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Motivation

V

e \Why trilinear Higgs couplings?
o Not well constrained: good portal for
new physics
o Large impact in hh production
o Related to evolution of early universe:
SFOEWPT and BAU

e \Why loop corrections?
o Radiative corrections from extended
scalar sectors can be very significant

v = 246 GeV
Taken from J. Braathen
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Why two loops?
New types of contributions can enter from the loop level, and can be much larger
than tree-level contributions
One loop corrections are LO in BSM and two loop are NLO
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Set-up

Previous sel-up: [J. Braathen, S, Kanemura, “19] Loop-induced deviations from alignment were neglected
(as subleading)

Alignment o Loop No A,
MODEL | = limit —J» | Renormalization | = corrections —J> | counter
/\6=O term

Our Set-up: Following: [G. Degrassi, P. Slavich, ‘23]

A

. 6
o Loop Alignment counter

MODEL | — | Renormalization | 8| - o o limit | term
Ng=0 included

The A counter term ensures the alignment limit after loop corrections
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TH D M General model

o1 21
Doublets: = (%(vl + qlsl - cm')> 2= (%(vz + ;2 + aﬂ))

- " ~ A A
V(®y1, @) = M |®1[* + Mip|®of* — My (@501 + hic.) + 71|‘I’1|4 + 72|‘I’2|4+

] ] A ] ]
+ Ag|®1]%| Bl + Au| @5y |* + 75@;‘1’1)2 + (Rg|®1[* + Aq|®s]*) D]y + h.c

‘o T arZ2 A2 K. KoK K. A, KA. X
General basis: v1, Ve, Miy, Msy, Miy, Aq, Ao, A3, Ay, As, Ag, A7
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TH DM softly broken Z, basis

_ B oF B b3
Doublets: O = (%(vl + o1 + ali)) s = (T(Uz + @2 + 022))

- » 5 A A
V(®1, Do) = M| ®1]* + My, | Do) — Mfz(q’T‘I’l @) -+ —1|‘I’1|4 + —2|‘I’2|4+

<I>T<I>1 y& +A/ )®!®y + h.c.

+ Ag| 1 *|@s)* + Au| @)D |* +

. “r2 “r2 2 A X A A A A
General basis: vl,vg,MH,Mgg,M12,A1,A2,A3,A4,A5,lﬁ,/7

Z,-symmetric
mass basis:

2 2 2 2 2 Tad.egs. .~o ~9
vva)ﬁamhamHamAamHiaM solved for: Miy, M3y
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THDM Higgs basis

. (=% 0

. - e A A
V(®1, 2) = ME|®1]? + M| ®o)? — ML (P40 + hoc.) + 71|‘I’1|4 + 72|‘I’2|4+

~

. " A @ -
+ Ag| @1 |2 D] + Ag|®LD: |2 + 75@;@1)2 + (Ag|®1)? + A7|®5)*) B! Dy + hc.

o 2 w12 A2 K. XK. A, K. &
General basis: vl,%MH,Mm,Mm,Al, 5, A3, Ay, A5, Ag, Ay %
. . 2 2 2 2 2
HIggS baS|S: U, UpE M, Ty, T Mg+, M22) A67 A7

H> My,

Tad. egs.
solved for:

12 2
M117 M12
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Effective potential approach

V= VO gy g g2y@ ]

v06) a0 (i)~ 3) + "5 (g - )

VO(4) = V() + VD (#) + Vi (9)
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Effective potential approach

Figure from: [J. Braathen, S, Kanemura, ‘19]
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Diagrammatic approach

A 0 geny
Nk = A 0% Aijik " N
_____ < @ P
5SUb )\i] 5CT)\ZJ
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Definition of the countertems
5 5 2 9 2 a2
’U,’UBSM,mh,mH,mA,mHi,mt,M227A6,A7

2
UBSM: mh7 A6
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A6 counterterm

We start with the for the two point function
a A —p> L P oMy g
Re[EhH( O)]ZRQ[ZH}L( 0 )]ZO AREEE --—-H T h----- R - | — 0
Then , expanding it and imposing the condition at every loop order we can obtain the
one and two loop ;
2! ~ ﬁ» _p, =
Re[Sarr( 0)] =Re[San( 0 )] =0  h-— V- # * h-—@--g —0

This condition is equivalent to impose that the mass matrix of the Higgs even sector is diagonal at
tree level and to every loop order for O external momenta:

AN

) ) X M?2 Ac)? > (0) ZhH(O)
M2 = N2 =5 0( oA )_<Ahh A
4(0) Agv? M2y, Ygn(0) Xgg(0)
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RG] Results for 4,
10 tan 8 = 2,my = my= = mpy, M = 400 GeV
i 1L PRELIMINARY
ol T 2L3%TAg=0
| 2L #0
NLO pert. unitarity

S20
15
Lot
05
0 - o - - - A

ma [Ge\/]

Alain Verduras Schaeidt DESY Theory Workshop 2025



g [GeV]

)\hh

40071

300

200

100t

Results for A

hhH
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Results for di-Higgs production
cg—a =0,t3 =2, M =400GeV, mg = myg = my+ = 600 GeV
O A9 ) = 15.201b
(kY Air) = 30.88 b

Preliminary

T (li)\ 2, AﬁZH) = 34.12fb Di-Higgs cross-section and m,_
distributions computed with

b N anyHH [Bahl et al. WIP], using
’ \ our 2L predictions for A,
— “E\O) =1, )\ESL)H = 0GeV e and 4,
( (thanks to Kateryna Radchenko

1) _ 1)  _
k) =1.70, Ay = 192.68 GeV Serdula for running the
— &P =197, A2 =210.98GeV distributions)

8ahh/8mhh [fb/GeV]
2

300 400 500 600 700 800 900 1000
Muh [Ge\/]
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Summary

We use the to renormalise the alignment condition more
conveniently

We compute the to /Iijk following

We impose the not only at tree level but also at

and we take into account the renormalisation of A, at one- and two-loop
orders.

We investigate the of the two-loop correction
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Thank you for your attention
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Ahhh Results for A’hhh

SM,(0)
A

o tan 8 = 2, m4q = my=,myg = M = 400 GeV
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Results for /IhhH

tan B =2, myg = mpyg:,myg = M =400 GeV

— | 2L,
NLO pert. unitarity
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Results for di-Higgs production

cg—a =0, =2, mg = M =400GeV, my = myg+ = 600 GeV
100— limi Otot (’i/\ )7 )‘hhH) 15.201b
| PTENMINATY G0, ) = 12,13

Utot (K;(z) /\hhH) = 8.441b

— &V =1, A0 —0Gev
e =150, A = 9.12GeV
— @ _ (@ _
k) =1.78, A2 = 5.11GeV

8ahh/(’)mhh [fb/GeV]
=
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Field and mass renormalisation

In the renormalisation procedure of the 2-point functions we fix two renormalization conditions
following the OS scheme. To determine the A counterterm we will use a modified version of the
third OS condition.

Re[Shn(m7)] = Re[Exm(mE)] =0 b R - S b lp=mz =
O (p”) O () EN N
fe %192 p>=m?2 = Re % p2:m2H] 8i172( ¢____ T ¢ T ¢ _____ s ¢ )|p2:miz
é=h,H
X X _p, _p, P’= 0
Re[Xna( 0 )] =Re[Xun( 0 )]=0 h---- -—-H T h----- ®&----g —10
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External leg corrections

Taking the , expanding it and imposing the condition at every loop order we
can obtain the one and two loop

0% p(p?)
e Op? 5| .
p2=mj,
iy . —= N
r(h bt R @ g =0

We can follow the same procedure for all the particles involved in the computation:

hH A HT
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Mass counterterms

Taking the , expanding it and imposing the condition at every loop order we can
obtain the one and two loop

p p
h----N\---h TR ®-----h — U

1 1
(6mi) M) = Ty (m7) — 6Ty,
2 2 1
(6mi)® = =53 (m7) — 6T,y — (D7) M52y,
We can follow the same procedure for all the particles which masses need a counterterm:

h,H, A H* t

Alain Verduras Schaeidt DESY Theory Workshop 2025

23



Vev counterterm

We express the EW vev in terms of the electroweak parameters and we follow the same

procedure that for the SM:
2 2
2 My ( mW)
LRl Ll

TOEM

2 2 2 2

v 1 s¥, — c&, Re[Zww (m¥,)] + cz; Re[Xzz(m%)] _d
2 Sy My Sty my dp
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Tadpole counterterms

OS/standard scheme

: : (0)
f, =t +6ot; +ot’T =0/ LT,
- O x [ s 54CT |
E T T i E < ti il ti =0 . For each
| | | @, v loop
. 5 | order
. /

Now we do not have to include tadpole diagrams in the calculation
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Conditions to avoid FCNCs

The is imposed to
but in the Higgs basis we do not impose this symmetry.

Comparing the Higgs Ao = Ay + 2(Ag + A7) cot 213,

asis with the z
symmetric case As+ Ay + A5 = A+ 20600t 28 — (Ag — A7) tan 23

Conditions from: [J. Bernon, J.F. Guinon, H.E. Haber, Y. Jiang, S. Kraml, ‘15]

A alignment m% 2?}2/\2
2 — 2
v 2M 59 + mh 22 T7
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Checks of the results

Compare with the

Check that the diagrammatic result is

the results between the

Cross check results with the

CAUTION |

WORK

IN PROGRESS

Alain Verduras Schaeidt DESY Theory Workshop 2025

27



