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Why the trilinear self-coupling?

~ probes electroweak symmetry breaking Vsm D ” h + & Vh/s h+ 4 VQ” Koxh?
mechanism

> influences shape of the potential Ky = A/\IZ?ZA
> important for electroweak phase transition o
> important input for di-Higgs production
> very sensitive to BSM
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Constraining )\n,, / k) using Higgs pair production

Leading-order parametrization used by experiment:

Z [ ATLAS Preliminary  — St
T VE=13TeV, 126—139 o'
I 10%} HH-bbT* T~ +bbyy + bbb
5
k3
g H ©
Ky -
,,,,,, o
H .
8 H

pp — hh: —0.4 < K) < 6.3 [Phys. Lett. B 843 (2023) 137745]
Possible next-to-leading order BSM contributions in concrete models

000000000 - - e - - — - o - - - -
o h } RN h
1P S R : 1p
| N
t P h ~ h
_ 2 e — - o & - - - -
% O(yZginos) (not included) % O(¥Jinoo) (included)
When to apply the ky-constraint to BSM models?
> only k) is significantly modified by BSM physics . .
~ o additional resonance in s-channel — a scenario often enforced by experimental constraints
> all other couplings SM-like
DESY. i
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Anhn beyond the SM

> Many studies for \ppp already exist

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 [Holiik et al. '02][Brucherseifer et al. '13][Dao et al. '13][Dao et al. '15][Borschensky et al. '22]

> Higher-order corrections can be significant

> Many more models to explore!

— anyHS ’@ [Bahl, Braathen, MG, Weiglein '23]:
automated tool to calculate Apppy in any model
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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

Feature list (so far) of anyH3 /—\<
—gryH=

> 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

from anyBSM import anyH3

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

myfancymodel = anyH3('path/to/UF0/model')

result = myfancymodel.lambdahhh()

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

Results
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Cross-check: Decoupling w/ alignment

of a

1.3

1.2

1.0

Decoupling in k) in various scenarios
e

T

SM + singlet ——»

SM + doublet ——*

A
SM + doublet
+ Sing/e[
SM + triplet "
A
SM + triplets -

ligned BSM models
—

SM /-\< ]
SSM —au qH
IDM .
THDM-II ]
NTHDM-II ]
TSMy— -
TSMy—1 ]
GeorgiMachacek ]
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075 1.0

M, BSM [TOV}

12 15

many models built-in
and cross-checked

ensure appropriate
decoupling behaviour

recover SM result for
MBSM — 0

easy to implement new
models (UFO)
further checks

literature (if available,
e.g. MSSM)
UV-finiteness
FeynArts/FormCalc
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Alignment w/o decoupling

2 : : : : :
T THDM-II M = My = 400GV, My = My = Masa, ts=2 [
—— IDM M = My =400 GeV, My = My: = Mygy, A = 2
—— TSM (Y=1) My++ = 400 GeV, My = Mysy
207 — GMsing = 0, M, = 400 GeV, M, = M; = Mpgy

— SM
—=-- pertubative unitarity

ATLAS-CONF-2022-050

5r /
HI-LHC

/

ra— n n n n n
300 400 500 600 700 800
M, BSM [GQV]

Simplest case: Viagey X AHogey H2 Paom + 12 PEsy

>

1000

alignment means
tree-level _
hxsmXsm

mass splitting within the
same multiplet

induces large couplings
for Mgsm — 00

corrections large-enough
to exclude parameter
space

see [Bahl, Braathen, Weiglein ‘22] for

two-loop results in the
THDM

= AHCI)BSM (08 (MéSM - ,LLZ)/VQ
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Momentum dependence in the THDM
700GeV, tg =2

THDM-L: my = M = 400 GeV, my = mpy+ =

= - : . , . ' _
: -

O,

— 100 —
- gt H

/f _______________

\g O5======% T T I—— ! L L L L 4
= 0 200 400 600 800 1000 1200 1200
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Momentum dependence in the THDM

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

——= pr=0 y
— pi =@ mi, \4
24 = - L 1 1 L 1 o
0 200 oy 600 800 1000 1200 1400
= . : . . , . —
() -
O,
100 I
j:‘ _____________________ —%-(/’/H
N -
E] (1) T ——— = L L L L L E
= 0 200 400 600 300 1000 1200 1400

VP2 [GeV]
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Momentum dependence in the THDM

THDM-I: myg = M = 600GeV, my = my+ = 1000 GeV, tg =2

72f === #i=0 ]
P = % mi,mp)
0 200 400 600 800 1000 1200 1400
E : . : . . e A
% 1] e /‘< ]
2 L EEeE -anyH
5 ke
\g ) E=E=r=t= S g S = 1 1 1 L \|/< 3
=0 200 400 600 800 1000 1200 1400
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Renormalization scheme comparison for a real Triplet

21012 L A L ME o AT s | AHT 2142
V(®, T) = p”|®| Jr§|‘3[>| Jr?|T| +7|T| +T’T| |®%, (T) =0, (®) = vem

Y = 0 triplet extension (M5 = 500 GeV, Ap = 1.5) 1000 = 0 triplet extension ( 16
Liy _m 900 12
\/( 800
1.0¢ ‘ 1 =
_ S 700 ~
€ - ©
0.9p § 600
— M 500 -
L/ e MY ] _g
08F, g 400
; pp = (my+ Mpg+)/2 —12
1 =3 =2 -1 0 1 32 3 4 3079
/\HT HT

estimate of two-loop corrections generated by triplet self-coupling

DESY. | Precise predictions for K ) in the Standard Model and beyond | Henning Bahl, Johannes Braathen, Martin Gabelmann, Georg Weiglein | Scalars, Sep 2023



Outlook / Summary

> Outlook:

influence on oy

non-SM self-couplings, xx,,,
more models

go beyond one-loop

K¢, Ky etc.

> Summary:

DESY.

anyH3: Appp in arbitrary ren. QFTs

at the full one-loop order

optional momentum dependence
with arbitrary choice of renormalization schemes

uses UFO input

analytical results; fast numerical results O(ms)

SM + complex triplet (TSMy_;), vr = 0GeV, m e = 500 GeV

10
My (1 - ,TSM
= ot (/\rm?h) A
= === excluded by ATLAS [PLB 2023] === ATLAS [PLB 2023]
E 103} ——— exclusion projection HL-LHC --= HL-LHC
o A
—~ |
“ \
- /
’Q:'q 102} \\
Eh: AY
a3 ~ ~4ryH
o \/{
10! L . , . .
400 500 600 700

mpy: [GeV]

> pip install anyBSM

already studied many models models:
SM, SM+singlets, doublets, triplets, SUSY, ..
found large mass-splitting effects
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> anyBSM --help

> documentation, tutorials and
examples: anybsm.gitlab.io

Page 13


https://anybsm.gitlab.io/

Backup
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The sign of ) in the NTHDM

NTHDM: my, = 125.1 GeV, my, = mp, =ma = mpy= = 300 GeV, ji =100 GeV, tg =2

0.5

R

+ NTHDM OL, (a1 + a3 = 8 — 7/2
—— THDM 1L, (alignment limit a = 8
~~~~~ THDM 0L, (alignment limit a = 8 — 7/2)

L N

—— NTHDM 1L, (a1 + a3 = 8 — 7/2), vs = 300 GeV

(0)
t

K

/4 3n/8
(€3]

NTHDM=THDM+ real singlet

3 CP-even scalars hy 23, 3 mixing
angles a1 2.3

ag — /2 1 decoupling of singlet
+ alignment

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

yBSM .
Ky = ;SM strongly constrained
t
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Simple cross-check: UV-finiteness in the SM

Numerically: scale independent result Analytically: cancellaiton of 1/ poles
200F i " << anyBSM®
LoadModel ["5H")
150 ¢ b 1am = lambdahhh ] ;
total tadpoles (1al|["tota'L“] - lam["treelevel"] //. UVparts // Simpli fy) =0
—— tree-level —— mass CT
100 — one-loop genuine — VEV CT ] True

— external-leg

/\hhh [GBV]

Qren. [GBV}
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Higher-order corrections to \,,, in any renormalisable theory

. > Solid lines:
BSM\One-loop __ . P
(Ahhh) = < * ””Q\ + - - scalars,
. . fermions,
—_——— >

gauge/vector bosons,
ghosts

0 . . . i
tree-level: )‘57;,2, one-particle irreducible: 6>\ﬁ’;1"'"e

. d
tadpoles: A3

> possibility to

/O 9 N7 p exclude/restrict certain
+ - + - T +

RN particles and/or
- 2 ‘ topologies
external leg corretions: JAX\,/ER
> automatic non-trivial
+ @ renormalization
- 0OS or MS masses
———

~ size of two-loop

T
renormalisation: 6y,
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Renormalisation of )\, )

cT —
ONphp =--—-&_ =
— . (0),BSM )
> one-loop — renormalisation of all parameters entering A;,; at tree-level
(0),SM _ 3m?
> Inthe SM Ay p=" = =+
> In general:
0),BSM 0),BSM
)‘im)h = )‘gm)h (VSMv mM mx, v, o, g )
~ =~ = =~
SM Higgs sector  further (OS)  BSM mixing indep.
masses VEVs angles  couplings

> user's choice:
SM sector: fully OS or MS/DR
BSM masses (scalars/vectors/fermions): OS or MS/DR
Additional couplings/vevs/mixings: MS/DR by default. Custom ren. conditions possible!

) o\ (0),BSM L
5éT>/\hhh _ Z hgi;) 5CTp’ with p = {me7 VSM7 My, 0, - .. }MS/OS/custom
P

pesy. | Precise predictions for ) in the Standard Model and beyond | Henning Bahl, Johannes Braathen, Martin Gabelmann, Georg Weiglein | Scalars, Sep 2023 Page 18



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

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

(1), T
. 5(1)M2V:%,V: W,z

- dWe =111, + sign(sin@w)%ﬂwz

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

pole
scalar masses: m;

- 505 ,2* 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:

B 1 0
= 3 |+ S 2,
i j.hj ;éh hj

~
=0, for alignment

> Attention: insert into di-Higgs production: N
need one off- and two on-shell Higgses: |l //')2 = m?
_‘_> \\\;
1),ext.-I _ 1,1 (0) p ~h
OB\, = — (5 + 5) S (Mh) A P’ =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 _ 0%V
define t;, = 8,7 ‘h 0 and my = |,y
2_
then Vsm O tyh + 1m?h? + ”“Tc”/vhi” 8Vt;/v b4

popular choice t, = 0 (but not the only choice!)

At one-loop: in general the renormalized tadpole consists of t, = tj, + th —i— 5t 2

"0OS"” tadpoles
. demand t, = t, = 0 at one-loop such that t(l) 6t,(71) ﬂ<

- effectively no need to "attach” tadpoles to any diagrams
"Fleischer-Jegerlehner (FJ)" tadpoles

- demand t, = 0 at one-loop but let 6t,(11) cancel only divergent pieces
need to consider finite contributions of all 1P| diagrams

"tadpole-free MS scheme”

. set 6tf(,1) =0and demand t, = 0= t, = —t,(,l)
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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 3ty 6 (1) (1) 3.1 o 3mp (1)
Aphh =~ v —50ctth  + Otadpoleshhh +;5CT, tadpoles™h ~ 3 OCT, tadpoles”
—— -
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(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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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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Example: generic fermion triangle

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

G - p3 .
- couplings C; = P, CF + PrCR, Pr/L = &%
g as well as loop-masses m¢ and
p1 ””C1 my, external momenta p;, i = 1,2, 3.
e = Q?O(Lpi ms, rrz§)’(?C1L(C2LC;f’mfl + Cf?cgsz; +2C§C;3me§,) + ffECz’;Cémfl +
C; Csmy, + C3C3 my,)) + my, CO(pz, p3, pi, mi, ms, my)((Cr G Cs' +

~

G CRCECE) (P + p3 — P3) +2(Ci G5 Cs + CFCECE)my, me, +
2mf1(C1L(C£'C§mf1 + C2Rc§mf2 + CQRCémfs) + Cf(CéQCémfl =+ C2LC3me2 —+
insert concrete BSM model  CECfm,)) + C1(p3. pd. p?. md. . m3)(2p3(CECE(Chmy, + Comy) +

(UFO [oegrande et o. 1] ) CFCH(CEmy, + Chmg,)) + (b7 + p3 — p3)((CHCHCF + CRCEChymy, +
evaluate with the help of | (CHCECE + CRCECE)my)) + C2(ph, i i i, m3) (o -+
[Denner et al. '16]
Y ' p3)(Cr G (Camp, + CE'mpy) + G G (Cimyy + Com)) + 2p7((Cr G2 G5 +
public code anyH3 C{?CQRC;,’:)mfI + (ClLCQRCgf + C{?CzLCgf,?)me))

[Bahl, Braathen, MG, Weiglein '23]
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https://arxiv.org/abs/2305.03015

Beyond anyH3
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Two-loop effects in the SM

[Braathen, Kaneura '19]

_ 5 T T T

1 SM SM SM, (0)
1 A)‘hhh = )‘hhh - ’\hhh
\
\
- \ -
10 \ ===
\ -

MM [Gev]
Y
|
|
1
1
1
|
1
1
1
I
|
|
|
|
]
1
U
1
|
1
1
1
1

-25

0 200 400 600
Q[GeV]
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W mass prediction

. . . 2 M2 . om
start with HO corrections to muon decay: My, (1 - M—g) = \”[;‘—GF [1+ Ar]

and solve for: M2, = M2 {; +./3 - \/ggif_”‘l\@(l + Ar)]

(1),T oy _s(1) pp2 .
S 1 1 Iy, (0)—'YMm 6 sin2 9
with: Ar( ) = 25( )e + W M2, w sirf;nGWW + 5vertex+box

and: 51 gin2 Ow _ cos? By HE/V’T(M&/) _ Hu)’T(Mav)
T sin?fy sin?lp Mz, Mz,

It's all there but:
55|\/| _ 2 sign(sin ) sz(pg _ 0) + QQED (6 + 7—4sin? QW) log(0052 9W)

vertex—+box cos By sin By, M2 A sin? Oy sinZ O,y
BSM _ .
Soots box = Needs to be implemented
However:

dsin? Oy
— N
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:
2 SM 93 V(h) 3m%

2
m m
V(h —hp2 o Thpd A =t =—1
(h) > 2 +2v + = hhh O3h v

Thus )\%m, can be predicted perturbatively as a function of the SM parameters.

= corrections to Appp are expected to behave similar to one-loop correction to the SM Higgs self-coupling
those of the Higgs boson mass -6 i
> OS scheme for my, allows to "absorb” large part of 5= N :
. — —_ 1 2 g
corrections S 19l 5( )/\hhh +30my /v |2
[ = —— oA
> in SUSY: &) hho e
QY K]
)\hhh = 3m%/v approximate[oobado‘ Herrero, Hollik, Penaranda '02] 7, 5
— \ z
but my, not free and my < my at tree-level! 1f71 = 17;

— requires loop corrections of about 40 GeV (15-30%) my [GeV]

— can't stop at one-loop; need higher orders (—KUTS)

— the precision of Appp (order in perturbation theory) should match those of my!
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https://inspirehep.net/literature/591777
https://anybsm.gitlab.io/anybsm/anyBSM.html

Results: A\,,, in the NMSSM at two-loops
240 50

e one-loop
o Oagog)
» Ofaas +ag))

D%, AP%) A (m?S.A95)

Aven Aphh = Abb (m ~ higher-orders — estimates theory uncertainty

Anhn(mPR, APR)

(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

Ag;&zﬁr&t)mDR [%] Ag;(}ﬂ:ﬁrat) mOSs [%]
0.25 0.50 0.75 1.00 1.25 25 5.0 7% 10.0

abe o o

—3.5 —1.75 0 1.75 3.5 —-3.5 —1.75 o 0 o I1,75‘

APR [TeV] APR [TeV]
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Double Higgs production

g 7 h 9 m}\@_ . /zh
// o1 “.\ k7
q -H-rk( g ! bbb N
LY \ ,’,..' “

g a ooy “h

9oy -y 900N G o h
i I . 1 o 7
oo Gy

T T "l a ~.

97000% -5 ho g eor @ )

g P ’/ h g q‘ ’Ih

g N e RN H s

’ \K ) __I_c_"

\ . [N v 4. .

“ i 7 . - .
g S Sh 9 “h

q

-
449

a ____h

:x i"j

('ji\\‘l-———— h

2
Use Af,fh as input in HPAIR ([Spira] to estimate higher-order effects in opp.
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Double Higgs production
Parameter point with resonant contribution from intermediate BSM Higgs:

one-loop two-loop O(a?)
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> w/o A loop corrections to masses/mixing angles (and according LSZ-factors)
— corrections to the input parameters

=~ w/ Xt additionally use effective coupling at respective order
— corrections to the di-Higgs process
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