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Outline of the talk

= Introduction
* Why study the Higgs boson and its properties

» Why study the trilinear Higgs coupling A .. and how to access it experimentally

hhh

- Part 1: Constraining New Physics with precision calculations of A and I'(h—yy)

- Part 2: Automation & anyH3 — a tool for calculating A__ in arbitrary models
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Introduction
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Context: a Higgs boson discovery, and where we stand now
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Context: a Higgs boson discovery, and where we stand now

138 fo” (137ev)
1. T

[CMS, Nature ‘22]

2012: Discovery of a Higgs boson with mass 125 GeV at the CERN LHC ||§ m;g;i?fsiev Wz
- What we know so far: _— "
> Spin 0 = |2 o
- Its mass M, =125 GeV, to astonishing 0.2% precision! * 102 * o
- The electroweak (EW) vacuum expectation value v = 246 GeV 5 ﬂ-.
- Not purely CP-odd Ca v ! H‘E
- Its couplings to gauge bosons (to ~5%), to 3" gen. fermions (to ~10%), 47' .ﬂ.. 0
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Context: a Higgs boson discovery, and where we stand now

2012: Discovery of a Higgs boson with mass 125 GeV at the CERN LHC £

> What we know so far:
> Spin 0
- Its mass M, =125 GeV, to astonishing 0.2% precision!

> The electroweak (EW) vacuum expectation value v = 246 GeV
> Not purely CP-odd

- Its couplings to gauge bosons (to ~5%), to 3" gen. fermions (to ~10%),

to muons (to ~30%)
- Brout-Englert-Higgs mechanism confirmed as origin of EW
symmetry breaking and of elementary particle masses
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Context: a Higgs boson discovery, and where we stand now

138 fb 13 TeV)

2012: Discovery of a Higgs boson with mass 125 GeV at the CERN LHC £

> What we know so far:
> Spin 0
- Its mass M, =125 GeV, to astonishing 0.2% precision!

> The electroweak (EW) vacuum expectation value v = 246 GeV
> Not purely CP-odd

- Its couplings to gauge bosons (to ~5%), to 3" gen. fermions (to ~10%),

to muons (to ~30%)
- Brout-Englert-Higgs mechanism confirmed as origin of EW
symmetry breaking and of elementary particle masses

> What we still don’t know:
~ |Its coupling to 1°* and 2" gen. fermions
Its total width; BR(h—inv.) < ~9%
Its CP nature
Its fundamental nature? (elementary or composite)
The structure of the Higgs sector? (minimal or extended)
The form of the Higgs potential? (more on this in a few slides)

\4

\4

A4

\4

A\
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Going Beyond-the-Standard-Model

> Numerous problems unresolved by our current best description
of High-Energy Physics (HEP), the Standard Model
> Origin/form of Higgs potential
- Structure of the Higgs sector
> Hierarchy problem(s)
- Dark Matter (DM)
- Baryon Asymmetry of the Universe
- Etc.
— Beyond-the-Standard-Model (BSM) Physics is needed!

- Today:
- probing the shape of the Higgs potential realised in Nature
- explanation of DM with an extended Higgs sector,
and how to probe such a scenario indirectly
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Using the Higgs boson to search for New Physics

\

Instead of direct searches (e.g. producing new states with colliders) — search for evidence of New
Physics indirectly, via its effects on properties of SM particles

\

Many (most) of the problems of the SM are related to the Higgs sector

\

Therefore, BSM theories often involve

* extended Higgs sectors, e.g. 2" Higgs doublet in MSSM, 2HDM, additional singlet scalars, etc.
and/or

* states that couple to the Higgs(es), e.g. stops in Supersymmetry (SUSY)

v

Ongoing program of high-precision measurements of Higgs properties, at LHC, HL-LHC,
potential lepton colliders (e.g. ILC, CLIC, FCC-ee), etc.

- Use the Higgs boson and its properties to probe signs of New Physics
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Using the Higgs boson to search for New Physics

- Determination of Higgs couplings currently underway, to be drastically improved in a foreseeable future

[ATLAS ‘22]

R ATLAS Run 2
i ,__=__{ Leptons Quarks
! I-
] E- ElR 5
B Force carriers Higgs boson 7]
———
= Dl
------------- -.-= -_———— =
i - —e— B, -B,-0 i
i -=- B,m free, B, 20, x, <1
— e ———— SM prediction
1= Parameter value not allowed
rlr— ————————————— —l—=— —————————— 1
R PP S B IR I TP I SRR B
0.8 1 1.2 1.4 1.6
68% CL interval
o |
__________________________ 4
I ! | |
0 0.05 0.1 0.15 0.2

95% CL limit

CMS

138 b (13 TeV)

® QObserved

| |41 5D (stat)

m= +1 SD (stat @ syst) -i1 SD (syst)

— 12 SDs (stat @ syst)

4

: Stat Syst
Ky —-— 1.02+008 005 +005
K> + 1.042007 005 005
KY ——— 1.10:0.08 £0.06 0.05
KQ —-— 0.92:008 005 +0.08
Ky —-— 1 Of_glg £0.07  +0.08
' 10.17 0.12
Kb ———— 0.99 5, =012 oy
K. ——— 0.92:008 006 +0.06
2021 +0.19
Ky ——————— 11275, Tgpp *009
1034 031 +0.14
KZY ! —— 1.8650%; oas to.oe
0 05 1 15 2 25 3 356
Parameter value
[CMS 22]

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024

Precision of Higgs boson couplings [%]

12

10

[ ] LHC 3000 fb" (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent « flt)
[ | LHC 3000 fb” & ILC 250 GeV, 2000 {b” (Model Independent EFT fit)
n LHC 3000 fb"' & ILC 250 GeV, 2000 fb”' =

@ ILC 500 GeV, 4000 fb™ & 350 GeV, 200 fb™' (Model Independent EFT fit)

U5 %’%%” St T2, Vg, Ve, T é%qn %,,/,

Figure from [1710.07621]
(ILC250 Physics case)

Page 10



Using the Higgs boson to search for New Physics

- Determination of Higgs couplings currently underway, to be drastically improved in a foreseeable future
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Form of the Higgs potential and trilinear Higgs coupling

» Brout-Englert-Higgs mechanism = origin of
electroweak symmetry breaking ...

... but very little known about the Higgs potential
causing the phase transition
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Form of the Higgs potential and trilinear Higgs coupling

Vi)

» Brout-Englert-Higgs mechanism = origin of V
electroweak symmetry breaking ...
... but very little known about the Higgs potential =\ /
causing the phase transition N —

» Shape of the potential determined by trilinear Higgs
coupling A

h
mi =
) (125 GeV)?

v = 246 GeV

Vacuum expectation value
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Form of the Higgs potential and trilinear Higgs coupling

» Brout-Englert-Higgs mechanism = origin of V
electroweak symmetry breaking ...

... but very little known about the Higgs potential
causing the phase transition

» Shape of the potential determined by trilinear Higgs
coupling A

RO N Tr R 3mj, RN AN

In the SM: VSM—gmhh +§( » h + 2 h™ + m2 —

K=
o (125 GeV)?
In general: A
1 1 3Im? 1 3m?
V(0>—2m%h2+3,%A( vh)hgﬂp’%( Uzh>h4+ ( 246 G
! ! v = -
with &3 = An/ () *M

Vacuum expectation value
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Form of the Higgs potential and baryon asymmetry

vV
» Brout-Englert-Higgs mechanism = origin of
electroweak symmetry breaking ...
... but very little known about the Higgs potential Existence
causing the phase transition of a
potential
» Shape of the potential determined by trilinear Higgs dté?)rerinec:s *
coupling A, onh, ;
» Among Sakharov conditions necessary to explain ;
baryon asymmetry via electroweak phase transition < '
(EWPT): < — @

~ Strong first-order EWPT
— barrier in Higgs potential
— typically significant deviation in A__ from SM
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Accessing A experimentally



Accessing A via di-Higgs production

- Di-Higgs production — A__ enters at leading order (LO) — most direct probe of A_

g > —-—=—-h BOOCT0000 ~h
Ahbh o7
h e
F 4 A t _____
S
t N
g « - —-=-h BOOOCCO00! ~h
[ Note: Single-Higgs production (EW precision observables) — A, . enters at NLO (NNLO) |
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Accessing A via di-Higgs production

>Di-. [ ] ala .l A alalir=s -~ ‘A.....‘ . aAla l‘ [ ] Aalal~-Wwa

Recent results from ATLAS di-Higgs searches [ATLAS 2211.01216]
yield the limits:

-0.4<%, <6.3at 95% C.L.

Not

. Bo With k_ floating: -1.4 <k, < 6.1 (95% C.L.)
~ CMS: -1.2 <k, < 6.5 at 95% C.L. [CMS ‘22]
di- NB: future determination even better (details in backup)

- Up - Can k, now be used to constrain the parameter space of BSM models?
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Calculating A in models with

extended scalar sectors
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The Two-Higgs-Doublet Model

- 2 SU(2), doublets @, , of hypercharge 72
CP-conserving 2HDM, with softly-broken Z, symmetry (¢.—-®., ®,— -O,) to avoid tree-level

FCNCs ;
VA s = m3|®1 |2 4+ m2| s> — m2(hd; + 0] dy)

\4

A A A
S Z21 @2+ X0 [2|0a ) + Ag|@F 1 [? + 2> (95 @1) + e )

v% + v% — p? = (246 GeV)2

Y

Mass eigenstates:
h, H: CP-even Higgs bosons (h — 125-GeV SM-like state); A: CP-odd Higgs boson;
H*: charged Higgs boson

Y

BSM parameters: 3 BSM masses m , m,, m_ , BSM mass scale M (defined by M*=2m_*/s
angles a (CP-even Higgs mixing angle) and 3 (defined by tanf=v_/v,)

o)

\4

BSM-scalar masses take form m2 = M? + \pv?, ® € {H, A, H*}

Y

We take the alignment limit o = 8 - t/2 - all Higgs couplings are SM-like at tree level
— compatible with current experimental data
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Mass splitting effects in A

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

[Kanemura, (Kiyoura), Okada,
h

hhh

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]
|h

BSM deviation
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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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~ Large effects confirmed at 2L in [JB, Kanemura ‘19]
- leading 2L corrections involving BSM scalars (H,A,Hz)
and top quark, computed in effective potentlal apprOX|mat|on
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Constraining BSM models with A_

I. Can we apply the limits on k,, extracted from experimental searches for
di-Higgs production, for BSM models?

ii. Can large BSM deviations occur for points still allowed in light of theoretical and
experimental constraints? If so, how large can they become?

As a concrete example, we consider an aligned 2HDM

DESY Page 24



Can we apply di-Higgs results for the alighed 2HDM?

- Current strongest limit on k, are from ATLAS double- (+ single-) Higgs searches

-0.4 < K, < 6.3 [ATLAS-CONF-2022-050]

> What are the assumptions for the ATLAS limits?

All other Higgs couplings (to fermions, gauge bosons) are SM-like

- this is ensured by the alignment v/

[where k,=A, /(A ©@)M]

hhh hhh

The modification of A, is the only source of deviation of the non-resonant Higgs-pair production cross section

from the SM
DOC000) i
// l
A t —@—.\ |(I)
(I)\\l
TOOO0O ®--

x O(y:97 1 os) included

h

h

000000

Y

TOOO00——

_Cﬁ_f___h_
2 |(I)

o h
@ ----

o« O(yiginee) notincluded

— We correctly include all leading BSM effects to di-Higgs production, in powers of ¢,,00, Up t0 NNLO! v

- We can apply the ATLAS limits to our setting!

-h
- . . - - m - - -
(Note: BSM resonant Higgs-pair production cross section also suppressed at LO, thanks to allgnment):iDX
h Page 25
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A parameter scan in the alighed 2HDM

= Qur strategy:

[Bahl, JB, Weiglein PRL ‘22]

1. Scan BSM parameter space, keeping only points passing various theoretical and experimental constraints (see below)

2. Identify regions with large BSM deviations in A,

3. Devise a henchmark scenario allowing large deviations and investigate impact of experimental limit on A,

= Here: we consider an aligned 2HDM of type-I, but similar results expected for other 2HDM types, or other BSM models with

extended Higgs sectors
= Constraints in our parameter scan:
125-GeV Higgs measurements with HiggsSignals

Direct searches for BSM scalars with HiggsBounds

b-physics constraints, using results from [Gfitter group 1803.01853] _|

Vacuum stability

Boundedness-from-below of the potential

theoretical

Checked with ScannerS
[MUnhlleitner et al. 2007 .02985]

EW precision observables, computed at two loops with THDM_EWPOS [Hessenberger, Hollik ‘16, ‘22]

Checked with ScannerS

NLO perturbative unitarity, using results from [Grinstein et al. 1512.04567], [Cacchio et al. 1609.01290]

= For points passing these constraints, we compute Kk, at 1L and 2L, using results from [JB, Kanemura ‘19]

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024
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my — mg+ [GeV]

Parameter scan results [Banl, JB, Weiglein PRL "22]

2HDM type I, a = 8 — 7 /2 2HDM type I, o = 8 — «/2
300} . 300}
200j ! 200
j 8 1.6
j 7 > i e
100} . & 100¢ g
. 6 8§ — : )
: .. : = <
of "8« & of =
| N =
—100 3 £ —100} 1.2
i 2 _
—9200 L —200
-300b. ., . -300b. ., .
—400 —200 0 —400 —200 0
mg — my+ [GeV] myg — my+ [GeV]

NB: all previously mentioned constraints are fulfilled by the points shown here
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ma — mg+ [GeV]

Parameter scan results [Banl, JB, Weiglein PRL "22]

)
) mean

D /8

2HDM type I, a = 8 — 7 /2 2HDM type I, a = 8 — /2
300} { 300
1 9 : 2L corrections
200 8 200 can reach 1 141.6
; - = : 70% of 1L ones!
100} _ & 100}
. 6 g —/ !
: 2 T :
0f ‘5. g 0f
! R _
Z < [
—100¢ 3 E —100}
i 2 _
—200} 1 —200}
-300b. ., . ] -300b. ., .
—400 —200 0 —400 —200 0
mpg — mpg+ [GeV] mp —mpg+ [GeV]

~ 2L corrections can become significant (up to ~70% of 1L)
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my — mg+ [GeV]

Parameter scan results [Banl, JB, Weiglein PRL "22]

Mean value for ,? =(A, @)PPMI(A_ @)V [left] and «, @/, N=(A_  @)*OVI(A,  P)HPM [right] in (m -m,, m,-m ) plane

2HDM typel, a =3 — 7 /2 2HDM type, a= 3 —w/2
i Upper limit
300 : | from ATLAS 3007
200; Huge deviations, 200 F 2L corrections
i up to ~ x10 wrt SM, _ can reach
i possible ! = i 70% of 1L ones!
100} & 100}
: ™ |
i uw i
| R
Z < ‘
—100} E —100}
—200} L —200¢
300t . 300, 0, N
—400 —200 0 —400 —200 0
mpg — my=+ [GeV] mpg — my=+ [GeV]

» 2L corrections can become significant (up to ~70% of 1L)

> Huge enhancements (by a factor ~10) of A, possible for m,~m,, and m,~M
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A benchmark scenario in the alighed 2HDM

[Bahl, JB, 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

1400

1200

1000

ma [GeV]

Excluded by:
600 [

constraints
other constraints

400 ¢

2
rc& ) contours

400 600 800 1000 1200 1400
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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, JB, 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

NLO pert. unit.

BSM Higgs
searches

400 600 800 1000
DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024

Excluded by:

constraints

other constraints

1200

e

contours

1400

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 alighed 2HDM - future prospects

Suppose for instance the upper bound on k, becomes k, < 2.3

2HDM typel, M =my, mag=my+, tan =2, a =74 — /2

1400

1200

200 FExchided by:

600

other constraints

Prospect for u?]

limit at HL-LHC
(2
A

400

—

contours

100600 800 1000 1200 1400
ey [GEV]
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>

[Bahl, JB, Weiglein ‘23]

Golden area: additional exclusion if the limit on
K, becomes «,? < 2.3 (achievable at HL-LHC)

Of course, prospects even better with an e+e-
collider!

Experimental constraints, such as Higgs
physics, may also become more stringent,
however not theoretical constraints (like BFB or
perturbative unitarity)
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A benchmark scenario in the alighed 2HDM - 1D scan

Within the previously shown plane, we fix M=m_=600 GeV, and vary m =m_,

2HDM type I, a = 8 —7/2, ma = mg+, M = myg = 600 GeV, tan § = 2

- Ky
=== K

Excluded by the experimental

20

bound on ky:
HSE\U > kYT = 6.3 (current)

'{5\2) > kYT = 6.3 (current)
HL-LHC projection
15 k) 5 GHL-THC _ 9 3 (hroicction)

Excluded by NLO pert. unitarity

KX

10
[ k5T =6.3 (current)

- "{&IL—LIIC = 2.3 (projection)

1 —
600 700 800
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>

>

[Bahl, JB, Weiglein PRL ‘22]

lllustrates the significantly improved
reach of the experimental limit when
including 2L corrections in
calculation of K,

A stricter choice for the perturbative
unitarity constraint (grey) does not
significantly change the region
excluded by k,®@
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Constraining scalar DM models
with A and I'(h—yy)

PPPPPP



The Inert Doublet Model
- 2 SU(2), doublets @, , of hypercharge 72

G+ H+
¢y = (%(vﬂthjti(})) and ¢y = (%(HJM’A))

> Unbroken Z, symmetry ® —-®_ , ® — -®,
Vibag = 131117 + 3|2
A A A
S Z21D2" 4 X8 [2|0o ) + Mg @]+ 22 (@] 01)2 + hc )

> Model parameters:
3 BSM masses m_, m,, m_,, BSM mass scale |, inert doublet quartic self-coupling A,

> BSM-scalar masses take form

1 1 1
mip = piy + S ARV, M = g+ AT, M = iy + S A3v°,

with )\H,A = A3+ s £ A5
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Dark Matter in the Inert Doublet Model

- Inert scalars: charged under Z, symmetry (Z,-odd)

M, =M, =M, +1 GeV

102 5 102 My, =M, =M, +100 GeV
— Ay =10 = Ay =—LO — Ay =10 Auys 1.0
. . - 10t b T Ay =01 = g0l 101 3 — Ay =01 = Ay =01
- Lightest inert scalar = Dark Matter candidate ;| — Restl s oo S T
10 345 345

— assume H in this talk

35~
10° ﬁ Ay =0.001 7 A= 0001
\
q 1

> DM relic density obtained via freeze-out s \N 3
mechanism, while evading current detection J |
bounds
(a) Mh, (GeV) (b) Mh, (GeV)

[Belyaev et al. ‘16]

\4

2 main scenarios:

- "nggs resonance scenario” mH~mhI 2 Direct detection bounds around

- "Heavy Higgs scenario” m 2500 GeV Higgs resonance region 10+ p— =S SRS
1074}
H H
- IDM testable at current and future experiments via TSsigidagnetT 10 XENONNT |
- DM direct and indirect searches ol N s s . i e o
- direct searches at colliders /@\ s
- precision/indirect tests N N
— properties of 125-GeV Higgs boson a
10°%

500 525 55.0 575 600 625 650 67.5 70.0

Plot made with micrOMEGAs M+ [GeV]
DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024 [Bélanger et al. “1 8] Page 36



Can we probe scalar dark matter with k, ?

Inert Doublet Model in
DMe-inspired “Higgs
resonance” scenario
10 ©
T—-mMaA = Mg+
=
<| &
=3s3
=
N
NN Il
\ ~
&<
Nag

L o

1 mH

~ 60 GeV
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DM candidate

3.5 1

100

IDM: M = M=, py = My =~ 60 GeV

— 1L
2L, 25 =10 [JB, Kanemura ‘19]
whewi D] Ao =6

h'_J\“ s B (projection) /

500



Higgs decay to two photons: existing one-loop results

> DM scenarios of IDM investigated via Higgs properties at one loop (1L) in [Kanemura, Kikuchi, Sakural ‘16]

\4

Additional charged inert Higgs — Higgs decay to 2 photons especially important!

V2G o\ m3 1 u
Clh — 7] = BT -2 (1 - 52 ) + > QNS Iy [m3) + fwlm3]
o < s 6473 6 mHi Z
: : 10
I, 1,: fermion/W-boson loops (SM-like) ] |
HeaV Hi S cenario-

-~ Charged Higgs contribution: o ch:,a,ﬁ,g """""""" ceoraro i
Compensation between mass dependence of coupling 5 4B , , | .
(A,=2(m,,,2-1,2)/v2) and of loop function (C,~ 1/mH+2) o~ | !
- does not decouple! H* w“frﬂ g— ol

R FH ..:' ‘:. Q -2 A\ i
\,~__¢"H1% _4 ! s E L o i
Y _6 . |
> h-yy is aloop-induced decay, i.e. 1L is only leading

order (LO) ﬁ’O’O 200 300 400 500 600 700 800 900 100

-~ What happens at 2L (NLO) ? Higgs resonance my= [GeV]
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© Fig. from [Kanemura, Kikuchi, Sakurai ‘16]



Leading two-loop corrections
to N'(h— vyy)

Calculation of leading two-loop effects from diagrams with inert BSM scalars, using
Higgs Low-Energy Theorem (see e.qg. [Kniehl, Spira ‘95]; details in backup)

Constraints for numerical scans
- perturbative unitarity
- vacuum stability
- inert vacuum condition
- U, fixed in order to reproduce correct relic abundance (using micrOMEGAs)
- electroweak precision observables
- direct searches for inert scalars
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Results for the Higgs resonance scenario [Aiko, JB, Kanemura ‘23]
BR(h — 7y)ipm my = 60 GeV, us = 3583 GeV?

R[BR(h N 77)] — oYY ———— _
BR(h — vY)sm : —— LO, A, =0.1 | [A,:inert doublet self-coupling]
BRs computed with H-COUP v2 0.93F —— NLO, A2 =0.1
[Kanemura et al. ‘19] i N0, As= 1 ] Expected 26
092t e NLO, A2=5 bounds at
— —.— 20 (ATLAS) 4 HL-LHC
> 091FN ——= 20(cMs) &7
S .
T Y
< 090 .
o i
D, 0.89}
g :
Q.58 ; Range of
i m_=m
I H=* A
Ll T limited by
pert. unit.

08000 200 300 400 500 600 700 800
Mmp==mjy [GeV]
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Correlation between K, and BR(h - yy) at one and two loops
Could BSM Physics be found first in k, ?

Inert Doublet Model in
DMe-inspired “Higgs
B resonance” scenario

A
006

T—-MaA = My+

yva
/7

L o

—+— My 0 DM candidate
~ 60 GeV

BR(h — ’Y’Y)IDM
%

R[BR(h — vv)]

my =60 GeV, us = 3583 GeV?

[Aiko, JB, Kanemura ‘23 + WIP]
+ [JB, Kanemura ‘19]

[A, : inert doublet self-coupling]

Expected bounds on
R[BR(h - yy)] at HL-LHC

'] Expected bound on k, at
HL-LHC

m_ . =m, varied
along the curves

(until limit from pert.
unit.)

1.00
: ; — Loi )‘2 = 0'1 ]
0.98| —— NLO, A; =0.1 ;
--=- NLO, A2 =1 |
0.96 ------- NLO, A, =5
- —-— 20 (ATLAS) ~ |
. --=-- 20 (CMS) _;
o ....... 20 (HL-LHC)__:
0.90} :
0.88}
0.86}
0'840 ' 3 5 2 e 5 6
s = Ahhh
- 0
()5
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Correlation between k, and BR(h - yy) at one and two loops

Could BSM Physics be found first in k, ?

Inert Doublet Model in
DMe-inspired “Higgs
B resonance” scenario

A

yva
/7

L o

41 mH

~ 60 GeV

T—-MaA = My+

DM candidate

BR(h — 77)ipm
%

R[BR(h — vv)]

[Aiko, JB, Kanemura ‘23 + WIP]
+ [JB, Kanemura ‘19]

my = 60 GeV, us = 3583 GeV?

1.00
; —— LO,A2=0.1
0-98¢ —— NLO, A, =0.1 [A, : inert doublet self-coupling]
--=- NLO, Az =1 |
0.96 S P NLO, A, =5
—.— 20 (ATLAS) ~ 1] Expected bounds on
0.94 —-— 20(cMs) 1] RIBR(h-yy)] at HL-LHC
0.9 S 20 (HL-LHC)_|] Expected bound on k, at
B S R el HL-LHC
0.90} :
i m_ . =m, varied
0.88 LT ol T e Erweem — — — — - along the curves
T T T T (until limit from pert.
0.861 unit.)
T BSM deviation
0'846 . : : - - observed first in K,,
o = i, before I'(h - yy)!
o 0
(An)SM

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024
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Summary of Part 1

>

A plays a crucial role to understand the shape of the Higgs potential, and probe indirectly signs
of New Physics

A, .. can deviate significantly from SM prediction (by up to a factor ~10), for otherwise

theoretically and experimentally allowed points, due to mass-splitting effects in radiative
corrections involving BSM scalars

Current experimental bounds on A can already exclude significant parts of otherwise
unconstrained BSM parameter space, and future prospects even better!

Other Higgs couplings, like I'(h—vy), offer important additional information; where BSM would be
seen first can depend on scenario

Here, 2HDM and IDM taken as examples, but similar results are expected for a wider range of
BSM models with extended scalar sectors
— motivates automating calculations of A — Part 2
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Generic predictions for A_

LR

S

Based on

arXiv:2305.03015 (EPJC) + WIP
in collaboration with Henning Bahl, Martin Gabelmann, Kateryna Radchenko Serdula and Georg Weiglein
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Full one-loop calculation of A with anyH3: how does it work?

Generic results applied to. Fo e o & & o Q & .o
concrete (B)SM model, using Ry, S
inputs in UFO format . S i T
[Degra,nde et al., ‘11], tree-level: '}“}:Eh one-particle irreducible: gégmine;ghhh
[Darme et al. ‘23]
tadpoles: 55;31130195}\;1;1;1
Loop functions evaluated via 4 ‘
COLLIER [Denner et al ‘16] p 9 % .
interface, pyCollier = A il i SR i 3
Restrictions on particles . - ~ d
and/or topologies pOSSible external leg corretions: 5%{:3,&;1;1;1
Renormalisation performed i & | Solid lines:
automatically (more in hy - scalars,
backup) . Sk - fermions,
;e - gauge/vector bosons,
renormalisation: 58%)\;1;1;1 - ghosts
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New results I: mass-splitting effects in various BSM models

Mass-splitting effects on k) for various aligned SU(2), multiplets
I I I I I 1 I I I I I I I | I I 1 | Ll I I I I Ll I I I 1 I I

7 ! | | I I | | |
~ Consider the non-decoupling T AS CONTL9099- 050 /
limit in several BSM models i - f
Mggy = M? + Mo - SM
- —— IDM
S5F SM + doublet
- —— THDM-II
- Increase M,,, keeping M l TSMy_; SM + triplet
fixed . 2 ir GeorgiMachacek SM + 2 triplets
— large mass splittings -
- large BSM effects! s L
L HL_LHC
> Perturbative unitarity ol
checked with _m '
anyPerturbativeUnitarity i
X ;

350 400 450 500 550 600 650 700 750 800
MBSM [GeV}

Here: scenarios with lightest BSM scalar mass & BSM mass param.

at 400 GeV, other BSM scalar masses = M__,.
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parameter space!



New results Il: momentum dependence in the 2HDM
THDM-I: myg = M = 400 GGV, map = Myg+ = 700 GeV, tﬁ =2

3.0F

2.8F

261

2.4

o

100 |

Im()\hhh) [G eV]
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New results II: momentum dependence in the 2HDM
THDM-I: myg = M = 400 GGV, map = Mg+ = 700 GeV, tﬁ =2

3.0

2.8

2.6

2.4

100 |

Im()\hhh) [GeV]
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New results II: momentum dependence in the 2HDM
THDM-I: myy = M = 400 GeV, my = mpy= = 700GeV, tg =2

3.0r

2.8T
< i
e
2.6
2.4k
0
'; T T T T T T | -
a0 -
<!
— 100 F / .
s L —se—yH
é ________________
E 0——————?—7—-r —————— - 1 . ] . . ] . 1 . 1 . -
= 0 200 400 600 800 1000 1200 1400
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New results II': momentum dependence in the 2HDM
THDM-I: my = M = 600 GeV, my = mpg+ = 1000 GeV, t5 = 2

8.0k ' ‘-
7.8:— ]
761 )
~< i
iz
74F i
), -_ ’p? = [ _'
| —— pf = (p*,mi,m) -
o 200 400 600 800 1000 1200 1400
';‘ T T 7 T T T T J T T T T T T T T T T T T T T T T e
< : _________________ -
% 50 _— _____________ j-/‘—.mﬁt{\ 7
S - —Q yH
é : ’4“'#’ \\\___/{/
E O——L__.__T""'r"-—:—".—'—."’l ; " i 1 . { 5 1 ; . ; 1 " i : L 5 A n 1 .
= 200 100 600 800 1000 1200 1400

VP2 [GeV]
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New results llI: momentum dependence In a Y=1 triplet extension
Y =1 triplet model: mp++ = 400 GeV, mp+ = 500 GeV, \y = 4

350-_ T T T
E _——
3.20F
3.00F
& 2.75;—
2.50F
200F — pi = (0, mi, my)
o 200 400 600 800 1000 1200 1400
S‘ ] 1 1 1 I ] — — ' 1 i
2 200F Jomm =10 ]
3 ~x.
— [ / f{ =S
:__E D I,.- "y L/H |
0 _
g 0 —.——.——.——'r--r"'—.——."""'l_—.--. L 1 . . L 1 L . . 1 . . L 1 L . .kj/(. -
= 200 100 600 300 1000 1200 1400
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New results IV: probing scalar DM models with k,
Real VEV-less triplet model:

2
et . A 4 MT 2 )\T 4 )\HT 2 . .
V(®,T) = 210 + 1@ + =L TP+ ST+ 24T TR, (T) =0, (@) = vew
_ . ” _ 1 Y = O triplet extension, M7y = 400 GeV, Ay = 2(M}2]i — M2) Jv?
1000 Y = 0 triplet extension (Ar = 1.5) 20,04 ‘
— 1L (anyH3) PRELIMINARY /
900 1751 —— 2L, Ay = .
_____ Lo 2] [JB, Verduras prelim.] /
800 15.01 = !
§ GUO Us? 10.0 1
500 75pr=63(uﬂtATLAS) .............................
5.01
400 .
05 A SR B
W8 —4 0 4 8 , | | |
Nirs 400 500 600 700 800 900

- Left: kK, @ 1L in plane of M ,, and A, (portal coupling) with anyH3
> Right: k, @ 2L, with results from [JB, Verduras WIP]
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Ongoing developments in anyBSM

1o ity ~--- SM
0 erecnl L 8 o 5 :
) oo i Left: 2HDM | L — T
on e e [Heinemeyer, Muhlleitner, Radchenko -
_ 1071 w7 =30 e = 2021 Serdula, Weiglein 24] sl | ey |
3 plot from talk of K. Radchenko Serdula 8
% 02 | at 20" LHC Higgs WG workshop : |
3 %10’3-
3 °
< 103 Right: singlet extension J7
[Arco, Heinemeyer, Muhlleitner,
Rivero, Verduras WIP]
107 ] i
200 400 600 [%60] 1000 1200 200 =0 s o e
my |GeV

mpp( GeV)

Example leading-order contributions:
t

g""iﬁﬁ)’ —----- h 9
ty At t
gm—b— ------ h 9
I

[Figure by A. Verduras]
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Ongo

ing developments in anyBSM
10° I I —IUfun(Um;f;%-f‘lflbfb) Left: 2ZHDM
- _3‘;1(; 0;1 [Heinemeyer, Muhlleitner, Radchenko
10" w TR e TR Serdula, Weiglein 24] 3
3 plot from talk of K. Radchenko Serdula g
B | at 20" LHC Higgs WG workshop £
§ . . . '%‘10-3
s Right: singlet extension
=107 [Arco, Heinemeyer, Muhlleitner,
Rivero, Verduras WIP] 10+
107 . . . , .
200 400 o600 800 1000 1200
™Mhh [GCV]

Having predictions for di-Higgs
production, including all (i.e.
resonant + non-resonant)
contributions + 1L corrections
to trilinear scalar couplings in
arbitrary models would be highly
desirable

— new module in anyBSM

[Bahl, JB, Gabelmann, Radchenko
Serdula, Weiglein WIP]

TSM
ggHH [be

a

1045-

103

10% ¢

10!

---- SM
—— s channel contribution
Full contribution

800 1000 1200

mpun( GeV)

400 600

SM + complex triplet (TSMy_,), vy = 0GeV, my++ = 500 GeV
T (1 1 CTSM
U};J?M (Ahfgh) )
=== excluded by ATLAS 2022 || === ATLAS 2022
L~ exclusion projection HL-LHC (CMS) Ak —== HL-LHC (CMS)
1 Rl
2‘1 JOEN
K ,’
-\ )
L y, |
\ o ]
\\ /, ~<
A qH
N
400 500 600 700 800 —10
T+ [GE‘--V]
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[Bahl, JB, Gabelmann, Radchenko

Ongoing developments: anyLami jk Serdula, Weialein WIP]
Example in a 2HDM: o h
0.18 MHAH, = 450 GeV, tla,n,ﬁ = 10, mi, = m3 cos® o/ tan Jé]
| —analytic A"
EYYC T PRELIMINARY //
g #<4BSMPT A?ﬁh /| .
3 —BSMPT{:}}Mh éﬁ/ 0.1
= anyH3 A, Vi \ —analytic )LEEH
< 0.14 memr= anivH3 }‘.{1} o i :’ (0)
< YIS P - < ---BSMPT A\,
~< < 0- —BSMPT AY,
- anyH3 )tﬁ' H
— (1)
0.1 . . : : 0.1 | | a“}’HI?’ AhhH |
0 0.05 0.1 0.15 0 0.05 0.1 0.15

cos(f — «)
. . cos(ff — «)
- excellent agreement with BSMPT results (in eff. pot. approx.)
- full OS schemes for A and A, . couplings worked out in 2HDM [Bahl, JB, Gabelmann, Radchenko

Serdula, Weiglein], SSM [JB, Heinemeyer, Verduras], and more [Bosse, JB, Gabelmann, Hannig, Weiglein]!
DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024 Page 55



Ongoing developments: anyHH

> Total and differential cross-
sections for gg - hh including
1L corrections to }\ijk and BSM

contributions in s-channel

> Good agreement with existing
results (e.g. HPair)

> Results available in various
new models for the 1° time!

Aopn/Om3, [fb]

NTHDM
— ,'l._!!. T =m} ..} \Lj’(

102 . 1
=== Moy
= ;
:-:-E ..... i
& 10
S 107

10—k ?,

300 400  s00

g, [GeV]

tan 3 = 2, Mg g g+ = 600 GeV, M =400 GeV, a = — 7/2

ao'h.h /I’jﬂ 12 ifr. [fb]

10-3 _q(;f:?'
104
W09 |f
' S— )\“J{p =mj,), o* = 34.0pb
gl | —== AP =0), 0" = 12.0pb
""" )\f{:}{ ot = ol = 29.?p})
300 400 500 600 700 800
mun [GeV]
STHDM
—al - . =g
10 — Mot = g 4, \__'(
= F=== Al =0 ]
o | eeees A
& 107% E
3 U
l[].-.-|l:T

3010 400 500
iy, n, [GeV]
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tan 8 =2, My y g+ = 600 GeV, M = -Lﬂﬂ Ge \ a=f-

[Bahl, JB, Gabelmann, Radchenko
Serdula, Weiglein WIP]

/\<

1073
' &
10+
=2
100} |3}
— )\kﬁ' (p* = mj,), o™ = 31.9f
0 """ M (p? = m3,), o' = 138
e )\(111..'2(1;)2 =mj,), " = 41.2fh
300 400 500 600 700 800
mun [GeV]
TRSM
10—=F _@ ]
=
ol g
% 107
-'I:_-:-.
107

300 400
g, [GeV]
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Automated calculations of A_beyond one loop

A\

All 2L contributions to Higgs/scalar self-energies computed in [Goodsell, Paliehr “19]
- in [Bahl, JB, Gabelmann, Paliehr to appear]|, we generalise thisto A . (and A

Diagrams generated with FeynArts, computed with TwoCalc and OneCalc
Results then mapped to specific models via private routines (via FeynArts model file)
- Example result for real-singlet extension of SM:

Keg = KSH, Rkeg — —10 - vg = -3 TeV, Hren = ['TT?,S/Q, QTTLS] RsHg = —10 - Vg = -3 TeV, Hren = mg, Kg = [— RSH, "{'SH]

hhh hhhh)

Y

Y

— OS one-loop
=== 0S one-loop approx.
5 — OS two-loop

1

0.3 0.6 09 12 15 03 06 09 12 15
m [TeV] m [TeV]
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/\<

Summary for anyH3 / anyBSM ~gry

Y

Python package anyH3 allows calculation of A_  for arbitrary renormalisable theories with

A\

> Full 1L effects including p? dependence
> Highly flexible choices of renormalisation schemes - predefined or by user

A\

Uses UFO model inputs (generated with SARAH, FeynRules or using custom ones)

Y

Analytical results (Python, Mathematica); fast numerical results (with caching): SM - 0O(0.2s);
MSSM - 0O(0.5s); handles inputs for numerical evaluation in SLHA format (example in backup)

Y

Currently 14 models included, easy inclusion of further models - suggestions welcome!

A\

Part of wider anyBSM framework, under development
- extensions to general trilinear scalar couplings )\ijk (later to other Higgs couplings)

- complete treatment of di-Higgs production at hadron colliders
- generic two-loop predictions for trilinear couplings
etc.
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Thank you very much for your
attention!

Contact
DESY. Deutsches Johannes Braathen
Elektronen-Synchrotron DESY Theory group

Building 2a, Room 208a
www.desy.de johannes.braathen@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
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-—-—=--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 61



F Utu re dete rm i n atiO n Of Ahhh di-Higgs exclusive result

Expected sensitivities in literature, assuming A = (A__ )"
Higgs@FC WG September 2019
1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 I 1 1 1 dI_nggS SIngle_nggS
HL-LHC HL-LHC HL-LHC
...... 80%. ... s, 50% (AT)......
............................................................................................... s o
Plot taken from HE-LHC | I 020 ... L 0% (40%)...
[de Blas et al., 1905.03764] 2 —__rrrr,r,e,,eeeeereee = R
............................................................................................... LE-FCC LE-
FCC-ee/eh/hh o FOC-efnn single-Higgs
NN T I i S e exclusive
............................................................................................. N
under HH threshold FCC-ee,,,
FCC-ee < : 33% (19%)
N FCC-ee,,,
.............................................................................................. .
I o E | single-tiggs global
ILC 10% 1 36% (25%)
ILC,, ILC,,,
.............................................................. e S 27% 4 38% (27%)
under HH threshold ILCos0
CEPC| T o 49% (29%)......
CEPC
.............................................................................................................................. 49% (17%)......
-7%+11% 49% (35%)
CLIC CLIC 4, CLIC 5
@&&&&M L 36% 49% (41%)
0 10 20 30 40 50 g
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], [Fuijii et al. 1506.05992, 1710.07621, 1908.11299], [Roloff et al.,
1901.05897], [Chang et al. 1804.07130,1908.00753], etc.
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Future determination of )\hhh

E 1 1 I I I I 1 I 1 1 1 I I 1 L] 1 L] l I I I I I 1 1 1 1 .! L] 1]

w B Higgs selfcoupling projections : 7 J LISt et al ‘21]
5- 3 | . HLLHC (singl coupl ansiysi) s S T [J. :

% — ==% = cross-section-level extrapolation l ‘ '

GEJ : === |LC 500 GeV ZHH (full coupl. analysis) : E
(< 2 | =g |LC 500 GeV + 1 TeV vwHH combined

—e
I 1T 1T 1 | | L L

-0.5 0 0.5 1 1.5 2
}“true/}\‘SM

See also [Durig, DESY-THESIS-2016-027]
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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 -3
- . ee 2 vvHH 3000 GeV 3
4 - ee » ZHH 500 GeV =
1
25
i
1.5F -§
| S———_ e -~
) 0.5F E
i 1 1 1 1 1 1 0:- 1 | il A Tt A AR I
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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Baryogenesis

- Observed Baryon Asymmetry of the Universe (BAU)

n.: baryon no. densit
ny — N, y Dary Y

~ 0.1 X 10_10 [Planck ‘18] n;: antibaryon no. density
T~ n ; photon no. density

U

- Sakharov conditions [Sakharov ‘67] for a theory to explain BAU:
1) Baryon number violation

2) C and CP violation
3) Loss of thermal equilibrium
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Baryogenesis

- Observed Baryon Asymmetry of the Universe (BAU)

n.: baryon no. densit
ny — N, y Dary Y

~ 0.1 X 10_10 [Planck ‘18] n;: antibaryon no. density
N~ n ; photon no. density

U

- Sakharov conditions [Sakharov ‘67] for a theory to explain BAU:
1) Baryon number violation = | Sphaleron transitions (break B+L)

2) C and CP violation — C violation (SM is chiral), but not enough CP violation
3) Loss of thermal equilibrium — No loss of th. eqg. - in SM, the EWPT is a crossover

Inthe S

T

SM phase i

diagram Ist o der

Crossover

2nd order smooth
] phase
> SM cannot reproduce the BAU — BSM physics needed!

Figure from [Cline ‘06]

75 GeV
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Electroweak Baryogenesis

> Many scenarios proposed, including:
~ Grand Unified Theories
-~ Leptogenesis
- Electroweak Baryogenesis (EWBG) [Kuzmin, Rubakov, Shaposhnikov, ‘85], [Cohen,
Kaplan, Nelson ‘93]

- Sakharov conditions in EWBG
1) Baryon number violation - Sphaleron transitions (break B+L)

2) C and CP violation -~ C violation + CP violation in extended Higgs
sector

3) Loss of thermal equilibrium — Loss of th. eq. via a strong 1 order EWPT
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The Higgs potential and the Electroweak Phase Transition

Possible thermal history of the Higgs potential:

VEV is discrete
- 1 order PT

VEV is continuous
- 2" order PT

Existence
of a
- potential
barrier
depends
onA.

- H
- A, determines the nature of the EWPT!

= deviation of A__ from its SM prediction typically needed to have a strongly first-order EWPT

[Grojean, Servant, Wells '04], [Kanemura, Okada, Senaha '04]
= required for electroweak baryogenesis scenario
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Electroweak Baryogenesis — a brief sketch
- Sakharov conditions in EWBG

1) Baryon number violation - Sphaleron transitions (break B+L)
2) C and CP violation — C violation + CP violation in extended Higgs sector
3) Loss of thermal equilibrium — Loss of th. eq. via a strong 1% order EWPT

T =Trw

CPV

—
n(fra) > n(fru)
Charge asym. g
Sphaleron 5 =
" S
transitions S
S E
ny > 0 @
o £
5.0
v =0 i &

1 ) Bubble nucleation 2) Baryon number generation 3) Baryon number conservation
-~ EWBG only involves phenomena around the EW scale - testable in the foreseeable future

via A, ., collider searches, gravitational waves or primordial black holes (sourced by 1% order EWPT)
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Distinguishing aligned scenarios with or without decoupling

e.g. for Two-Higgs-Doublet Model (2HDM) variants

Expected exclusian; Type-| Expected exclusion; Type-ll

No concrete sign of BSM Physics so far +

i
R

Sp-a=1 e |

] ] ] | — ﬁc:ﬁu- ' ﬁ_c::su
Higgs couplings are SM-like § =T i i
—. favours aligned scenarios, i.e. scenarios 5 e ke
where Higgs couplings are SM-like at tree-level if» i wesi| i

< T o

Synergy of direct searches (LHC, HL-LHC) ) . 1. . N
500 1000 1500 2000 500 1000 1500 2000

and indirect searches (- ILC) strongly

constrain non-aligned scenarios (see e.g. for

MSSM [Bagnaschi et al. ‘18], for 2HDM [Aiko et al.
20])

-~ In some models, aligned scenarios could be
almost entirely excluded in near future!

Sp—q=0.895, Cg_g<0 |

500 1000 1500 2000 EUD . 1000 1500 2000

Mg [GeV] mg [GeV]
[Aiko et al. 2010.15057]

Deviation from alignment
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Distinguishing aligned scenarios with or without decoupling
Energy Energy

A

- If alignment is favoured, how does it occur?
— Alignment through decoupling? or Mpsm 1
alignment without decoupling?

- If alignment without decoupling, Higgs
couplings like A can still exhibit large

deviations from SM predictions because of

non-decoupling effects from BSM loops
BSM states near

EW scale, but

- A, could be a prime target: not very well Mpsnm -+ hidden somehow
measured yet but with prospects for drastical Higgs with SM-like
Improvements in the future! (O = EWscale U - coup. atOL (due to

e.g. sym.)
Decoupling Alignment without

decoupling
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One-loop mass-splitting effects

- Leading one-loop corrections to A _, in models with extended sectors (like 2ZHDM):

hhh

SM top quark loop BSM scalar loops ,
---------- ] — Y
\ / ' (A
N \\\ 'l<\ ‘\‘ 'I’ \\\
A . 4 5 o Firstfound in 2HDM.
[Kanemura, Kiyoura,
5( ))\hhh D L — 48mt i E 472(1)777/(1) 1 — M Okada, Senaha, Yuan ‘02]
1672 v3 = V3 ms

_/\/l : BSM mass scale, e.g. soft breaking scale M of Z, symmetry in 2HDM
N : # of d.o.f of field P

: : : 2 2 \ .2
- Size of new effects depends on how the BSM scalars acquire their mass: Mg 7~ M + A\v

M2\’ (O, for M2 > \v?
1 -2 ) —

mgb 1, for M2 < 5\@2 _ » Huge BSM
\

effects possible!
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One-loop mass-splitting effects

> i - ative
Leading one-loop ¢ Plot from [Kanemura, Okada, Senaha, Yuan '04] NB: Rf;ﬂ;bnot
uni
300 — violated.
2HDM 7
M=0 (Max. Non—Decoupling Case) '
sin’(a—PB)=1 m,=100GeV /
s I £ 1 B First found in 2HDM:
S 200 m *=m,=m. (=m,) [Kanemura, Kiyoura,
5(1) )\ D p=s i s * Okada, Senaha, Yuan ‘02]
b~ Vi'=2m, /" /20
<-'.: : ;
| =~ 100 | A
M : BSM mass: & 160
N :#ofd.ofof =
> 5 % o
- Size of new effects e 4\
0 S T ] | . L A
100 200 300 400 500
mg, (GeV) Huge BSM
P effects possible!
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Two-loop calculation of A

Goal: How large can the two-loop corrections to A become?

Based on
arXiv:1903.05417 (PLB) and arXiv:1911.11507 (EPJC) in collaboration with Shinya Kanemura

DESY. Page 74



An effective Higgs trilinear coupling

-~ In principle: consider 3-point function ',
but this is momentum dependent - very difficult beyond one loop

> Instead, consider an effective trilinear coupling

N 0°Vert N
hhh =~

min
entering the coupling modifier
A 3m?
jn = R ()M = 22
()\(0) )SM v
hhh

constrained by experiments (applicability of this assumption discussed later)
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Our effective-potential calculation

- Step 1: compute Vg = V() 4

> V@: 1P| vacuum bubbles

1672

v 4

1

(1672)2

(2

(MS result)

[JB, Kanemura ‘19]

> Dominant BSM contributions to V@ = diagrams involving heavy BSM scalars and top quark

> Neglect masses of light states (SM-like Higgs, light fermions, ...)

0
- - = - - -—
- ~ - ~ - ~
e ~ s ~ e ~
’ \ N ’ ~
’ \ ’ \ ’ \
/ \ ’ \ \
1 \ i \ \
I N B T hoH_ U
| | 1 1
\ / \ ! !
\ / \ 7 !
\ / \ ’ \ /
~ 7’ ’ I /
~ s
~SO_H Lo . g ~ -
- = - ~ 2 - e -
H A HY H H A

/’ --.\ /— o ,’ s\ /’ ~ o /, ~ o ,, ~ o

’ N \ \ / \ \ ’ \

1 I vy \ vy

I 11 ] ] 1

\ 7\ )\ / s\

N 4 A 7 ’ N ’ ’ A ’
~ ~ - - - I
=-= === === =—-= =—-= =—=
rs e ~ rd ~ 7~ ~ ~

’ \ ’ \ \ ’ \ \ ’ \

/ AN v \ v

I (] [ 1 [

\ 1 1 1 1\

\ VARERN ’ AN ’ NN ’
~ e s ~ 4 ~ s N s ~ '
~__ - ~__ - ~ 5 - ~__ - ~ 5 - ~ 5 -

H A Ht A HT H*
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Our effective-potential calculation

[JB, Kanemura ‘19]

1 1 _
AREE -V (MS result)

. : Vg = V()
Step 1. compute Ve + 16722 (1672)

> V@: 1Pl vacuum bubbles
> Dominant BSM contributions to V@ = diagrams involving heavy BSM scalars and top quark

- Step 2: derive an effective trilinear coupling

)\ — ag%ff — ﬂMf%]Veff —I_ 8_3 L § 82 ]. a
I B Y Oh3 oh? v oh
(MS result too) C v

/
/
/

Express tree-level

result in terms of

effective-potential
Higgs mass
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Our effective-potential calculation

1 1 _
= v 4 T6n2)2 Ve (MS result)

[JB, Kanemura ‘19]

> Step 1: compute Ve = V() +

> V@: 1Pl vacuum bubbles
> Dominant BSM contributions to V@ = diagrams involving heavy BSM scalars and top quark

oh3 v

Oh? v Oh

. . 0V, 3[M?]v... 0> 3(9* 190
sep. ), = Pl _ 30 +[ ( )]AV

min. min.

(MS result too)

- Step 3: conversion from MS to OS scheme
> Express result in terms of pole masses: M, M, , M_ (®=H,A,H*); OS Higgs VEV Uphys =

) v V2GF
> Include finite WFR: Appp = (205 /ZMS)3/2)\, 0

> Prescription for M to ensure proper decoupling with M2 = M? 4+ \pv? and M —
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Our results in the aligned 2HDM [JB, Kanemura ‘19]

Taking degenerate BSM scalar masses: M_ =M =M, =M *

T T T | T ' ' | ‘ ' ' ' \ 1 T T T 40 [T T T T T T T T T T T T T T T T .1 T .r .' ]
N ina limi : : =M =M, := Non-d ling limit ;-
[ .\‘Decouplmg limit My=M,=M,=M¢, ) A.f,H My=M,:=Mq¢ Non-decoupling limi ;,:
20 . " M=0 8 ]
Y sg-a=1 | 35/ I
\ - ! i
i : tg=15
18N\ % B

.\‘ F—M¢2-M2= 1L | 3.0:

Z“ 400Gev - 2L

RN
o
P

> 52.5:
2.0f
1.5}
1.0}
0 500 1000 1500 2000 100 200 300 400 500
M [GeV] Mo [GeV]

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024 Page 79



MS to OS scheme conversion

« V_. we use expressions in MS scheme hence results for A also in MS scheme

* We include finite counterterms to express the Higgs trilinear coupling in terms of
physical quantities

) ) L, BM7 M2
myx = My —Re[lI% (p* = M3)], (\fGF) (2 log —2 — 1) + -
N~~~ N~~~ 167T Q
MS pole —"%s

* Also we include finite WFR effects — OS scheme

R ZOS /

Mnn = | —2= Ak = — Upnn(0,0,0)

N—— 7 MS —~— < ~— 2
oS N ~— _~ MS 3-pt. func.
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MS to OS scheme conversion

» OS result is obtained as

~~ MS parameters

inclusion of WFR
translated to OS ones

» Let's suppose (for simplicity) that Apx, only depends on one parameter z, as

M = [ (@) + 1 f D (@M9) 4+ 157 O (M) (n = mlw )

and _
M5 = x©5 + k6™ g + k263

then in terms of OS parameters
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MS to OS scheme conversion

» OS result is obtained as

~~ MS parameters

inclusi f WFR
inelusion o replaced by OS ones

» Let's suppose (for simplicity) that Ap»n only depends on one parameter z, as

Ahhh = f(o) (:UM_S) + h:f(l)(il‘:M_S) + !ﬁ:zf(Q)(:l?M_S) (h} = 161?T )

and £MS = x0S + k6WVz + k2P

then in terms of OS parameters

(0)

2 [f(z)(Xos) 3£;) XO5)5(0 5 /@/@fo&( 32 ©) G022

because we neglect my in the loop corrections and )\ﬁﬁh = 3m; /v (in absence of mixing)
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03V,
SM result at two loops i = 5o

min.

» In the SM, 4 diagrams contribute to Ve at order O(g3m;) and O(m? /v?)

» In the limit m; > myu, mqg, - -, their expression reads
6A 252
V® = —4¢2m?|4A(m?2) — 8m2 — f:;t) + 3y; [me)f(mf,m%,[)) +miI(m;,0,0) + A(m%)z]
t

where A(z) = z(log(z/Q?*) — 1), I: two-loop sunrise integral
» Then we find in the MS scheme

128¢3m; (1 + 6logm7)  24miy; (=7 + 6logm])

(log x=log z/Q?)
v3 v3

5P Xunn =
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SM result at two Ioop§

» MS expression

128¢g3m; (14 6logm;)  24myy; (=7 + 6logm})

52 ALhh = 3 3 (log z=log = /Q?)
v v
= 4
» Translate top quark mass and Higgs VEV from MS to OS scheme in 6V \pnn = —gg—t
1
m; — M7 — Iy (p° = M7) v — — 0U = Uphys — OV

V2GF

+ include wave-function renormalisation

— OS-scheme result @3, _ T2M} 602 — 13M7
hhh 3 3 >
phys phys
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SM result at two loops 1JB, Kanemura ‘19]

_5 || ' ' ' ' ' ' ! ' ' ' ' | ' ' ' _|
1 SM, (0
\ AN, = A3M, — A
|
|
-\ .
_10 \ _——————-———
\ -_-..-"'--
— \\ --""'---
> -
(0] \ -
O, -15 AV __ e :
o PR
%; R
S —
20t 4 ===—- MS 11
II ————— MS 2|
I
I OS 1l
o5l | .
! 0S 2|
0 200 400 600 800 1000

Q [GeV]
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MS result

2 o
5 ., HAH t t
”
- T a - T 0 X
’ ~ ’ ~
¥ 4 A 7’ A
‘ \ ’ v !
\ V4
I--_};L___l l___[zr___\ \"
- -1 - -1 8 N
A ] A I ! \
\ 7 \ 4 (] 1
hY v b Y y
- - S~ e
--._-ﬂj: h_—'j: \\ ’I
H:Aa H:A: Il -+ t b
H, A

- Taking BSM scalars to be degenerate M_ = M,= M, = M_* we obtain in the MS scheme:
(expressions for non-degenerate masses — see [JB, Kanemura 1911.11507])

(2) 16?71% 2 M? ! 2 2 2 INT— 2
O Ay = 5 (4+900t 2[3) 1— - [—ZM —map+ (M +2m¢))logm¢,]
P

6 2 2\ 4 L
4 102ms cot” 25 (1 - %) 14 2logm3]
v ms
W BT 2\ 3 2. 4
n 96mgmy cot” 3 | M= [_ 1+2E‘m%] + o [ mam
V5 1, Vo
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Decoupling property in MS scheme

» Seeing whether corrections from additional BSM states decouple if said state is taken to be very massive
is a good way to check the consistency of the calculation

(2) 16’”’1-33 2 M? ! 2 2 2 2\7 = 2
) Ahhh = 'U5 (4 -+ 9 cot 28) 1 — W |: — 2M° — Mo T (M -+ Zm@) log m@]
'q)
, 0N 3 . o\ 4
16my, M? 192mS cot? 2 M? —
5N Nunn = Bq (1 - —5 ) + 1 - B 1 - — [1 + 210gm%]
v mg v mg
4 2 2 2\ 3 2 4
- t M _
4 96Ti’lqm;(30 B<1_2> [—1+210gmé] +O(m@?t)
v mg v

where m2 = M? + \gv?
» To have me — o0, then we must take M — oo, otherwise the quartic couplings grow out of control
» Fortunately all of these terms go like

_ 2\ " \ 2\n
(?’?’lé))n—l (1 B £> . (/\@’U ) M — o0 . 0

2 L 3 -
m m2=M2+4Xgv? M?2 + Apv?2  Xgpv?2 fixed

P
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MS — OS scheme conversion

» To express 6%) \ppp in terms of physical parameters (vphys, M¢, Ma = My = My+ = Ms), we replace
2 2 2 2 2 2 2 2 2
my — Mj —IMaa(Mz), my — Mg —Ugug(Mpyg), my+ — Mpe —Uygtg— (Mg+),

U — Uphys — 00, mi — M{ — Tl (M)
» A priori, M is still renormalised in MS scheme, because it is difficult to relate to physical observable
... but then, expressions do not decouple for Mz = M? + Apv? and M — ool

» This is because we should relate Mg, renormalised in OS scheme, and M, renormalised in MS scheme,
with a one-loop relation — then the two-loop corrections decouple properly
» We give a new “OS" prescription for the finite part of the counterterm for M be requiring that
1. the decoupling of §(2)\;,p, (in OS scheme) is apparent using a relation M2 = M? + \gpv?
2. all the log terms in 5(2)5\hhh are absorbed in §M?

6 ~r2\ 4 ~r2 6 2 2\ 4
5@ Sy = Mo (1_£) {4—|—300t22ﬁ [3— u (M +2)]}+576Mi00t 2 (1_£)

Uphys MfI% \/§ M<12> Uphys M(%
288 M2 M? cot? 3 M2\° 168 M2 M2 M2\°  48ME 2\’ M2 M}
T 5 l=7= ] +—5 l=37 ) =7 Il=——>=] t0(—5
Uphys M<I> Uphys M<I> Uphys M<I> vphys
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Decoupling behaviour

1207 1\

100

80|

60|

SR [%]

401G

20

0 1000 2000 3000 4000
M [GeV]
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> 0 R size of BSM contributions

to A\whh:
_ A
hhh

M: "OS" version of M,
defined so as to ensure proper
decoupling for

M2 = M? + \gv* and

M — o

Radiative corrections from
additional scalars 4+ top quark
indeed decouple properly for
M —
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Decoupling of BSM effects

M : modified “OS” version of Z, breaking scale [JB, Kanemura ‘19]
120 \“‘ MH=MA=MH1=M¢ ] 35 .\\“ MH=MA=MH1=M¢
1 ,
; %-a= 30 ‘\\ %-a =]
1001\ ¢ _ | _
' =15 ; - \ N Mo? = 2 = 400 GeV
) - 6R1/ | Y
801 \} VMo’ - = | 4 —— fp=1.1
R \400GeV 0000 emee- - 6R%/ | X 213
S T e . " - ﬁz .
% > Iz=1.5
oo\ == N =
40 _Cf‘eV ----- tﬁ=1 Wis
0 1000 2000 3000 4000 0 500 1000 1500 2000 2500 3000

M [GeV] M [GeV]
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Decoupling of BSM effects

120} ©

35

30

[JB, Kanemura ‘19]

~
\
\

\
\
\
\

100

l"‘ \/M¢2—M2=

\ 400 GeV

80|

60|

OR [%]

- Radiative corrections from additional
scalars + top quark indeed decouple
properly when taking M - oo

My=Ma=M=Mq

S[)’_a:1

Ma? — I = 400 GeV

—— tg=1.1
----- - t5=1.3

40

> M : controls the decoupling
behaviour in OS result

0 1000

2000 3000

M [GeV]
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Maximal BSM deviation in an aligned 2HDM scenario

SR?! [%]

My=Ma=M_=Mq

Mg = M? + \pv* -1

100
200 .

10l . . . .300‘. . |
200 400 o600 800 1000 1200 1400 1e00
M [GeV]
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[JB, Kanemura 1911.11507]

Maximal oR (1l+2l) allowed while fulfilling perturbative
unitarity [Kanemura, Kubota, Takasugi 93]

Max. deviations for low tan3 and M,~600-800 GeV

—heavy BSM scalars acquiring their mass from

Higgs VEV only
> 1 loop: up to ~300% deviation at most
> 2 loops: additional 100% (for same points)

For increasing tanf3, unitarity constraints become
more stringent - smaller dR

Blue region: probed at HL-LHC (50% accuracy on

)\hhh)
Green region: probed at lepton colliders, e.g. ILC

(50% accuracy at 250 GeV; 27% at 500 GeV; 10% at
1 TeV)
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Maximal BSM deviation in an aligned 2HDM scenario

[JB, Kanemura 1911.11507]

2/ ro
OR™ [%] « Maximal 3R (11+2l) allowed while fulfilling perturbative

My=Ma=M,:=M¢, unitarity [Kanemura, Kubota, Takasugi '93]

3.5/ Mg = M? + \pv* -1

e Max. deviations for low tan3 and M,~600-800 GeV
—heavy BSM scalars acquiring their mass from

3.0¢ Higgs VEV only
> 1 loop: up to ~300% deviation at most
Q. > 2 loops: additional 100% (for same points)
& 295 For increasing tanf3, unitarity constraints become
more stringent - smaller dR
2.0
Blue region: probed at HL-LHC (50% accuracy on
1.5} Aninn)
Green region: probed at lepton colliders, e.g. ILC
2000 0 (50% accuracy at 250 GeV; 27% at 500 GeV; 10% at
1.01 , . . SODN— . . 1 TeV)
200 400 600 800 1000 1200 1400 1600
Mg [GeV]
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Maximal BSM deviation in an aligned 2HDM scenario

[JB, Kanemura 1911.11507]

2/ ro
OR™ [%] « Maximal 3R (11+2l) allowed while fulfilling perturbative

My=Ma=M,:=M¢, unitarity [Kanemura, Kubota, Takasugi '93]

3.5/ Mg = M? + \pv* -1

e Max. deviations for low tan3 and M,~600-800 GeV

—heavy BSM scalars acquiring their mass from
Higgs VEV only

> 1 loop: up to ~300% deviation at most

> 2 loops: additional 100% (for same points)
For increasing tanf3, unitarity constraints become
more stringent - smaller 6R

Blue region: probed at HL-LHC (50% accuracy on
)\hhh)
Green region: probed at lepton colliders, e.g. ILC

200 (50% accuracy at 250 GeV; 27% at 500 GeV; 10% at
10l 300 1 TeV)

200 400 600 800 1000 1200 1400 1600
Mo, [GeV]
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A . at two loops in more models [JB, Kanemura ‘19]

~ Calculations in several other models: Inert Doublet Model (IDM), singlet extension of SM
~ Each model contains a new parameter appearing from two loops:

Alighed 2HDM -, tanf3 IDM — A, (quartic coupling of inert doublet)

4.0_* MHZMAZMHrZMq; ,:: i MA=MH1=M¢ ':I:
. 7 ] 5t i
=0 i =0 F |
=90 Sp-a=1 ¥ _ IDM 1L £/
- —— 2HDM 1L 5o 3Of ees IDM 2L, A,=0 &F
Sar - 7 8 L. _ s i/
- 2HDM 2L, t="1 s IDM2L, 2,=6 ¥y
S 2.5p wmams - 2HDM 2L, tg=1.4 7 ] oy
2.0f ]
1.5} ] ]
1.0F = ] ~
100 200 300 400 500 100 200 300 400 500
Mo [GeV] Mg [GeV]
tanB constrained by perturbative unitarity A, Is less contrained - enhancement is possible
- only small effects (but 2L effects remain well smaller than 1L ones)
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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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1200

1400

ma [GeV]

2HDM, M =my, my=my=,tanf=2, a=B—-n/2

1400 4

1200 4

1000

800 A

600

Excluded by:
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=my=,tanB =2, a=B —n/2

1400 A

1200 4

1000 A

800 A

600

400

800
my [GeV]

1000

Type-I

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

ma [GeV]

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

1400

Excluded by:

[ Higgs phys.

0 b phys.

1200

1000

800

600

400

800

1000
my [GeV]

1200

Type-Il
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1400

ma [GeV]

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

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

1400

Excluded by:

[0 Higgs phys.

[ b phys.

1200

1000

800

600

400

800

1000
mpy [GeV]

Type-lll (LS)

1200

1400

my [GeV]

Excluded by:
1400 4 [0 Higgs phys.
[ b phys.
1200 A
1000 -
800 A

600

400

800
my [GeV]

1000 1200 1400

Type-IV (flipped)
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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=my=,tanB =2, a=B —n/2

pp —> hz+ - =717+
[ATLAS 2002.12223]

2HDM type Iy M =my, ma=my=, tanf=2, a =B —n/2

1400 A

Excluded by:

Excluded by:

0 Higgs phys. 1400 [0 Higgs phys.
[0 b phys. [ b phys.
DB hy syt
| [ATLAS 1707.04147] oo
:: 800 - %

600

400

400

600 800 1000

my [GeV]

12

Type-|
pp_) 2_|_..._)7-7-+...
[ATLAS 2002.12223]

800

600

400

400 600 800 1000

my [GeV]

1200 1400

Type-Il

[CMS 1407.0558]

pp — hy 4 ---

[CMS-PAS-HIG-12-045]
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my [GeV]

1400

1200

1000

800

600

400

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

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

400

Excluded by:

[0 Higgs phys.
[ b phys.

600

800 1000
my [GeV]

Type-lll (LS)

1200 1400

!

D —
A

1000 A

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

'LAS 1707.04147]

pp — hy +tb — tbtd

my [GeV]

800 -

600

400

/ [CMS 2001.07763

400 600 800 1000

my [GeV]

Type-IV (flipped)

1200 1400
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2HDM benchmark plane — results for all types

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

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024 Page 99



A benchmark scenario in the aligned 2HDM [Bahl, JB, Weiglein ‘23]

In view of recent ATLAS-CONF-23-034

2HDM type I, M =mpy, mqg =mpgs,tanf =2, a=8 —7/2

.«:&2) contours

1400 § —— ATLAS-CONF-23-034 Obs.

1200

1000

ma [GBV]

Excluded by:

600F 7

constraints
other constraints

400 F / Prospect for K:&z)
: limit at HL-LHC

100 600 800 1000 1200 1400
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»

Green line: additional exclusion from direct
searches for heavy Higgs bosons, via
A-ZH

with full LHC-Run2 data
[ATLAS-CONF-23-034]

Small excess (2.9 o) for m, ~ 450 GeV and
m, ~ 650 GeV
— near region probed by k, at HL-LHC

— complementarity between direct and indirect
searches!
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A . in relation to thermal history of the EWPT

~ Caorrections to A, correlate with the thermal history of the

| o o e s e s s e e e i B EWPT
Of ) * If potential barrier is too high, the EWPT cannot occur
Z ' -~ vacuum trapping (black region)
= [ ]
2 : ] : Conversely, it can occur that the EW symmetry is not
AtliL | ILC-500 restored at high T (blue region)
r === HL-LHC -
~ [ === ATLAS limit j * Strong 1st order EWPT, with gravitational waves (produced
3 - EWSnR by bubble collisions) observable at LISA in pink
3 |« Trapped )
[ SNR > 1 ' Impact of 2L corrections likely strong
______________________ — works in progress with S. Kanemura and with H. Bahl,
20 Strong 1% order - T. Biekotter, S. Heinemeyer, G. Weiglein
[ EWPT ]
i ] Sphaleron decoupling condition
1 58 -
T I T T .- gy ey e e e o gE g vc
0 100 200 300 400 — > 1
Y
m 4 —my [GeV] /;Tc A

Figure from [Biekotter et al., 2208. 14466 All receive corrections!
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Higgs decay to two photons: Higgs Low-Energy Theorem

>

Calculation of 2L 3-point functions with external momenta not possible in general
(private results for integrals contributing to I'(h—vyy) exist, but not available publicly)

Assuming m, << heavy BSM scalar masses, we can employ a Higgs Low-Energy Theorem (see
e.g. [Kniehl, Spira ‘95])

Compute effective Higgs-photon coupling C,,, of the form

hyy

1
Lot = =7 Oy hF"
by taking derivative of (unrenormalised) photon self-energy w.r.t Higgs field

where E% (pz) = (ngw — pr'p")IL,, (p2)

Schematically: 9
Oh

Neglects incoming momentum on Higgs leg, but fine for m,, << mya .

Similar to approach of effective-potential calculations of Higgs mass or trilinear Higgs coupling

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024 Page 102



Higgs decay to two photons: what we include In our calculation

> All known SM contributions:
- QCD up to 3L [Djouadi ‘O8] (+ refs. therein)
- EW SM-like to full 2L [Degrassi, Maltoni ‘05], [Actis et al. ‘09]

~ Our new calculation: leading two-loop BSM contributions
- genuine, dominant, 2L contributions involving inert scalars
- purely scalar and fermion-scalar contributions to (1L)*2 terms from external-leg and VEV renormalisation

C(z), IDM CO(A%) n CO((A4+>\5)2) n CO((A4—>\5)2) n CO(AQ) i Cext--leg+VEV

hy~y hy~y hy~y hy~y hy~y hy~y
h -
Example 1: S Example 2.
O(A2) e on) )
H+(’T“«\H+ HtA YH* H’/f}z\H H’f}z:H
i / l X a | ! Y / \ ’ \
ANNNANNAN h lf\/\/\/v\/\/\/ ANNANANNANS - - - i
’/ H+ H-b//* \H+ | N _ N
HT HT H: f\)//v\f\f\il \l'vvv\z 7H A VH ~

> Photon self-energy diagrams generated with FeynArts, computed with FeynCalc and Tarcer, reduced to
(limits of) integrals known analytically; then derivative w.r.t. h taken
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Higgs decay to two photons: renormalisation schemes and checks

~ Calculation performed with
- on-shell (OS) renormalisation of masses and VEV

- for y,, we applied the “OS” prescription of [JB, Kanemura '19] (devised for calculation of A,)
to ensure renormalisation scale independence + apparent/proper decoupling of BSM contributions

- gauge-less limitg,, g, - O

~ Checks of our calculation:
- Ward-Takahashi identity for photon self-energy contributions at 2L

v 2 L
YEE(p®=0)=0

- UV finiteness: cancellation of double- and single-UV poles

- IR finiteness: individual diagrams are IR divergent in limit mg, m, - 0 (Goldstone Boson Catastrophe), but
divergences must cancel in total result. mg, m, kept as IR regulators in individual diagrams, and we verify that
all IR divergences (power-like, log-like, UV-IR mixed) cancel for each contribution
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Higgs decay to two photons: results in heavy Higgs scenario

BR(h — ’Y’Y)IDM

- my =500 GeV, = (499.9)2 GeV? Aiko, JB, Kanemura ‘23
RIBR( o)) = o= My =500 GeV, uj =(499.9)” GeV®  [Aiko, JB ]
A, . inert doublet self-coupling ' '
0.98}
0.96}
= .
-~ 0.94F Range of
T ' m,.=m,
L He
= . limited by
n 0921 L0 Ay = 0.1 pert. unit.
oc [ — NLO, A, =0.1
D20 i WL =1
NETT NLO, A, =5 ]
0.88F —.— 20 (ATLAS) — — —— ===~ -
Expected 20 --- 20 (CMS)
bounds at 0.8 i — . L .
HL-LHC ' QOO 600 700 800 900

muy==myu [GeV]
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A .. within the landscape of automated tools

FlexibleSUSY/Hdecay/SPheno + HiggsBounds—

'Theoretical constraints FlexibleSUSY/Hdecay/SPheno + HiggsSignals—;

Vacuum stability ———EVADE/Vevacious++

Experimental constraints

—— BSM searches

— SM-like Higgs

FlavorKit/Flavio

Unitarity - D.-’ADEISARAH!SPheno\

+ Flavour observables

_F,_,._-———-FlexibIeSU SY/SPheno

RGEpp/ARGES/SARAH/Pyrate— BSM model

UV behaviour

» EWPO

/ T DarkSUSY/MicrOmegas

GroupMath/SARAH/Susyno

Renormalisability

BSMPT/PhaseTracer

» Dark matter

» Early universe

¥

dryH=
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Computing A __ in general renormalisable theories: ingredients

~ Solid lines:
Mo = ----- < + -- Q + s - scalars,
- fermions,
———— h > - gauge/vector bosons,
tree-level: Agiﬁh one-particle irreducible: ééefmme EEb - ghOStS
tadpoles: 65;31;;-:195)‘*’11’1"1
/O’ 9 % /C) - Restrictions on particles
! A 4 I g ot e and/or topologies
possible
external leg corretions: 5&,{,%51,3\;1;1;1
M & - Renormalisation
- performed automatically
= fa (more In following)

e

. . 1
renormalisation: SE.% ARhh
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Computing A __ in general renormalisable theories: method

Our method: we derive and implement analytic results for generic diagrams, i.e. assuming generic
. 1

e.g. FFF diagram Cy - P3 ~ Couplings C; = CZ-LPL + C,L-RPR, where PL,R = 5(1 I ’}/5)

- Masses on the internal lines m,, 1=1,2,3

- External momenta p,, 1=1,2,3
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Computing A

in general renormalisable theories: method

Our method: we derive and implement analytic results for generic diagrams, i.e. assuming generic

e.g. FFF diagram C2 p
HTfl
Cy
pL---- \ AUtz
mf,
C3 ™~

> Couplings C; = C’Z-LPL + CZ.RPR, where Pp g = =

2(1$75)

> Masses on the internal lines m., 1=1,2,3

- External momenta p,, 1=1,2,3

— QBO(P%mQa m?)(CI(CE C@ mf + C2 C‘:‘. my, + Cz C’imfa) + Cl (Cz C'Emfl +

Cz C3 mg, + Cz C::'. me,)) + mg CU(PQ;P?: Pl?m%a m%, mg)((Cl Cz Cf; +

Cr G5 Cs)(pt + P2 — p3) + 2(Ci G2 Cs + G G G ) mg, my, +

2my, (Cr(C5CEmy, + CXC¥myg, + CXCimy,) + CF(CS Cimy, + C5Cimy, +
C5Cimy,))) + CL(p3, p3, pi, m3, m3, m3)(2p3 (Ci G5 (Comy, + Ci'my,) +
CrC5(CSmy + Comg)) + (i + p3 — p3)((CT G5 CF + Cr CCy)my, +
(GGG + PG G )myy ) + C2(p3, p3, pi, mi, m3, m3)((pf + p3 —

p3)(Ci C5 (Cismy, + Cimg) + CF C5(Comy, + Cimg,)) + 2p7 ((Cr C5C5 +

CfCclchymy, + (Ctcf s + cf ciclymy,))

(B0, CO, C1, C2: loop functions)
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Computing A __ in general renormalisable theories: method

Our method: we derive and implement analytic results for generic diagrams, i.e. assuming generic

e.g. FFF diagram C2 p p3
HTfl
Cy
pL---- \ AUtz
mf,
G~
P2

For evaluation:
> Apply to concrete (B)SM model,

using inputs in UFO format [Degrande
et al., ‘11], [Darmé et al. ‘23]

~ Evaluate loop functions via COLLIER
[Denner et al “16] interface,
pyCollier

> All included in public tool anyH3
[Bahl, JB, Gabelmann, Weiglein ‘23]

S(LF )

> Couplings C; = C’Z-LPL + C’,L-RPR, where Pr, p = 5

> Masses on the internal lines m., 1=1,2,3

- External momenta p,, 1=1,2,3

— QBO(P%mQa m?)(CI(CE C@ mf + C2 C‘:‘. my, + Cz C’imfa) + Cl (Cz C'Emfl +

Cz C3 mg, + Cz C::'. me,)) + mg CU(PQ;P?: Pl?m%a m%, mg)((Cl Cz Cf; +

Cr G5 Cs)(pt + P2 — p3) + 2(Ci G2 Cs + G G G ) mg, my, +

2my, (Cr(C5CEmy, + CXC¥myg, + CXCimy,) + CF(CS Cimy, + C5Cimy, +
C5Cimy,))) + CL(p3, p3, pi, m3, m3, m3)(2p3 (Ci G5 (Comy, + Ci'my,) +
CrC5(CSmy + Comg)) + (i + p3 — p3)((CT G5 CF + Cr CCy)my, +
(GGG + PG G )myy ) + C2(p3, p3, pi, mi, m3, m3)((pf + p3 —

p3)(Ci C5 (Cismy, + Cimg) + CF C5(Comy, + Cimg,)) + 2p7 ((Cr C5C5 +

CfCclchymy, + (Ctcf s + cf ciclymy,))

(B0, CO, C1, C2: loop functions)
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Flexible choice of renormalisation schemes _ T
Ot ARhR=-~--& =
- 1L calculation - renormalisation of all parameters entering A, at tree-level
> In general:
A0 ABSM _ (A (0) \BSM (), {95 GeV,v ~ 246 GeV, meg. , Q; , Ui 0
(Aphn) (Appn) " (M 5 NS L -t JL )
SM sector BSM BSM BSM indep.

-~ Most automated codes: MS/DR only masses mixing angles VEVs BSM coups.

~anyH3: much more flexibility, following user choice:
- SM sector (m,, Vv): fully OS or MS/DR
- BSM masses: OS or MS/DR

- Additional couplings/vevsimixings: by default MS, but user-defined ren. conditions also possible!

0
58%)%}11@ — Z (%()\20}3}1)381\4) 0T with x € {mp,v, me,,v;, a;, g;, etc.}

Renormalised in MS, OS, in custom schemes, etc.
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(Default) Renormalization choice of (v*M)°> and (m?)°°

2MOS M2 0S )
vOS = W 1 — W with
MZ

€
)T
- 6 MZOS = weos (P? = My%%),V =W, Z

. 6 e0S = %ILL},(,U2 = 0) + sign(sin Oy) o2 1 (p? = 0)

M% cos Gw

attention (i): pte='evel £ 1 — further CTs needed (depends on the model)

— ability to define custom renormalisation conditions

ole
scalar masses: m?s — m!f’
0S,.2 _  p.y(l)
) m; = ReEm |p2:m?
0S- _ p. 0 v(1)

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

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

> Import/conversion of any UFO model > Analytical / numerical / LaTeX outputs

> Definition of renormalisation schemes > 3 user interfaces:

# schemes.yml

renormalization_schemes:
MS:
SM_names:
Higgs-Boson:
VEV_counterterm:
mass_counterterms:
hl: M
h2:
0S:
SM_names:
Higgs-Boson:
VEV_counterterm: 0S5
custom CT_hhh:

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024

(extract from
schemes.yml|
for 2HDM)

> Python library

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

> Command line

> Mathematica interface

Perturbative unitarity checks available (at
tree level and in high-energy limit for now)

Can be used together with a spectrum
generator and handles SLHA format

Efficient caching available

Lots more!
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Example results from anyH3



A cross-check: the decoupling limit

Decoupling in x) in various scenarios of aligned BSM models

Consider th 4| T B A B '
- Consider the 1
decoupling limit in -\ _ SM /“‘< .
several BSM models C SM +singlet — » — — "/
M ]_%SM — ./\/l2 + )\?)2 1.2 I SM + doublet c::iif::/' - IDM
M : BSM mass scale -\ M + doublet ~ THDM-II
A : Quartic couplings . +singlet = % NTHDM-I11I ]
> Increase BSM mass \ s TSMy—1
sca.l/(i/l o NN SM + triplets > GeorgiMachacek ]
Lol )
- BSM corrections to i R m = = S TS S - - C-------
should vanish -
(c.f. decoupling 0. T S S S
theorem [Appelquist, 8.25 0.5 0.75 1.0 1.25 1.5
Carrazone ‘75]) Mgsym [TeV]

DESY. | DESY Theory Seminar | Johannes Braathen (DESY) | 13 May 2024 Page 115



More new results with anyH3: an example in the N2HDM

NTHDM: Mmp, = 125.1 GCV, Mmp, = Mp; = MA =M+ = 300 GOV, ﬁ = 100 GOV, tﬁ = 2

0.5

m—— NTHDM 1L, (o1 4+ a3 = 8 — m/2),

-0.5

—— THDM 1L, (alignment limit &« = 8 — 7 /2)
""" THDM 0L, (alignment limit o = 8 — 7/2)
I il 1 Il il L

vg = 300 GeV 1
m—— NTHDM 1L, (a7 + g =8 — 7 /2), vg = 3 TeV
= NTHDM 0L, (a1 + a3 = 8 — w/2), vg = 300 GeV
= NTHDM 0L, (a7 + ag = — 7 /2), vg = 3 TeV

0 /8 /4 3m/8
a2
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0.5

1-0.5

/2

(0)

» N2HDM = 2HDM + real singlet
» CP-even sector: 3 states

h, h,h,

with 3 mixing angles a_, a,, a,

» Here a,- 1/2 - recover 2HDM
(itself in alignment limit)

» We can study e.g. the relative
sign of k, and k. — affects

double-Higgs production

> K too far away from 1 excluded
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Full one-loop calculation of A__in the MSSM

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

130F

128}

126

'_l
[
i

H
b
[

mf,:;‘] ) [GeV]

120}

118}

:
!
!
:
|
!
!
|
!
!
!
!
!
;
!
!
!
!
|
116 i
l

10°

my [GeV]

107

(GeV]

(1]
hih

=

2207

200

180}

160 ¢

1401

120

100

S0

6O E

anyH3

_.--""'-_—

M (Af‘,}, JMSSM. |

—_— ()
(}‘hhh

(1)
5gv11. )‘h hh

— 3mi/fv ]

(1) \sM
{)'hhh:]

[}

]

)MSSM 7]

10°

10?
my [GeV]

- Example for a very simple version of the constrained MSSM - BSM parameters m_, m_ ., A,, sgn(u), tan3
- For each point, M, computed at 2L with SPheno, and SLHA output of SPheno used as input of anyH3
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