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Why two loops ?

1) Capturing all types of effects entering A

hhh



Mass-splitting effects in A — how well established are they?

> First investigation of 1L BSM contributions to A, in 2HDM:

[Kanemura, (Kiyoura), Okada, Senaha, Yuan ‘02, ‘04]
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> Deviations of tens/hundreds of % from SM possible, for

large 9,00 OF 9nheo COUpPlings

> Mass splitting effects, now found in various models (2HDM,

inert doublet model, singlet extensions, etc.)
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Mass-splitting effects in A _

> First investigation of 1L BSM contributions to A, in 2HDM:

[Kanemura, (Kiyoura), Okada, Senaha, Yuan ‘02, ‘04]
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>

— how well established are they?

Large effects confirmed at 2L in [Braathen, Kanemura ‘19]
- leading 2L corrections involving BSM scalars (H,A,Hz)

and top quark
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BSM scalars:

Scalar contributions to A__in aligned 2HDM .= -7 @< (. 4.5%)
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[NB: 1 h can be — ho further type of coupling entering after 2L

replaced by a VEV!] — for each class of diagrams, perturbative convergence can be checked!
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Why two loops ?

1) Capturing all types of effects entering A

hhh

2) Properly interpreting experimental bounds on Kk,
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A benchmark scenario in the aligned 2HDM Bahl, Braathen, Weiglein 2]

> Two-Higgs-Doublet Model (2HDM):. E
Here: CP conservation assumed, softly-boken Z, symmetry to A
. . Our benchmark:
avoid FCNCs, Yukawa couplings of type | 2 BSM scales
(varied)

- Mass eigenstates: +Mma = Mg+

2 CP-even Higgs bosons

h (125-GeV Higgs), H + M =mpyg 0
CP-odd Higgs boson A
Charged Higgs bosons H+

LL
Va4

M: new mass term in 2HDM,

~ Scenario with alignment: couplings of h are SM- U EW scale 0
like at tree level
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A benchmark scenario in the aligned 2HDM [Bahl Braathen, Weiglein PRL "22]

Results shown for alighed 2HDM of type-l, similar for other types (available in backup)

We take m =m ,, M=m , tanf3=2

H+?

2HDM type I, M = my, mg = mg+,tanff =2, a =8 —n/2
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Grey area: area excluded by other constraints,
in particular BSM Higgs searches,
boundedness-from-below (BFB), perturbative
unitarity

Light red area: area excluded both by other
constraints (BFB, perturbative unitarity) and by
K,@ > 6.3 [in region where k,® < -0.4 the
calculation isn’t reliable]

Dark red area: new area that is excluded
ONLY by «,@ > 6.3. Would otherwise not be

excluded!

Blue hatches: area excluded by «,® > 6.3 -
impact of including 2L corrections is significant!
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A benchmark scenario in the aligned 2HDM [Bahl. Braathen, Weiglein PRL "22]

Results shown for alighed 2HDM of type-l, similar for other types (available in backup)
We take m =m ,, M=m , tanf3=2

H+?

2HDM type I, M = my, mg = mg+,tanff =2, a =8 —n/2

- Grey area: area excluded by other constraints,
in particular BSM Higgs searches,

: boundedness-from-below (BFB), perturbative
NLO pert. unit. ] unitarity

- Light red area: area excluded both by other
constraints (BFB, perturbative unitarity) and by
K,@ > 6.3 [in region where k,® < -0.4 the
calculation isn’t reliable]

> Dark red area: new area that is excluded

il ONLY by k,@ > 6.3. Would otherwise not be
excluded!
BSM Higgs 4 constramnts - Blue hatches: area excluded by k,® > 6.3 -

searches impact of including 2L corrections is significant!
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Precise predictions for A __in arbitrary BSM theories

precision
A
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1) High-precision (2L) model-specific results
SM + singlet [Braathen, Kanemura '19]; 2HDMs [Senaha
18], [Braathen, Kanemura '19]; MSSM [Brucherseifer et al.
'13]; NMSSM [Dao et al. ‘15], [Borschensky, MG et al ‘22] ;
models with classical scale invariance [Braathen,
Kanemura, Shimoda ‘20], etc
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Precise predictions for A __in arbitrary BSM theories

precision

/
Two-loop ——___<|> + ..
\

One-loop —

Tree
(classical) —
level

1) High-precision (2L) model-specific results
SM + singlet [Braathen, Kanemura '19]; 2HDMs [Senaha
18], [Braathen, Kanemura '19]; MSSM [Brucherseifer et al.
'13]; NMSSM [Dao et al. ‘15], [Borschensky, MG et al ‘22] ;
models with classical scale invariance [Braathen,
Kanemura, Shimoda ‘20], etc

2) Generic 1L predictions with anyH3

[Bahl, Braathen, MG, Weiglein '23]
[Bahl, Braathen, MG, Radchenko Serdula,
Weiglein WIP]

- c.f. earlier talks of Kateryna Radchenko
Serdula and Alain Verduras Schaeidt

~aryH=

# of models
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Precise predictions for A __in arbitrary BSM theories

precision 1) High-precision (2L) model-specific results
A SM + singlet [Braathen, Kanemura '19]; 2HDMs [Senaha
y 18], [Braathen, Kanemura '19]; MSSM [Brucherseifer et al.
PR '13]; NMSSM [Dao et al. ‘15], [Borschensky, MG et al ‘22] ;
models with classical scale invariance [Braathen,
Two-loop —— — — — <|> + ... Kanemura, Shimoda ‘20], etc
ht

3) High-precision (2L) generic predictions
[Bahl, Braathen, MG, PalRehr WIP]
- this talk!

One-loop —— — — — O
S
. - c.f. earlier talks of Kateryna Radchenko
Tree 4 Serdula and Alain Verduras Schaeidt
(classical) —— — — — — X
level ~ H

—gryH=

# of models
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2) Generic 1L predictions with anyH3

\ [Bahl, Braathen, MG, Weiglein '23]
[Bahl, Braathen, MG, Radchenko Serdula,
d Weiglein WIP]




Generic predictions for A__ and

A .. at two loops: our setup



Computing A __ in general renormalisable theories: method

- All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr *19]

- In [Bahl, Braathen, MG, Paliehr to appear| we generalise this with
— new results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions
- Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]
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Aparte: an example of generic results

- Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]

E.qg. for the following 2L Our corresponding generic expression: “Edge list’ _. defines diagram
diagram: . { in terms of propagators (edges)
Ry { — more details in a few slides
) = - : {1, 1, 1},
B . \\ 12 {edge[iv[1], v[4], S[i3]], edgeliv[2], v[5], S[i1l],
;’x\\: edge[iv[3], v[6], S[i2]], edgelv[4], vI[5], -S[i7]],

T - edge[v[4], v[6], -S[i8]], edgelv([4], v[7], -S[i6]],
edge[v[5], v[7], -S[i4]], edgelv[6], v[7], -S[i5]]1},

- ((1fac=*SSS[il, i4, -i7, 1]*SSS[i2, ib, -1i8, 1]

SSS[-i4, -15, -i6, tM»SSSS[i3, i6, i7, i8, 1]=*

T[Df [k1, MS[i5]]1=*Df[k1, MS[i8]]*Df [k3, MS[i4]]+*Df[k3, MS[i7]]*

Generic couplings
(here SSS & SSSS = trilinear
and quartic scalar couplings)

T-integral Df [k4, MS[i6]]])/SFl4, 1/3, 1]1) Symmetrv factor
[Weiglein, Scharf, Bohm ‘93] } )4 Yy I
- dd@l dsz 1
with 15, = f _
|:?-ﬂ'2 (27 .u-)d_ﬂ SR ) e (R i)

_ ki=q, k=qg+p, k=@-—q, k=q¢, k=q¢+p,
DESY. | KUTS @ DESY | Martin Gabelmann (DESY) | 27 June 2024 Page 15/36



Computing A__ in general renormalisable theories: method

A4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, Braathen, MG, Paliehr to appear] we generalise this with

— hew results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions

» Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]
» Generic results then mapped to specific models via private routines (using FeynArts diagrams and
amplitudes; could in principle also be done starting from UFO model)

Topologies and diagrams reduced, taking benefit of symmetries — details in next slides

\4

Y

- Application of generic results to concrete models:
(for genuine 2L diagrams, and 2L subloop renormalisation diagrams)

DESY. | KUTS @ DESY | Martin Gabelmann (DESY) | 27 June 2024 Page 16/36



Computing A__ in general renormalisable theories: method

A4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, Braathen, MG, Paliehr to appear] we generalise this with

— hew results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions

» Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]
» Generic results then mapped to specific models via private routines (using FeynArts diagrams and
amplitudes; could in principle also be done starting from UFO model)

Topologies and diagrams reduced, taking benefit of symmetries — details in next slides

\4

Y

- Application of generic results to concrete models:
(for genuine 2L diagrams, and 2L subloop renormalisation diagrams)

Diagrams generated
with FeynArts
[Hahn ‘01, ‘09 ++]
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Computing A__ in general renormalisable theories: method

A4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, Braathen, MG, Paliehr to appear] we generalise this with

— hew results for full 2L corrections to A and A_. (with p? = 0)
- results for 0-, 1-, 2-point functions in same conventions

» Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]

» Generic results then mapped to specific models via private routines (using FeynArts diagrams and

amplitudes; could in principle also be done starting from UFO model)

Topologies and diagrams reduced, taking benefit of symmetries — details in next slides

\4

Y

- Application of generic results to concrete models:
(for genuine 2L diagrams, and 2L subloop renormalisation diagrams)

Reduced set
of diagrams

Diagrams generated
with FeynArts
[Hahn ‘01, ‘09 ++]
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Computing A __ in general renormalisable theories: method

A4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, Braathen, MG, Paliehr to appear] we generalise this with

— hew results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions

» Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]
» Generic results then mapped to specific models via private routines (using FeynArts diagrams and
amplitudes; could in principle also be done starting from UFO model)

Topologies and diagrams reduced, taking benefit of symmetries — details in next slides

\4

Y

- Application of generic results to concrete models:
(for genuine 2L diagrams, and 2L subloop renormalisation diagrams)

Reduced set
of diagrams

Analytic expressions
in terms of T-integrals
[Weiglein, Scharf,
Bohm ‘93]

Diagrams generated
with FeynArts
[Hahn ‘01, ‘09 ++]
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Computing A __ in general renormalisable theories: method

A4

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]

In [Bahl, Braathen, MG, Paliehr to appear] we generalise this with

— hew results for full 2L corrections to A and A_. (with p? = 0)

- results for 0-, 1-, 2-point functions in same conventions

» Generic diagrams generated with FeynArts, computed with TwoCalc and OneCalc [Weiglein ‘93+]
» Generic results then mapped to specific models via private routines (using FeynArts diagrams and
amplitudes; could in principle also be done starting from UFO model)

Topologies and diagrams reduced, taking benefit of symmetries — details in next slides

\4

Y

- Application of generic results to concrete models:
(for genuine 2L diagrams, and 2L subloop renormalisation diagrams)

Reduced analytic
expressions in terms
of 2L sunrise (T

Analytic expressions
in terms of T-integrals
[Weiglein, Scharf,
Bohm ‘93]

Reduced set
of diagrams

Diagrams generated
with FeynArts
[Hahn ‘01, ‘09 ++]

134)

and 1L integrals
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Aparte 2: Reduction of T-integrals

Diagrams generated
with FeynArts
[Hahn ‘01, ‘09 ++]

E.g. reduction of
T ... integral

1134

ms3 my

[Figure adapted from S. Pal3ehr]

Analytically
or
on-the-fly
during
numerical
evaluation

DESY. | KUTS @ DESY | Martin Gabelmann (DESY) | 27 June 2024

Reduced set
of diagrams

Reduced analytic
expressions in terms
of 2L sunrise (T

Analytic expressions
in terms of T-integrals
[Weiglein, Scharf,
Bohm ‘93]

134)

and 1L integrals

> Reduction of T-integrals to 2L sunrise
(T,,,) and products of 1L integrals

> Can be done in with our
Mathematica routines to handle and

use the generic results

| > Or can be done on-the-fly during
- numerical evaluation in our Python

routines (similar to what is

implemented in FeynHiggs now

[Pal3ehr 22])
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Reducing topologies and diagrams using symmetries

In our setting:

- External states are identical (- A, A.)
— many diagrams are identical
- All external momenta set to zero
For example, double box diagram, S _
with fermions and scalars: . F F .S F s -9
— 6 topologies, 4 diagrams/topology | f
# I A - -.l
AN CREEE A s F Sy
T1 T2 T1 G1 N1 T1 G2 N2
Ny EN S g p. S S s 5.8
*-- N
T‘-l /;_ a s /.I_ N -l‘— B __.l\
- ¢ S F» g g S S» 5
- Only need to compute 3 diagrams, rather than 24! T1 Q3 N3 T1 G4 N4
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Automating the reduction

Unique representation of diagram

H \ -
Y "canonical edges’
, . list of "edges” (= lines in diagram)
L _ identical diagrams ~ permutations of edges
2 o 2] - canonical form = one particular choice of
/ ; ordering
/
T Reduction algorithm with “canonical edges”
in pseudo code:
- identify internal and external indices
edgelistl = {edgel[v[i], v[4], S[11], edgelv[2], v[5], s[11]1, - generate permutations of external indices
Z?ZEXEE :Eg ?E;ﬁ ZZgZEXEZ’-ﬂ :EQ ig% - generate permutations of internal indices
edie[v[S]: vigl, -F[3]1, edge[v[6]: v[7l, FI311, _cor_nblne permutations of internal and external
edge[v[7], v[s], s[111} indices
edgelist2 = {edgegvgg, vEg, :EH% ejgeEv%, vg ggﬂ - permute edge list following the combined list of
edgelv , V , , edgelv , V , ) I
edge[m], v[7], -F[3]], edge[v[5], v[8], F[3]], permutations :
edgelv[6], vi7], FL311, edgelviel, viel, -F[311, ~ SOrtlistof permuted edge lists |
edgelv([7], v[8], S[1]11} - return first element of sorted list of “edge lists”

DESY. | KUTS @ DESY | Martin Gabelmann (DESY) | 27 June 2024 Page 23/36



Reducing topologies and diagrams in practice

/ n | topology-level field-level

0 2 —p & 11 — 11

oponthncton ]y 3,3 25 — 25
2 9 —8 121 — 92 (102)
3 40 — 13 936 — 229 (291)
4 265 — 29 10496 — 698 (928)

- Count number of two-loop diagrams before and after reduction of diagrams
using canonical edges algorithm
> At the level of topologies

> At the level of field insertions
[Numbers in brackets — for models with CP violation]

> Reduction of up to one order of magnitude!
NB: numbers shown here at generic level, not considering model-specific particle
Insertions nor summation over generation indices
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Example applications

[Bahl, Braathen, MG, Pal3ehr to appear]

1) Cross-checks with existing results - today in SM
(in paper also for Z,SSM, 2ZHDM, NMSSM)
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Leading two-loop O(a_a) and O(a ?) corrections in the SM

Reduction of 3-point diagrams,

shown here at O(a_a))

F 'F/ u ’u: uy ’,:"
e L gt oty o = T1G1 N1 T1C1N2 T1G2N3
F A " A u R

H H_ Ly
F | o ] - H .- H _- H -
- - -
F Fe_H p H P
TTTTTTT i H i H P U H P Uy
H H
FooF O Gy ey g e
“"H " H T H = k™ ™
a o . - [
H H . H ’
------- v ShllS g9 e g9
: F e u o u T2 G1 M4 T2CiNs T2C2Ne
o H > H
TTTTTTT T5C1N14 TsC2N15
F F & u o Ut H
i < u 2
Gt H H
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Leading two-loop O(a_a) and O(a.?) corrections in the SM

- Genuine 2L contributions at O(a_a)

2)|gen _ as'm?
Olasa) v |
ir

(2), 2 gen. asm

L (P = 0)|o(ayan) = W31rj
4 -

gen. Qg

Phhh(o 0, O) Ofasar) — 73,3
4 -

gen. Qi

thhh(o 0,0,0) Ofasar) = T34

and O(aj?)

R
h10(a?) 167403

6

(2),.2 gen. Smt
Ly (™ =0) 02) ~ 16rt0l

er1l. Smﬁ
Lyn(0,0,0)[5 0 = ===
hhh( ) a? a?) 1671-4?)5

3mS

gen

thhh(o 0,0, 0) - 1671-4;6

3

| e
%]
—

o &
2]
| +

[S]
m
%]

Inm? — 2 2
ML—ZI—W——Féﬂnmt 3ln mf} :
€ 4
9lnm? 3 2
P - 4 - T - 9111 mt y Eﬁf (j’) o U) subloop
1 o 2
8(1 + Inm?) — 8 — 37 — 18Inm?(2 + lnmt)] :
1
; (3 + Inm?) — 80 — 3% — 108Inm? — 18In mt} I {0,005 ™=
1 3— 9 57 — ., 3 ,
. (2 - alﬂmt) NEAE S i LA
3 3_ 11 571_2 - 9_2 .i':,h.hh
- (1 — Elnmf) + >t 5~ 6lnm? + 5111 mfl :
—| 14 3lnm; ) -1+ + 6lnmy + 9In my | |
€
3 — S — —2
- (7 + 31nmt) + 11+ + 42lnm? + 9ln mf] :
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> Subloop renormalisation

F{?} subloop

~(1)
rjCT"’-
2

3m}?
82

imm{ Tm,;

= f’“ Zh] Ay(m})

[A(}(ﬂ’?z) +mZBy(0, m?, m?

).

3’”’11 dé %32 <(1) 5y i
el e derZn [Aﬂ(m!) + 2m; By (0, m, ,-m.i)]
iirra.m'g%mt - Y.
e T Ag(m?) +m? (BBU(U mZ, m?) + 4m?Co(m?, m}, m )) ;
9} dé%az (1) . 2 3 9
e e — 8&pZn [JBU(U, m2, m?) + 4m2Co(m?, m2, mf)]
18m38m
- % By (0, m?.m )—l—irnt(%Cu(;rIri1 m?, m?)
+ 2m?Dy(m?, m?, m?, mf))} .
4 ()
Img [dopv®
- WZT—-'4{ g OctZn

{Bn({) 'm mg) + 8m, (Cu(m m2 m )—Hn D(,(m 'm2

m?, mz))}

lSmfdé iy

?T214

{Bu((] m?, m?) +m? [l 3Co(m2, m2, m?)
)

4o ;T . .
+ dm;Ey(m;, m;, m;, m;, m”)} } ;

2 2

Ao 2 m2 .
+ 4dm; (TDg(mE .My, my;,m

combined with OS/MS counterterms, as desired
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Leading two-loop O(a_o) and O(a.?) corrections in the SM

185f

180¢

[GeV]

SM
hhh

1701
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)

Preliminary

— MS2L

....... 0S 1L (Gf scheme)

—— OS 2L (Gg scheme)
_______ 0S8 1L (M scheme)
— 0S 2L (M}, scheme)

Results obtained for 2
electroweak schemes:
-~ G_ scheme

5 MW/MZ/(J(em scheme

[Difference is a 3L effect]

— reproduces result
of [Braathen,
Kanemura ‘19]

| I
500
Q [GeV]

- Remarkable agreement (to ~20 MeV)

1000 5000
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Cross-check: CP-violating NMSSM
> )\f(@?)

o - first computed in [Borschensky et al. "22] (see talk by MGekUTS23)
> w/o symmetry-reduction: check on diagram-by-diagram level

I ~0 | ~0 | . == | = I
F IS Xi |'hJ X t‘hf X |hf Xi |h,'
I B - | i | B I ~& I
4 O‘ | Uy Q‘ | uy . O“ | uy e uy ™
£ F -\ 4 6-.5\' ol 6-5\' r 6-5\' v 6.-5‘\'
/ S U / u; . dia . dia
i ¢ SEE o 79 IS Y mg SR me Sk 9
\ ! \ ! \ / \ / \ /
5N A . B LA . N, A B N
| u I u I u I u |
|5 n ;hk n {hk n |hk n Ihk
1 2 2 a 5
p 0.098447 0.48B7837 D.098447 0.487837 0.0492235 0.213257 0.0492235 9.213257
Topology 12: my:{-1.71058 ‘ , -1.71658 - " - , -0.710459 - - ' = , -0.710459 : J|
[ 0.098447 0.48T7T837 0.098447 0.487837 0.0492235 ©.213257 0.0492235 9.213257
new:-l 1.716058 - + , -1.71058 : + , —0.710459 5 | , -0.710459 Z - f my-new: (0, @, 8, 0

= = E e = [ (= E

~ 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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Example applications

[Bahl, Braathen, MG, Pal3ehr to appear]

1) Cross-checks with existing results - today in SM
(in paper also for Z,SSM, 2ZHDM, NMSSM)

2) New results - today in singlet-extended SM
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New results: Leading two-loop corrections in the SSM

- SSM = Real-singlet extension of SM, without Z, symmetry
A
2112 H x4
Vosm = p”| @ + 7\@

- Diagrams (reduced) for 2L contributions to A_ from BSM scalag S:

h,Jh h, /h

h et By o]
h———..-‘ ﬂ\‘\ :hp ———.:\ :hn:hq
flo % %
7 h 'h

'h-",,o’h .h; T

= t: : ———.: |h
h hm ‘-L-b.._:}"p h hmu‘ﬁhﬁ] P
hox.\\\h hOH.\‘h
'h h
h, hy, o/ P i
T L B L
g I . hm x"f_]

‘h
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2
Msg2y fSg3

-yl i,

A A
oS!+ msuS|P” + 5%
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New results: Leading two-loop corrections in the SSM
2
Vesm = 112|®]% + %”@4 + %sg + %53 + %54 4 Koy S|®? + ’\%S%\?
- Neglect light Higgs mass before BSM scalar mass, m_>>m_
> MS result first:

2
(4m)45(2 )\hhh = — zﬁsgv {Gﬁsvs(Slnm +In mz — 3) + 8ksyve(—2lnm: + n° m? +1)
v
S
+ ksyvi(—23Inm?2 — SE2mE + 35)}
1 3kgyVv _ _
= 16‘:; {!{,SHV (35 — 17Inm?) — 4k3ve(lnm? — 1)

+ 4&5Hv52,v ( (31nm —8) — 6&:5;.,(1 E — 1)) }

1 x2,v3(Inm? — 2)
+ o, SH 16V§ |:4K,?5V§ + 4!{,5HV§V2(2;{,5H — 3;{5) + gﬁ%Hvﬂ
OkZ, v / — _
+ mg—>1] (4lnm5 +In’m? — 4) |
dvg

- decoupling only apparent when scaling v, ~m_and m_ - o
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New results: Leading two-loop corrections in the SSM
2
Vesm = 112|®]% + )‘7”<I>|4 + %sg + %53 + %54 4 Koy S|®? + ’\%sﬂq)\?
- Neglect light Higgs mass before BSM scalar mass, m_>>m_

- Provide result in alignment limit (i.e. a = 0), but subloop renormalisation still requires a
counterterm for mixing angle a

- Renormalisation scheme chosenas my,, ms, «, ts, th, v, Vs, Ks, KsH
on-shell MS

OS conditions MS conditions
5(1)m3 =5 p2 _ m? o 3

] 51( ) 5 5 (4m)26WKMS = = (6rsAs + ksnAsh)
6 Zy = -6 Z; = —25(p* = 0)/mi, i # ], .

0 Ary2s) NS _ ASH 9 .
s Z;; = —22;:'(}92) , I,j=5,h, (4m) "SH € (K5 + 2nsH)
8p p2=0

1 1
§@¢, = — }(72) _ §5(132,755(1)& _ 55(1)Zhh5(1)tha

dVm? = (m? —m?)éWa=—-m

260 q = 545(p% = 0).

)
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New results: Leading two-loop corrections in the SSM
2
Vesm = 112|®]% + %”@4 + %sg + %53 + %54 4 Koy S|®? + ’\%s%\?
- Neglect light Higgs mass before BSM scalar mass, m_>>m_
- Provide result in alignment limit (i.e. a = 0), but subloop renormalisation still requires a

counterterm for mixing angle a

- Renormalisation scheme chosenas my,, ms, «, ts, th, v, Vs, Ks, KsH
N——— e N e’

on-shell MS
Okiyv®  3réyv° | — v?
i.q_ff g JSII 2 d
(4m)26PNO5, = — — — 51 |(Ks + 2ksu)lnmy — 2(ks — ksy) — 3ksu—5
2V 2ms v v
S s“S L S
3 .37 2 4
KU v v
SH 2 .
— 4h5 + H:Sff(5h-5’ff — 121‘{5) + gﬁ'gﬂ \
Smiv? F: v
S S L S i.g
3 .3 m2 k2
o _ Isyv oM 'sH K |
~ = + ( ’ ) while
] 2 2
2U5 ms  Ms (1,08 _ "%HUS 2, 9
| ( ) Nonh = 3 +O(mh/ms)

2
20gms
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New results: Leading two-loop corrections in the SSM

Numerical results, in decoupling limit m_ - o

ks = KksH, ksg = —10-vg = —3 TeV, pren = [Ms/2, 2my] kg = —10-vg = —3 TeV, pen = ms, k5 = [—KsH, ks
of — OS one-loop (anyH3) i [ —— 0OS one-loop (anyH3) i
_ === OS5 one-loop approx. | : — 08 two-loop 1
5 ' T OS tWO—lOOp ' ' '
., Reminder:
4 not a full OS scheme -
< | here, k. and Kk, still MS
2 |
3t _
of ]
0.3 0.6 0.9 1.2 1.o 0.3 0.6 0.9 1.2 1.5
m;, [TeV] ms [TeV]

- Inclusion of 2L corrections significantly reduces the renormalisation-scale dependence
— for the future: implement OS scheme for k_ and Kk, ? (c.f. talk of Alain Verduras Schaeidt)
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Summary

- A, plays a crucial role to understand the shape of the Higgs potential, and probe
indirectly signs of New Physics
- Two-loop corrections to A can be significant, even for points allowed by theoretical

(esp. perturbative unitarity) and experimental constraints — inclusion of two-loop
corrections is important for reliable interpretation of bounds on k,

- Full two-loop corrections to A _and A computed for general renormalisable

hhhh

theories

> Generic results mapped onto diagrams generated by FeynArts for model(s) to
consider — could also be done from UFO model rather than FeynArts outputs

- Extensive cross-checks performed, and new results obtained for A

> EFT-like matching of A, also possible

hhhh

> Many applications ongoing, countless more possible!
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Thank you very much for your
attention!

Contact
DESY. Deutsches Martin Gabelmann
Elektronen-Synchrotron DESY Theory group

www.desy.de
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o=l

Experimental probes of A_

- Double-Higgs production — A

4 3

A T

)

- Single-Higgs production — A_

= S q q
h
ve ~-----h
h
-~ = q q

- Electroweak Precision Observables (EWPOs) — A

h‘h

W h ’ h

DESY. | KUTS @ DESY | Martin Gabelmann (DESY) | 27 June 2024

-—-—=--h TOCCO0000)
-—-——--h DOCCHE000
enters at NLO

g

g

enters at leading order (LO) — most direct probe!

e : e t 9 50000 >
h: )
’ ----- h t A vt'——h
hoi
T 90— h

[Degrassi, Giardino, Maltoni, Pagani ‘16] [ATLAS- CONF 2019-049]

N
hu\ }h

w

enters at NNLO

h C

1} [}

‘-: 1 1
e g \ ]
h h . p NS
o
- . - - ‘ ‘ : + - :.., -
Ay /
~ rd

[Degrassi, Fedele, Giardino ‘17]  page 39/36



Accessing A experimentally

- Double-Higgs production — A enters at LO — most direct probe of A __

g - ——-—h  TOO000000)

A T

4

> Box and triangle diagrams interfere destructively
— small prediction in SM

— BSM deviation in A can significantly alter
double-Higgs production!

> Upper limit on double-Higgs production cross-section
— limits on K, =EA__/(A @)
Smi
2

- K, as an effective coupling — £ D —k) X
v

DESY. | KUTS @ DESY | Martin Gabelmann (DESY) | 27 June 2024

————h OO0

R34

] I I I ]
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdl (68%cl)

[Frederix et al., ‘14]



Accessing A via double-Higgs production

- Double-Higgs production — A enters at LO — most direct probe of A,

Recent results from ATLAS hh-searches [ATLAS-CONF-2022-050]
yield the limits:

-0.4<x, <6.3at95% C.L.

[Frederix et al., 14]

- Box ~ factor ~2 improvement compared to

sy pre-2021 best ATLAS limits (from single-h prod.)

Y -3.2 <K, <11.9 at 95% C.L. [ATLAS-PHYS-PUB-2019-009] maco

hh-p (CMS recently gave -1.2 <k, < 6.5 at 95% C.L. [CMS "22]) '
- Uppe ”

K:;p -~ Can k, now be used to constrain the parameter space of BSM models? [|._—
- K, as an effective coupling — £ D —k) X —5* - h® + - s — o

()
4 3 2 1 O 1 2 3 4
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di-Higgs exclusive result
SM
hhh) /
Higgs@FC ‘#G September 2019

Future determination of A__

Expected sensitivities in literature, assuming A __ = (A

1 1 1 1 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 I 1 1 1 di_Higgs Single_Higgs
HL-LHC HL-LHC HL-LHC
...... 850%. ... 50% (47%).......
............................................................................................... e e
Plot taken from HE-LHC | I 1020 ... L) 50% (407%).....
[de Blas et al., 1905.03764] ] _rrrrrrrr,,,Trm e = R
............................................................................................... LE-FCC LE-
FCC-ee/eh/hh asv-c N I It single-Higgs
..... NN T — N S e exclusive
—1 24% (14%)
under HH threshold FCC-ee,,,
FCC-ee < \ 33% (19%)

N FCC-ee,,,
............................................................................................................................. sl - obal
_ ILCwoo 5 ”'Cwoo single-Hi S oba

ILC 10% 36% (25%) g 9959
ILC,,, ]
.............................................................. T T T e 27% J 38% (27%)
under HH threshold ILCpso
cepCl—o — 7 00000000 | Y 49% (29%).....
CEPC
.............................................................................................................................. 49% (17%).....
I ey ot
7%+11% 49% (35%)
CLIC BLG i -
M . 36% 49% (41%)
0 10 20 30 40 50 o o
50% (46%)

68% CL bounds on K5 [%]  Aifuture colliders combined with HL-LHC

see also [Cepeda et al., 1902.00134], [Di Vita et al.1711.03978], [Fujii et al. 1506.05992, 1710.07621, 1908.11299], [Roloff et al.,
1901.05897], [Chang et al. 1804.07130,1908.00753], efc.
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Future determination of A__

Higgs production cross-sections (here double Higgs production) depend on A_

HH production at 14 TeV LHC at (N)LO in QCD ° T S R ML I IR T
My=125 GeV, MSTW2008 (N)LO pd (68%c) = 45F — o6 3 vVHH 1400 GeV (./L—:
- . ee 2 vvHH 3000 GeV 3
4k~ ~ee » ZHH 500 GeV E
1
25
i
1.5F -§
| S———_ e -~
0.5F —i
1 1 1 1 il 1 1 o:l I E R EE TR FEE TR Y A L
-4 -3 -2 -1 0 1 2 3 4 -4 -0.5 0 0.5 1 1.5 2
SM SM
/\3/)\3 ’\3/)‘3

Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as a function of the modified Higgs
cubic self-coupling. See Table 18 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

[Frederix et al.,

Plots taken from 1401.7340]

[de Blas et al., 1905.03764]
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Experimental situation for A_

- Double-Higgs production — A enters at LO — most direct probe of A_

g > - ——--h BOOCO0000) ~h
Ahhh o7
h -
b b >t o
S
t N
g . -—-——-—-h BOOBOGOG0? ~h
[ Note: Single-Higgs production (EW precision observables) — A, enters at NLO (NNLO) |
E FT T 1 AL A L L L B L
. . = - o= B = Observed limit (95% CL) -
> Box and triangle diagrams interfere destructively = | é";fsv 126139 fo1 _ — Expectedtimt 957201 |
. . . = ) = HH = othesis)
— small prediction in SM T 104k HHobbT* T~ +bByy+bbbh  EE Ewscedimitic o
o . . . gn LL - [ Expected limit +20 3
— BSM deviation in A can significantly enhance =t == Tneoyprecicton
. . 79( SM prediction
double-Higgs production! S i
©
- Search limits on double-Higgs production eSSt aEE A ' ===
u u . u — (0) SM —
— limits on effective coupling k,=A, /(A ) 102 oy
-0.4<Kk, <6.3 =1
[ATLAS PLB ‘23] 1 [ T R N N | I R CI:Dn?birTEd| ]
10

L10 -5 0 5 10 15
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ma [GeV]

2HDM benchmark plane — individual theoretical constraints

2HDM, M =my, ma=my=,tanB =2, a=B—n/2 2HDM, M =my, ma=my=,tanB =2, a=B—n/2 2HDM, M =my, ma=my=,tanB =2, a=B—n/2
Excluded by: Excluded by:
1400 1 HEM boundedness 1400 1 HEE 2L EWPO 1400
from below

1200 1 1200 1 1200

1000 1000 _ 1000
> >
[ [
<) <)
< <
g g

800 - 800 - 800

600 - 600 - 600

400 - 400 - 400 Excluded by:
mm <”>66
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400 400 600 800 1000
my [GeV] my [GeV] my [GeV]

Boundedness from below  EW precision observables K,@>6.6
computed at 2L
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1400
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1200 4

1000

800 A

600
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400 - LO pert. unit.
HEE NLO pert. unit.

400 600 800 1000 1200 1400
my [GeV]

Perturbative unitarity
at (N)LO
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ma [GeV]

2HDM benchmark plane — experimental constraints
i.e. Higgs physics (via HiggsBounds and HiggsSignals) and b physics (from [Gfitter group 1803.01853])

2HDM type |, M=my, ma=mpu=, tanB=2, a =B —nj/2

1400 A

1200 4

1000 A

800 A

600

400

800
my [GeV]

1000
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Excluded by:
[0 Higgs phys.
[0 b phys.

ma [GeV]

2HDM type Il, M=my, ma=my=, tanB=2, a=B—n/2

1400
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[ Higgs phys.

0 b phys.

1200

1000

800
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1000
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1200

Type-Il
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1400
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2HDM benchmark plane — experimental constraints
i.e. Higgs physics (via HiggsBounds and HiggsSignals) and b physics (from [Gfitter group 1803.01853])

2HDM type |, M=my, ma=mpu=, tanB=2, a =B —nj/2

pp —> hz+ - =717+
[ATLAS 2002.12223]

2HDM type Iy M =my, ma=my=, tanB=2, a=B—n/2
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DB hy syt
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[ATLAS 2002.12223]

800
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400

400 600 800 1000
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[CMS-PAS-HIG-12-045]
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2HDM benchmark plane — results for all types

Type-I Type-Il Type-Ill (LS) Type-1V (flipped)
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