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Motivation
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(THC) the shape of the 0856 i 0 0
Higgs field value : l : k ' Particle mass (GeV)
! : potential is unknown!
/ in our Universe [Nature 2022]
Current
experimental : : : el : 1;
mowlodge A potential barrier requires large deviations in the trilinears and can
0 ~246GeV  m ~125GeV be related to a strong first order electroweak phase transition
¢

[Kanemura, Okada, Senaha: arxiv: 0411354, Noble, Perelstein: arXiv: 0711.3018]
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Outline

1. Trilinear Higgs self-coupling (4, . )

- theoretical status and experimental constraints — potential to probe BSM models

2. Generalization to any BSM model (anyH3)
- methodology, user input, applications

3. Generalization to any BSM trilinear scalar coupling (anyH3 v2)

4. Future prospects: insertion in gluon fusion double Higgs production
- developments, applications, impact on constraints, ongoing work
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Higgs self coupling measurements [ATLAS: arXiv: 2211012164

Experimental status:
- access through Higgs pair production

- Motivation: probe of Higgs potential and a window to BSM

- Can have large deviations from SM predictions in BSM while Lty < 2.4
the couplings to gauge bosons and fermions are very close to the
N N « e . 0,
SM values (in agreement with existing constraints) [-1.2 <k, <7.2] (95% CL at LHC Run II)
-—|105:|""I""I""I‘"'I""I""Iv""l"'z
S | ATLAS Preiminary i)
- i imi i I F Vs=13TeV,126—140 0~ (Hi=0 hypothesis)
Improving limits already impact the phenomenology - S e . i Spoiess
S 0% — gombined - — Bl [ Expected limit+20 5
+ E ey ililogion s BB E=S Theory prediction
h bLé I ZBZI fam — Z:ZE ¥ SM prediction
Notation: 109
SM(0) Ao
Rx = )\hhh//\hhh =
e 102
SM(0) h _
Ahhh — Bmh/v o

— in the SM it is fully fixed by 2, (125 GeV)and v (246 GeV)
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Radiative corrections to the trilinear couplings

- These become extremely important in BSM theories because of the effect of heavy New Physics: ¢

- Theoretical predictions of the 1 loop results of the trilinear already exist in many models:

SM + singlet [Kanemura et al. '16]; 2HDMs [Kanemura et al. '04], [Basler et al. '17]; N2HDM (2HDM + singlet) [Basler et al.
'19]; triplet extensions [Aoki et al. '12], [Chiang et al. '18]; MSSM [Hollik, Penaranda ‘04]; NMSSM [Dao et al. '13]; models

with classical scale invariance [Hashino, Kanemura, Orikasa ‘16], etc. .
[ ] [List taken from J. Braathen]

- ..and also at 2 loops [See talk by M. Gabelmann on Friday]

- Would be useful to automate the prediction of this parameter in any BSM model — anyH3
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anyH3 purpose

- Close the gap regarding K, predictions in the landscape of BSM tool-boxes:

- The landscape:

Theoretical constraints

Vacuum stability EVADE/Vevacious++

Unitarity —EVADE/SARAHISPheno\

UV behaviour

Renormalisability 1

GroupMath/SARAH/Susyno

[Bahl, Braathen, Gabelmann,
Weiglein: arXiv: 2305.03015]
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FlexibleSUSY/Hdecay/SPheno + HiggsBounds—

FlexibleSUSY/Hdecay/SPheno + HiggsSignals—

/,——FlavorKit/Flavio—

Experimental constraints

— BSM searches

— SM-like Higgs

—» Flavour observables

_————FlexibleSUSY/SPheno

RGEpp/ARGES/SARAH/Pyrate— BSM model

——————DarkSUSY/MicrOmegas———————

\BSMPT/PhaseTracer

» EWPO
——— Dark matter

— Early universe

anyH?3



https://arxiv.org/abs/2305.03015

Generic predictions for the trilinear couplings

—~

~aryH=
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Trilinear Higgs couplings (generic approach)

Trilinear couplings = renormalized 3 point functions : A hhh = f LB (p%, pg, pg)
’h
; ’/‘ Possible topologies:
¢ 7P 0 1 1 i I
h : = )\Ezh)h + 5ée31uine)‘hhh + 5t(a<)ipoles)‘hhh + 5\(N)P‘R)\hhh + 5é%>\hhh
P
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Trilinear Higgs couplings (generic approach)

o . . . . r 2 2 D
- Trilinear couplings = renormalized 3 point functions: Ay = — L ann (pl , Do, p3)
’h
3 ’/‘ Possible topologies:
7P _1(0) (1) (1) (1) (1)
h : - )‘hhh + 5genuine>\hhh + 5tadpoles)‘hhh + 5WFR)‘hhh + 5CT)‘hhh
N = e O e
\ N S
\ S “ o 3
\ h {reelavel: )\(0) s v (1)
reeslevels Apnn one-particle irreducible: 6genuine/\hhh
tadpoles: 3, WFR)‘hhh+5t(zlu)ipoles)‘hhh
note: solid line here ¢ R /(: + g + g + & &
means generic field
- renormalisation: 6¢(:j1%/\hhh

external leg corretions: Jg\l,)FR/\hhh
7
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Automation methodology

1. Identify all possible Feynman diagram topologies contributing to the three point function
2. Insertall allowed fields ( S = scalar, V = vector, F = fermion, U = ghost)

3. Substitute in the general analytic expressions (FeynArts + FormCalc) — calculated from generic Lagrangian
in terms of couplings (C), masses of the particles in the loop (72 ) and the external leg momenta (p))

7 7
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Automation methodology

1. Identify all possible Feynman diagram topologies contributing to the three point function

2. Insertall allowed fields ( S = scalar, V = vector, F = fermion, U = ghost)

3. Substitute in the general analytic expressions (FeynArts + FormCalc) — calculated from generic Lagrangian

in terms of couplings (C), masses of the particles in the loop (72 ) and the external leg momenta (p))

1
Ci :CZ’LPL“‘CiRPR,Where PrLr=
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C

2

Ve
7

od

P,

mf2

N

7 7

= 2B0(p3, m3, m3)(Cr(C; G5 my, + G5 C5'my, + €3 Cymy,) + CF (G5 Cymy, +

C5Csmy, + C5C8my,)) + my, CO(p3, p3, p, m3, m3, m3)((CHC5CE +
CrCECs)(pi + p3 — p3) + 2(CL G5 G + CRCF G )msy my, +

2my, (CE(C5CSmp, + G5 Cfmy, + CE Cimyy) + CF(C5 Csmp, + C3Cimy, +
C;Cimy,))) + C1(p3, p3, pi, mi, m3, m3)(2p3 (Ci C5 (Csmp, + C5my,) +
CrC5(CEmp + Cimg,)) + (pf + P3 — P3)((CrCs Cf + CR G Cs)my, +
(CGECFCs + CF G CF)mgy)) + C2(p3, p3, pi, mi, m3, m3)((p + p3 —
p3)(Ci C§ (Csmyy, + CE¥mg,) + CRC5(CEmp + Comyy)) 4 2p7 ((CLC5 CF +
Cr G C)mpy + (C1 G Cs + CF G G )myy))

*loop integrals evaluated with pyCollier
(original Fortran code: COLLIER
[Denner, Dittmaier, Hofer: arXiv: 1604.06792]) 8

5(1 F 7s5)



https://arxiv.org/abs/1604.06792

User input

- anyH3 takes as input UFO model
files that can be generated by FeynRules/SARAH/custom
SARAH, FeynRules, etc.

(this sets particles, parameters,

couplings, vertices, lorentz | E—— E——

structures in the model)

A.2) Automatic or user A3 € cheme for

A.1) UFO model g 2
5 : defined d VEV

A.4) Input parameters

B.1) Filter and check for
relevant interaction

- to convert to anyH3 notation one
can use the inbuilt tool, which will
map to the corresponding
conventions automatically

B.2) Find SM-like particles

B.3) Calculate genuine
diagrams

B.4) Calculate CTs

B.5) Obtain 1L corrections

- optionally, the user can provide a
renormalisation scheme for the B.6) Numerical evaluation
model
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Renormalisation

- The trilinear coupling is not an observable!

- Easily automated schemes like MS or DR can lead to artificially large corrections and other issues
[See previous talk by Andrii Dashko]

- Many options in anyH3:
* SM sector: fully OS or MS/DR
* BSM sector masses: fully OS or MS/DR, BSM sector fields: OS or MS/DR
* BSM sector couplings and vevs: custom or MS

7z

5 0
57 SN = Z —/\g;m Seam? + — X * 064 + 04 hom-c M

o o
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Renormalisation

- The trilinear coupling is not an observable!

- Easily automated schemes like MS or DR can lead to artificially large corrections and other issues
[See previous talk by Andrii Dashko]

- Many options in anyH3:
* SM sector: fully OS or MS/DR
* BSM sector masses: fully OS or MS/DR, BSM sector fields: OS or MS/DR
* BSM sector couplings and vevs: custom or MS

2 0 0
P 1 0) 1 0 1) 1)
g SN = > e A - Sm? + + 5, A+ 04 H O omecT N
e (] i
N m.=m, (SM), m (BSM)

(1) (0) 1)
6custom CT/\hhh a)\hhh CTaZ

l: BSM parameters (mlxmg angles, indep. couplings, etc.)
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What does OS (on-shell) mean?

0 0
- Counterterms in this expression: 58 Xy = Z WAg(;l)h J6Sam2 |+ —29, -[6Saul-eS e Annn

ov
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What does OS (on-shell) mean?

0

9,0

5CTm 9y hhh

_ 0MME,  cos?O,

(1)

(1)
6CTU + 5custom CT)\hhh

s M2

- Counterterms in this expression: 58%)\hhh = Z WAES’)’L
- On shell masses: (5(01%m = —ReX,, (p* =m?)

os _ 2Mw 1 Mg, ‘5(01%”
- Onshellvev: vV = 7 Mz — 08

S
Ity

- Onshell tadpoles: 0" Xl = =0, - 6198, 5105

2M2, i 2sin” f,,

(

Mj

5<1>M3V> 5We

2
MW e

= —T}, = unrenormalised scalar one point function

(should be defined as custom CT otherwise Fleischer—Jegerlehner MS tadpole scheme will be used)
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What does OS (on-shell) mean?

0 0
- Counterterms in this expression: 6(01%)%% = Z W)\Egm 6CTm 5 Aﬁf}fh 5(01%’0 Es 5§1118tom CTARR
- On shell masses: (5(01%m = —ReX,, (p* =m?)
os _ 2Mw [, NE, (58%1) SO M2, 4 cos?0, ((0WMZ| PYMZ dWe

Lo E—fl-—= = - ——

- On shell vev: 5 M2 — 205 oM2, T 25’6, \| M2 M2, p
SOMZ| ReXyy 5 - . oWe| /1 80, T /9
M‘Q/ a M‘% (p - MV) ) (V - W’ Z) T <2 0 (p - 0) + Sng(sew)mzvz (p = 0))
9,

- Onshell tadpoles: 6", . X\l = — A\ -0t9S, 6tP° = —T), = unrenormalised scalar one point function

p custom—CT hhh h p

oty,
(should be defined as custom CT otherwise Fleischer—Jegerlehner MS tadpole scheme will be used)
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What does OS (on-shell) mean?

0
AﬁSZh 6(01%1} + 5((:318tom CT)\hhh

0
- Counterterms in this expression: 6(01%)%% = Z 5 )\Egz)h 6CTm

m? ov

- On shell masses: (5(01%m = —ReX,, (p* =m?)
M. M2 (5(1) (1) 1 /2 2 M rr2 OFVE 6)
. Onshellvey: v®=—"4/1-3% — ol _° A/2[W‘|‘ co.sfw : AQ/IZ_5 A24W L
: ¢ My yO8 2My,  2sin” 6, \|EMS . e
SOMZ| ReXyy 5 - . oWe| /1 80, T /9
M‘Q/ . M‘% (p = MV) ) (V = W7 Z) T <2 0 (p - 0) + Sng(sew)mz’yz (p = 0))
9,
- On shell tadpoles: S A = 87)\533” - 6t)5, 6135 = —T), = unrenormalised scalar one point function
h

(should be defined as custom CT otherwise Fleischer—Jegerlehner MS tadpole scheme will be used)
—8Zhh ( ])2)
(9[) 2 p?=m}
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B S M Exa m p I e. 2 H D M [T. D. Lee (1973) Physical Review , Branco, Ferreira et al: arXiv: 1106.0034 |

e \+
. . qD o
CP conserving 2HDM with two complex doublets: &, = <1Jl+p1+'m1 > , Py = (1}2+p2+in2)

5 AP G O ﬂ

Softly broken Z, symmetry (¢, > @ ; ® — -®_)entails 4 Yukawa types

Potential: ‘ ‘ X X5
Voupm = m%l(@J{(I)l) + 77252((1%(1)2) — 771%2((1;{@2 + <I>£<I>1) ((DT@ ) 5 (42@2)2%—

/\3 ..
Aa(B{ 1) (BLB2) + Aa(B[)(2181) + T ((B]®2)” + (BL21)°),

Free parameters:

Vi tan 5 = vy /v

mpy, T ma, Mg+ Cp_— t v 2/ 1

hs H; Ay, It H=, y CB—ay U V2 = o2 4 02 ~ (246 GeV)?
m3

cp = cosb, sy =sinb, tyg = tanf M2 = 12
Cs58
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https://www.scirp.org/%28S%28lz5mqp453edsnp55rrgjct55%29%29/reference/referencespapers.aspx?referenceid=2440597
https://arxiv.org/abs/hep-ph/9701257
https://arxiv.org/abs/1106.0034

OS renormalisation example: THDM

Q .

- tadpoles: :
Tw

DESY. Kateryna Radchenko Serdula

X
|
|

ot

0

Conditions

. 0
Th=%+Th+(5té0 =

CT

Counterterms

& (5th = —Th

13



OS renormalisation example: THDM

Conditions

Q + >lﬁ = 0 . 0 ;
tadpoles: : | B o= 4t T+ 6t =0 =

T ot

. N
masses: W W Re Xnn (mh) 0=
___O___ + __X—L_ =
Z hikj Sl

DESY. Kateryna Radchenko Serdula

CT

CT

Counterterms

: (Stgs = —Th

: (5m,2108 = Re (Ehh (mi))
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OS renormalisation example: THDM

Conditions
O, *
+ | & 0
\

. 0
- tadpoles: : T = 3+ Ty + 62 L0 =
Ty ot

Re 2hh (m,%) ; 0=

- masses: : bt
L0t X
" Sl O = 0 .
Z nibj — =0=
- fields: A W
renormalized self energies:
. - !
Shn(P?) = Spa(0?) — 6mi, 4 (0° — mj)6 Zpa, Shu (M) = 0=
A 07 07
2y _ 2 2 s hH 2 28 I .
Zhu(p”) = Znn(p7) + (p° — my,) 5 T (p” — my) 5 Sha (m) Lo

DESY. Kateryna Radchenko Serdula

CT

CT

CT

-

CT|:

Counterterms
: 6tgs = —Th
; (5m,2108 = Re (Ehh (m,zl))
8p2 p2=ml21
2 /2
575y = o 2ni (Th)
m/h - m/H
3 )2
§Zns — 220 (M)
mi — mi
13



OS renormalisation example: THDM

Q.+ % o
- tadpoles: : \ -
Ty ot
- masses: : b
L0t X o
Z hikj Sl
- fields:

renormalized self energies:
S (p?) = Zun(p?) — om? + (p* — m2)6 Zn

07
2 hH + (pz

— m2)2hH

L

2

Shr (p?) = Shr(p?) + (p? H

_m)

Conditions
. 0
Th=t+Th+6t=0 =
Re ihh (m,zl) ; 0=
OSpn =0
= 5 = 0=
ap D2
pe=my,

ihH (mi) ; 0=

0Zmn

CT

CT

CT

CT

0T

Counterterms
i (Stgs = —Th
: (5m,2108 = Re (Ehh (mi))
—0%hn(p?)
20708 =
hh o2 —
Z /2
67y, = 2k (Th)
m/h - m/H
3 )2
. 5ZhH = 2%
/h = mH

other parameters: 0M* can be defined through some physical process or another parameter (e.g.
p g physical p p g

independent couplings) [See morning talk by Kei Yagyu and next talk by Alain Verduras]

DESY. Kateryna Radchenko Serdula
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Renormalisation example: THDM user defined scheme

- tadpoles: OV ! oV !, ty =cosaty —sinaty,
— i = = 12

8p1 P1=<P1> 8p2 P1=<P;1> to = si
’ ’ SlnatH+COSC¥t
Po=<Py> Po=<Py> 2 h

these terms need to be kept in the UFO file so that all parameters depend on ty by including the trilinears

DESY. Kateryna Radchenko Serdula 14



Renormalisation example: THDM user defined scheme

- tadpoles: OV ! oV " ty =cosaty —sinaty,
— i = = 12

8p1 P1=<P1> 8,02 P1=<P;1> to = si
’ ’ SlnatH+Cosat
Po=<Py> Po=<Py> 2 h

these terms need to be kept in the UFO file so that all parameters depend on ty by including the trilinears

- masses and fields: automatic

DESY. Kateryna Radchenko Serdula 14



Renormalisation example: THDM user defined scheme

! ti =cosaty —sinaty,

! oV
— Ly t2

— 1’ ——
D1=<P; >, Opa  |®1=<21>, to =sinat cosat
Dr=<P2> Po=<Po> 2 HT h

- tadpoles: 3_V B
dp1

these terms need to be kept in the UFO file so that all parameters depend on ty by including the trilinears

- masses and fields: automatic 5 2 —> this is a version of an OS
- mixing angles (through off diagonal self energies): o = Znrr () + S (miy)

2 B scheme, see also:
<mH a mh) [Krause et al. 1605.04853

H ] & Ls7 17 +éa H Denner et al. 1808.03466
L (. e HE 3 Ii ‘ 55 = _Zga(0) + Egoa(M3)  Kanemura et al. 1705.05399)]
hO §ZhH_(>a 1+ §5ZHH h 2777,124
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https://arxiv.org/abs/1605.04853
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https://arxiv.org/abs/1705.05399

Renormalisation example: THDM user defined scheme

tadpoles: 8_V B
dp1

| oV Ly ty =cosaty —sinaty,
s _ L4,

®1=<21>, Opa  |®1=<21>, to =sinat cosat
Dr=<P2> Po=<Po> 2 HT h

these terms need to be kept in the UFO file so that all parameters depend on ty by including the trilinears

masses and fields: automatic
mixing angles (through off diagonal self energies): §o =

2 2 — this is a version of an OS
Yrg(mi) + Xpg(miy) v
scheme, see also:

2 _ 2
2(mi; — my,) [Krause et al. 1605.04853

H 1% i85 17 +éa H Denner et al. 1808.03466
< = 1 2 ]?H 2 h;h 68 = — EG(O)A(O) + ZG(O)A(m?‘l) Kanemura et al. 1705.05399]
ho §ZhH_(>a 1+ §5ZHH h 2777],124

other parameters: | §M =

2 2 2
{_3 (2M2, + MZ) + 6 (mu T T | (2 4 m2 4+ md) t;>

2,2 2
3274 tﬁ

402
4262 (m2 + m? +m2) — 2 (M2 — M2) + 4M? — 2M2, — M2}10 <—>

DESY. Kateryna Radchenko Serdula 14
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https://arxiv.org/pdf/1808.03466
https://arxiv.org/abs/1705.05399

Renormalisation example: THDM user defined scheme

tadpoles: 8_V B
dp1

| oV Ly ty =cosaty —sinaty,
s _ L4,

®1=<21>, Opa  |®1=<21>, to =sinat cosat
Dr=<P2> Po=<Po> 2 HT h

these terms need to be kept in the UFO file so that all parameters depend on ty by including the trilinears

masses and fields: automatic

2 2 — this is a version of an OS
mixing angles (through off diagonal self energies): §o = 2 (M) + Sna (M)

2 B scheme, see also:
<mH a mh) [Krause et al. 1605.04853

H 1% i85 17 +éa H Denner et al. 1808.03466
< = 1 2 ]?H 2 h;h 68 = — EG(O)A(O) + ZG(O)A(m?‘l) Kanemura et al. 1705.05399]
ho §ZhH_(>a 1+ §5ZHH h 2777],124

other parameters: | §M =

327202

2 2 2
{_3 (2M2, + MZ) + 6 (mu i Z?; T (2 4 m2 4 md) t;>
B

402
4262 (m2 + m? +m2) — 2 (M2 — M2) + 4M? — 2M2, — M2}10 <—>

DESY. Kateryna Radchenko Serdula Other examples: RxSM [See next talk by Alain Verduras] 14
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Applications of anyH3

- Compute loop corrected trilinears in a user defined model (14 BSM models already implemented)
- Track the momentum dependence of the coupling

- Use the result for theoretical predictions in the double Higgs (hh) production cross section

- Estimate higher order uncertainties

- Phenomenology and powerful exclusion potential of the parameter space of BSM models — easily
incorporated in large parameter scans

DESY Kateryna Radchenko Serdula
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Generalization to BSM trilinear Higgs couplings

anyH3 v2: [Bahl, Braathen, Gabelmann, KR, Weiglein: TBP]

4 h
h o p’ - An additional argument can be set in the calculation of the three point
= ‘—‘.O pj functions which is the fields involved in the external legs
P "\ ';7 - Relevant for resonant Higgs pair production processes
N k
8 =il g _- h 2 vy P

Example: 2HDM Q Q -_h_i.:' Q;> b 2%
gghh production . i B o ST e ‘o

o

We include corrections to this process by means of effective trilinear Higgs couplings assuming that the largest
contribution comes from this type of diagrams and others can be neglected (eg. double box diagram):

- Is this reasonable? -> modifications of 4, are h
-~
the leading source of deviations of non resonant 8 ¢ -7

hh production cross section Q =i Q
/ h

[Bahl, Braathen, Weiglein : arXiv: 2202.03453]

* B

UQ

1) 2 2 2
>‘hh¢(mhh> My, My,

DESY. Kateryna Radchenko Serdula 16


https://arxiv.org/pdf/2202.03453.pdf

Comparison to other tools THDM II

mg,ap, = 450 GeV, tan f = 10, mi, = m} cos’ o/ tan 3 my 4, = 450 GeV, tan 8 = 10, mi, = mj; cos’ o/ tan 3

0.18 0.2
—— Ry ’\hhh PRELIMINARY 4
---BSMPT A\,
0.16 - i 2
= —BSMPT A{Y, / — 0.11
g 0.14 - + anyH3 )‘53311 4 ' i S/ —analytic )\S),BH
S i ---BSMPT A9,
= <=
< < 0 ——BSMPT AS,ZH
PAELIMINARY . auysis A0
----- anyH3 /\/(&}BH
: J g : -0.1 T . T .
0 0-05 0.1 0.15 0 0.05 0.1 0‘15
3 . L 1
10 2% - 002 0
S 0) hhH
= b ) £0.014---0®
o r—— . hhH
q 0- ---------- -_hhh 4 0'&_----—----~_--:-_:_=”—‘
-5 T . . - . : : .
0 0.05 0.1 0.15 0 0.05 0.1 0.15
COS( = a) A)\ijlc = )\ijk(anyHB) —_ /\ijk(BSMpT) COS(,B = O[)

Agreement of the corrections to the trilinear couplings )thh and )“hh with BSMPT  [Basler, Biermann,
H Miihlleitner, Miiller, Santos,

ote: BSMPT uses V . + different renormalization schemes + different vevs!
Note eff Viana: arXiv: 2404.19037]
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https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/abs/2404.19037

Example applications

THDM II

- Impact of loop corrections to the trilinear is very sizable in Higgs pair production searches!
- Existing analysis in 2HDM can be easily reproduced in any model with anyBSM

HPAIR:

[Plehn, Spira, Zerwas
s arXiv: 9603205
[Dawson, Dittmaier,
Spira:
arXiv:9805244]
[Abouabid, Arhrib,
Azevedo, El Falaki,
Ferreira,
Miihlleitner, Santos:
arXiv: 2112.12515]

DESY. Kateryna Radchenko Serdula

[Hememeyer Miihlleitner, K.R., Welglem arXiv: 2403.14776| [Bahl, Braathen, Gabelmann, KR, Weiglein: TBP]

d(f/dm},h [fb/GCV]

SM-like: - -o K0 A0 (o0t = 33.2 fb) |
! —, 0 3 (O'mc = 55.4 fb)
b 7,00\ (T = 17.6 fb)
';l - —Uh(lﬂl ,\<’h) (010t = 66.6 fb) |
300 400 500 600 700 800
mpy [GeV]

Oopn/Ompy [fb/GeV]
= = -
3 A

H
=
%

_
b
L

tanﬂ = 2 MA,H,H+ = 600 GeV, M = 400 GeV, o = ﬁ

(1ot = 50.07 fb) 7
Ttot = ].6 38 fb)

—0, (1) () :
438 ’\hhH(pzznlih)

T (1) (0) ;¢
f\ s N (PP=mi, )(

i@ (n| /\”H(p —m )(Utot = 58.46 fb)
300 460 500 600 700 800
Mph [GQV]
—7/2
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https://arxiv.org/abs/2305.03015
https://arxiv.org/abs/hep-ph/9603205
https://arxiv.org/pdf/hep-ph/9805244.pdf
https://arxiv.org/search/hep-ph?searchtype=author&query=Abouabid%2C+H
https://arxiv.org/search/hep-ph?searchtype=author&query=Arhrib%2C+A
https://arxiv.org/search/hep-ph?searchtype=author&query=Azevedo%2C+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Azevedo%2C+D
https://arxiv.org/search/hep-ph?searchtype=author&query=Falaki%2C+J+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Ferreira%2C+P+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Ferreira%2C+P+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Muhlleitner%2C+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Santos%2C+R
https://arxiv.org/pdf/2112.12515.pdf

Difference in the experimental results

- Differential cross section measurements are affected by the finite resolution of particle detectors — observed
spectrum is “smeared” — we mimic this effect by introducing ad hoc Gaussian uncertainties in m
- Experimental data is gathered in bins

hh

Hf\o) = 1, )‘Ev(gH =0 = _O'K(Ao).’/\g(;)H (O'mt =.33.2 fb)
kD =18, 2D —0.39 —0,0 0 (Ot = 55.4 fb)
107} 1001
= Realistic = Tree level trilinears
S 107! distribution: % .,
< D107t
5:8 =
= =)
=S =
51 g 1=
= =
S i .
10-2 (0101 = 332 1b) 5 Loop level trilinears
g (o= 554.1h) 1073
o (0101 = 17.6 fb)
4 5 (0ot = 66.6 b)
10 4 1 0. MH(Utot 66.6 ]
- : : - : : 104 ]
300 400 500 600 700 800 - - : . . .
man [GeV] 300 400 500 600 700 800

mph [GCV]
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80/8mh1,“ [fb/GCV]

Results in other models

Results in many models can be obtained for the first time with an OS scheme for the couplings

NTHDM STHDM . TRSM
100k —_— /\E]l.,)c(p% =m3 ,,.); Oy = 29.7b I /\é | 100k —_— /\Sz(p% =m? ), o = 20.1fb /“Ij- 1001 —_ /\SZ([)% =mj ), on = 3.8fb m:;_
-any S . -0 yHs o -Gy
=== M2 =0), op, = 353D \\,( === D@2 =0), o = 2230 === AL (0} = 0), ops = 3.9fb \_/(
ijk \Pi hh s ijk \7i 3 L] 4
----- XD, oun = 39.3fb : seee A9 oy = 33.9fb seeer A, own =260
1071¢ 107"
1072 ¢ 1072
1073} 1073
400 600 800 1000 100 600 800 1000 400 600 800 1000
Mhyhy [G(‘V} Mhhy [GCV] Mhhy [GCV]
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Conclusions

- We presented a novel tool for calculation of the trilinear couplings in arbitrary renormalizable QFTs
— including full 1 loop calculation
— including momentum dependence

— flexible choices of renormalisation schemes — predefined or by user

- Convenient features: UFO model inputs , analytical results (Python, Mathematica), fast numerical results
(with caching): SM(~0.2s); MSSM(~0.5s)

- anyBSM framework, currently under development but good agreement with existent codes
— generalisation of the above to any scalar trilinear coupling

— large impact on Higgs pair production
— leading to interesting phenomenology within reach of HL-LHC
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Thank you for your attention!



Backup

OS vs FJ tadpole treatment [Slide by M. Gabelmann]

THDM type-1l, sg_o = 1,83 =2, my, =my =mpy: =my
10!

m’fb — M2 =200 GeV

10-2f=—— /mj — M2 = 100 GeV
— /M3 — M2 =200 GeV
sl /My — M? =300 GeV
— /My — M? = 400 GeV

[,
—_
<o
|

o

Py
)
<
|

o

|A}:llh - /\;l(lzlqtl [%]

wm \[S tadpoles (F.J)
170 = = OS tadpoles (tOS)
SM

1071

[ " " " " X -14 rNA\STLLTS 4 " N
1636t 107 103 107 107 s 1077 102 107 107

M [GeV] M [GeV]

10° 100
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https://indico.cern.ch/event/1228927/contributions/5274630/attachments/2601558/4492381/kuts23.pdf

Backup

A cross-check: the decoupling limit

> Consider the
decoupling limit in
several BSM models

Mg = M? + h*

M : BSM mass scale
A : Quartic couplings

> Increase BSM mass
scale
M — o0

» BSM corrections to
should vanish
(c.f. decoupling
theorem [Appelquist,
Carrazone ‘75])

DESY. Kateryna Radchenko Serdula

[Slide by ]. Braathen]
13 Decoupling in k) in various scenarios of aligned BSM models
| — s (]
SM + singlet ——» —— SSM _a, ‘/H ]
1.2 SM + doublet —— IDM i
I i o = THDM-II
++sin(;lletet *  NTHDM-II
~< \
11} SM + triplet TSMy—o i
K\ ple
A\ <: —— TSMy=1 |
SM + triplets —» —— GeorgiMachacek ]
LOF i
0'(?.25 0.5 0.75 1.0 1.25 1.5
A/[BSM [TeV]
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https://indico.cern.ch/event/1354279/contributions/5942309/attachments/2877011/5039670/Braathen_SUSY2024_anyH3.pdf

Backup

New results I: mass-splitting effects in various BSM models

Mass-splitting effects on k) for various aligned SU(2); multiplets
L JELEN ST I LA TN N LN FREL BN F L SR BN SRR ERL L EN LI ' TS ENEL B PR LR SR L SR

T T T T T T T T T
ATLAS-CONF-2022-050 / /

> Consider the non-decoupling
limit in several BSM models

- 6
Mgy = M? + Mo [ — sM
5F TN SM + doublet
r —— THDM-II

- Increase M,,,, keeping M [ —— TSMy—i SM + triplet
fixed - A
AR SRS e 4 : GeorgiMachacek SM + 2 triplet
- large BSM effects!

> Perturbative unitarity L HLLHC

checked with 2 — /«< -

anyPerturbativeUnitarity - 'y t/H 1
1 F 1 1 1 1 1 1 1 l\/< E
> Constraints on BSM 350 400 450 500 550 600 650 700 750 800

arameter space!
P P A’IBSM [GeV]

Here: scenarios with lightest BSM scalar mass + BSM mass param.
at 400 GeV; other BSM scalar masses = M,
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https://indico.cern.ch/event/1354279/contributions/5942309/attachments/2877011/5039670/Braathen_SUSY2024_anyH3.pdf

Backup

New results Il: momentum dependence in the 2HDM
THDM-I: myg = M = 400GeV, my = my+ = 700GeV, tg = 2

(5} P
@) I ]
—100F /7< h
= L ——————— -~4—-L9H
~< E RN J
| SRRE "~ i . . o i
= 0 200 400 600 800 1000 1200 1400
VP [GeV]
DESY. Kateryna Radchenko Serdula [Slide by ]. Braathen]
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https://indico.cern.ch/event/1354279/contributions/5942309/attachments/2877011/5039670/Braathen_SUSY2024_anyH3.pdf

Effective potential approach

P

=
I

=~

=

(@)

)

eff 63 ‘/eff 2

)‘hhh - Oh3 %
h=0
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[Coleman, Weinberg: (1973) Physical Review]
Vew  + Ver

<| + ____®\

N
N

- 'Q\ * zero external momentum

* no external leg corrections
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.7.1888

Treatment of external leg corrections

1 0 0)
g = 3 (St + X0 2y,
i jihj ajy B
= 5 (5020 3 07,6000 )
i J.hj#h

5(1))‘\1}\175R(1)17P27p5) _5 1)Z11(p1))\§12 i 5(1)211(]73)/\112 T 5 5(1 Z22(p3>)‘§(i)z

+ 60 Z1 (P A, + 5(1>Z12(p3)A§%)2 + 5(1)221(173”521 ’
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