] - lam["treelevel™] //. UVparts // Simplify) =@

True
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(Default) Renormalization choice of (vSM)0S and (m?)0S

0S _ 2Mw | M3 0
Ve = = 1— Wlth (remember: A\ ~ 3m?/v)

(1,7
: 5(1)M2\,:%,V: 4

- 6We =111, + sign(sin@w)%ﬂvz

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

pole

scalar masses: m; ;

- 0m? = ReE(l) |p

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

= m:

2=m?

All bosonic one- & two-point functions and their derivatives for general QFTs are
required for flexible OS renormalisation.
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Feature list (so far) of anyH3

—~

> import/convert arbitrary UFO models = optional: full p? dependence \\/<

> (semi)automatic renormalisation > numerical / analytical / ATEX outputs
OS or MS mass renormalization
OS or MS electroweak VEV
provide custom renormalization conditions
(no need to compute diagrams) =
— estimate size of missing higher-orders

pip install anyBSM

1 from anyBSM import anyH3
2 myfancymodel = anyH3('path/to/UF0/model')
3 result = myfancymodel.lambdahhh ()

> Python-library with command-line- and
Mathematica-interface

more examples at anybsm.gitlab.io
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Example for OS scheme definition (THDM)

New simplified syntax in v2!

tadpoles: False
mass_counterterms:

hi:

0S

h2: 0S
parameter_counterterms:

parameter: TadH1

counterterm: dTadH1

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

parameter: TadH2

counterterm: dTadH2

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

parameter: betaH

counterterm: dbetaH

condition: (Re(Sigma('Hmi','Hm2',momentum='MHml**2')) + Re(Sigma('Hm2','Hml',momentum='MHm2**2')) + 2x(dTadH2*c
condition: (Re(Sigma('Ahl’,'Ah2',momentum='MAh1%%2')) + Re(Sigma('Ah2', 'Ah1’',momentum="'MAh¥*2')) + 2*(dTadH2*

warn: False # turns-off warning that betaH is not an UFO input

parameter: TanBeta # this is the actual UFO input

counterterm: dTanBeta

condition: dbetaH/cos(betaH)**2 # depends on CT defined above

parameter: alphaH

counterterm: dalphaH

condition: (Re(Sigma('hi','h2',momentum='Mhi**2')) + Re(Sigma('h2','hl',momentum='Mh2+%2')))/(2%(Mhl**2-Mh2**2)

# countererm of M: takes into account running of M from Q=M to Q=Qren
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Beyond anyH3
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Two-loop effects in the SM

...and estimate of missing 3L effects

185.01
182,51 e
180.01 e

% 17751 e

o,

= —~——

ZE175.0 .~

~<

172.51 - ---- MS 1L
- — MS2L
170.01 o ---- 08 1L (G scheme)
,/, —— OS 2L (Gp scheme)
/’/ ---- 0OS 1L (M scheme)
1751 - —-— OS 2L (M scheme)
102 10
Q [GeV]

see [Braathen, Kaneura '19] for earlier works.
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Geneneric Two-loop: Symmetries — reducing the number of
diagrams

> external states identical (h — h; hyh — h; h,h — h, h)

> external momenta to zero pZ; =0

> many diagrams identical S poF S S pg.S
H . . . * --o
> example: double-box with fermion-scalar insertion i !
F|S! |F F|Fl 1S
|
g7 F F s F STy
T1 G1 N1 T1 G2 N2
S S S 5
Tl T2 T3 \\,, ,S I \\,, ,*S;,,‘S;'/
I I R
b b
s S I S g S S» S
T1 G3 N3 T1 G4 N4

T4 T5 T6
— only 3 (instead of 24) unique generic diagrams!

pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAAQCERN, October 2024 Page 48



Canonical form of diagrams

"canonical edge” = unique representation of diagram:

list of "edges” (=lines)

identical diagrams <> permutations

canonical form = special ordering canonical-edges algorithm in pseudo code:
{edgelv[1], v[4], S[1]1, edgelv(2], v[5], s[1]], - identify internal indices
edge[v[3], v[6], S[1]], edgelv[4], v[7], -F[3]], - identify external indices

edgel[v[4], v[8], FI[3]1], edgelv[5], v[6], F[3]], - generate permutations of external indices
edgel[v[5], v[8], -F[3]]1, edgelv(6], v[7], FI[3]], . generate permutations of internal indices

edgelv[7], v[8], sS[111} - combine permutations of internal and
7 7 external indices

\ \

\ \ . permute edge list following the combined

list of permutations
. sort list of permuted edge lists
return first edge list after sorting

?_IESV//‘ Higgs trilinears NLO and implications for gg — hh/{ Martin Gabelmann | ESSFAA@CERN, October 2024 Page 49
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Symmetries: reducing the number of diagrams

DESY.

n=0,1,2,3,4-point function with identical external fields

count number of two-loop diagrams before—after reduction of diagrams using canonical

edges
- at the topology-level
- and field-level

reduction of up to one order of magnitude!

not counted: model-specific particle-insertions and summation over generation indices

n

topology-level

field-level

B~ NN RO

22
3—3
9 —38
40 — 13
265 — 29

11— 11
25 — 25
121 — 92(102)
936 — 229 (291)
10496 — 698 (928)
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Cross-check: CP-violating NMSSM

2
> )\ﬁ(ﬁ’) first computed in [Borschensky et al. "22] (see talk by MGekuTS23)

> w/o symmetry-reduction: check on diagram-by-diagram level

F s X X X o
5. | il if if , ) if
/ F s\ T /4 u6"6\I / dmé\l ;S d%0
- ——1 Im* [— Im+ . /um+ — 1 fum+
s \\ //, i \\ //, i \\ //. hi \\ //, i \\ ,/|
T T R A A M
:S up :hk up :hk up :hk Un :hk
1 2 2 a 5
Topology 12: my: \»71 71058 - ©.098447 N ©.487837 171058 - ©.098447 R 0.487837 0.710459 ©.0492235 . ©.213257 6.710459 0.0492235 R 0.2132571
[ 0.098447 B.4S7B37g 60.99&447 0.487837£ ’ 0.0492235 19.213257E : ©0.0492235 0.213157% -
> full numerical agreement for all genuine 2L diagrams
> w/ symmetry reduction:
diagrams topology-level ‘ field-level

genuine two-loop 39 — 12 213 — 67(32)
sub-loop 15—5 36 — 12(7)
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W mass prediction

. . . 2 M2 . om
start with HO corrections to muon decay: My, <1 - M—g) = %GF [1+ Ar]

V2GEM2

H%)sT(O),g(l)M?M _ M) sin? 6y

and solve for: M2, = M2 {; + )5 e (1 + Ar)]

ith: (1) — 951)
Wlth Ar = 2(5 e+ Ma/ sin2 O + 5vertex+box
and: 5 gin2 Ow _ cos? Oy HE/V’T(Mav) _ H(l) T(Mz)
sin? Oy sin? Oy Ma/ M2
It's all there but:
___2sign(sinfyy) 2 _ QQED 7—4sin? Oy 2
6vertex+box T cosfwsinOyw M2 HZv(p - 0) =+ drsin2 Oyy 6 + 2sin2 Oy log(cos Hw)
BSM _ H
vertex-box — Needs to be implemented
However:

dsin? Oy ~
sin Oy

in many models Ar D dp is the dominant effect!
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Appp in the SM and in SUSY

In the SM at tree-level:
m? m? o3V(h) 3m?
V(h) D —=hp? + —hpd 4. SM_— T h
(h) > 2 + 2v + = bbb 03h v

Thus )\2,'\7/',7 can be predicted perturbatively as a function of the SM parameters.

= corrections to App, are expected to behave similar to one-loop correction to the SM Higgs self-coupling
those of the Higgs boson mass —6 g
> OS scheme for my, allows to "absorb” large part of = :
corrections s 1ol — 0\ + 3omi /v |2
: = — 50 §
> in SUSY: = kb L
S K]
)\/-,/-,/-, = 3m%/v approximate[oobadc‘ Herrero, Hollik, Penaranda '02] B 7 /e
< S |
but mj, not free and m, < mz at tree-level! . &
h h 102 171 17 173

— requires loop corrections of about 40 GeV (15-30%) m [GeV]
— can't stop at one-loop; need higher orders (—KUTS)

— the precision of Appp (order in perturbation theory) should match those of mp!
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Full MSSM result: interface anyH3 to SPheno

CMSSM, mg = myjp = — Ay, tan 3 = 10, sgn() = 1, with m;, computed at 2L in SPheno

N

D _ a1
my, =1

b

1GeV

116

10°

my [GeV]

10*

220
anyH3
200
180 //
160 |
z
O 140
i — M
| (0) YMSSM ]
— (A
100 (“f),m,)
— OgenAnnn ||
80 1 — 3mijv
60 M
10° 10*
my [GeV]

- Example for a very simple version of the constrained MSSM - BSM parameters m,, m_,,, A, sgn(u), tan
- For each point, M, computed at 2L with SPheno, and SLHA output of SPheno used as input of anyH3

DESY.
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Appn in the NMSSM at two-loops

e one-loop
o Oaras)
s Ofag(as + ag))

APR [TeV] APR [ TeV]

A (MPRAPRY) X (mOS ,AOS)
Aren )\hhh - )\hhh( tR,APR)

~ higher-orders — estimates theory uncertainty

(Points checked against HiggsSignals 2.6.2 and HiggsBounds 5.10.2 as well as model-independent

constraints on SUSY masses.)
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Size of the O(a?)-corrections to A,

..and correlation to O(a?) my-corrections

Aﬂft(ﬂferﬂft) mﬁ [%] Agz{(laﬁat) mos [%]
“Soo 7w

X g

025 050 075" 1.00 125 95

0.0 12.5

0 4

A

oy (org+ay)
Aam;

Page 56
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Effective couplings and Higgs to Higgs decays

—one—loopf—@(atas)os —O(ag(ag + at))os
1.54— one—loopDR "'O(atag)ﬁ“'@(at(as + Oct))ﬁ A
= /
<. TPt Ty swew- +Th, 22 +Th, shoh,
E 1.0 A ~0=60 MeV
<
,
l'—f 0.5 1
0.0 - =
& 25
T 1
58 -
< 0
5 50 1
<4 0l
-3 -2 -1 0 1 2 3
APR [rey)
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Dependence on CP-violating phases

210
—_—

190 —one-loop® —O(a;a4)% —O(as(as +04))%
| - one-loop™ ey )PF Oy (ars + a4))PF

| APR| = 250 GeV

¥ 4DR (7]
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Double Higgs production in the NMSSM

g q “h g [ qu' ‘h
Hk i - ! s Hk .
q - G ! PEahh N
\\\ |lf’é-' M
9 ¢ v 900 % “h
e 1 1 e A A S
i I . 1 o 7
a 14 @ o=l
L "G S
97080% -5 o g 000 ® S h
g S - h 9 i ,oh
g~ e 2TTN H L
f \K, B :__E-‘
A\ ~ /‘ \\\ ‘\_gi’/ \\
g ~ “Nhp 9 “h

h

q

----h
449
- h
:x i"j
('ji\\“l'-———— h

2
Use A}, as input in HPAIR [spira] to estimate higher-order effects in .
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Double Higgs production in the NMSSM

Parameter point with resonant contribution from intermediate BSM Higgs:

one-loop two-loop O(a?)
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> w/o X*f: loop corrections to masses/mixing angles (and according LSZ-factors)

— corrections to the input parameters

=~ w/ Xeff: additionally use effective coupling at respective order

corrections to the di-Hig ges proce
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Projections for x, "measurements”

Higgs self-coupling projections

T 1 LENL L B B BB HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)
- wu s Extrapolation HL-LHC, A-dependency as of
3 [ S i ion significance in ATL-PHYS-PUB-2022-053)
- === |LC 500 GeV ZHH (2014, full coupl. analysis)

=== |LC 1 TeV vvHH (2014, single coupl. analysis)

mmmgem= |LC 500 GeV ZHH + 1 TeV vvHH combined, 2014
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[J.List et al. '23]

pesy. | Higgs trilinears NLO and implications for gg — hh | Martin Gabelmann | ESSFAAQCERN, October 2024 Page 61


https://arxiv.org/pdf/2311.16774

