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o Different approaches (fixed-order, EFT, hybrid)
o Here: fixed-order via self-energy diagrams

o two-loop pole mass
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Current status and goal

o Known contributions:
o full one-loop O(aem + ar + ap)
o full two-loop QCD O((em + ¢ + ap)avs)
o full two-loop third generation Yukawa O((a; + a3)?)
e some three-loop parts
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Getting started

o diagrams (unrenormalised SEs) generated with FEYNARTS

o calculated with FOrRMCALC, ONECALC, TWOCALC in
DRED regularisation

e set ag =0, my = mg =m. =ms =0, and take ]\/'C2 terms



Getting started

o diagrams (unrenormalised SEs) generated with FEYNARTS

o calculated with FOrRMCALC, ONECALC, TWOCALC in
DRED regularisation

e set ag =0, my = mg =m. =ms =0, and take Nc2 terms

o renormalise SEs, e.g.:

2@ = 53 (p?) + 6@ Zaa(p? — m%) — 5Pm

+ ;11 <5(1)ZAg> p2 — 5(1)ZAA5(1)m?4 — 5(1)ZAG5(1)m?4G

o ~ 70 one-loop CTs & 14 two-loop CTs
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Achieving finiteness

o Initial issue: flg)_ g+ Dot finite

o Reason: (5(2)m12qi =+ 5(2)m?4 + 5(2)M3V

o We rederived the relation from Higgs potential before min.
conditions (T, = Ty = T4 = 0; By = B = B) are applied

o Correct version:
52y = 63 + SO, — MR, (6015)

o For Goldstone CTs: 5(2)m2GjE — 6(2)m%; = C%M‘%V (6(1)155)2

o Combination:
§m2 . +0PmZ, = 06@m? +6PmZ + 6@ M3,



The relation to all orders

e Mass term in Higgs potential for gauge eigenstates:
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e Mass term in Higgs potential for gauge eigenstates:
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o We find Tr Mi_ o = Tr MiX + MEV before min. cond.

o After rotation to mass eigenbasis
m%{i —|—méi = mal+mZG+MSV

o With ren. transformation we obtain to all orders:
(5(")m%{i + 5(”)m2Gi = 6(")m?4 + 5(”)m2G + 5(”)M3V
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Renormalisation at the two-loop level

o On-shell: §AT;, §AM2,, 6P M2, §Pm?
[ ] ﬁ: (5(2)27.[1, 5(2)27.[2
o Two schemes: 65 (OS, DR)

° tBDT{ from demanding the finiteness of 251’;2):
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6@t98 via the decay A — 77"

o Starting point:

fi}; =\/Z (f‘ATT + Zaclar + AZ mixing)

e Landau gauge ({z = 0) for simplicity:

f’Z};T =1/ ZA (fATT + ZAGfGTT) ‘gzzo

e Renormalisation condition:
sph (2 |(0) ~ph,(1) = #ph,
|FZTT| - ‘FATT + FZTT ) + ]‘_‘i’r
= [0, [F(1 + 2Re TH

!

(2)+...|2

T

D4R + I+ )

T

£ ph,(i) _ =ph,(i) (0
where Fif‘r = FZT‘S‘ )P1(47)"r
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Explicit OS counterterm expressions (at one-loop level)

¢ Renormalisation condition: Re fiﬁ’(l) =0

o Counterterm (at O(N2)):

B _ sy L v (2 R ka) VAR ULY)
5 0 Zy + 5 Re 0¥y 4 (m3) + o My
where

1 2 1
sz, =sWz, - DMy §0sy
QM‘%V Sw

e Same procedure at two-loop level. Field ren. constants do
not appear anywhere
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Evaluating the finite pieces

Self-energies are products of one-loop integrals
Expansion in € = %: L= Ldi"% + L 4 [fe + (’)(82)
LF terms do not drop out when 5t5DiR is used

Reason: Not all two-loop CTs defined in MOM scheme
With 6tgs: finite SEs and no Lf terms in on-shell SEs!
Alternatively: Different implementation of DR CT
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Cancellation of O(¢) terms

o Starting point: 32 = > LiM; + Zj Njdc;, where L;, M;,
N; are one-loop integrals and éc; are one-loop CTs
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Cancellation of O(¢) terms

o Starting point: 32 = > LiM; + Zj Njdc;, where L;, M;,
N; are one-loop integrals and éc; are one-loop CTs
o Expand loop integrals and CTs in € and use relations

between divergent parts:

i i di fin
OV i
2

€ €
+ LM + Nfsci™ + NEvYoes + O(e)

o In pure DR scheme or if all two-loop CTs in MOM scheme:
no o¢; terms

o Comparing calculations via simple re-parameterisation only
possible if 5c§ terms cancel

o If a mixed scheme is implemented via a re-parameterisation
from a full DR calculation, this issue is circumvented.

11



Our implementation

e Example: Calculation with two CTs, dc¢; at one-loop level
in OS scheme, dcp at two-loop level in DR scheme:

SO Z 2O 4 §0¢,,
$@) = 3@ 4 5@,
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Our implementation

e Example: Calculation with two CTs, dc¢; at one-loop level
in OS scheme, dcp at two-loop level in DR scheme:

SO Z 2O 4 §0¢,,
$@) = 3@ 4 5@,

e Our implementation:

_ SWin(epS, o)

6PN = - :
(2) DR 7(2),ddiv 2(2),div
(5 Co = — 52 — -
_ L(iiivMZg:liv B Nldiv(sciiln
g2 5
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Alternative implementation

o Alternative (suggested by P. Slavich):

5L DRPS _ (PR, FF)
2 €
_ div § .fin
_ 5(1)c]2DR o Nivocy _Niiiv&i’
€

5(2)cﬁ,PS _ deivMidiV
2 62
e This holds since

cll)iR = 95 + 6 + e665.
and i
) dE ,d1v
Nle _ )

! dCl
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Alternative implementation

o Alternative (suggested by P. Slavich):

5L DRPS _ (PR, FF)
2 €
_ div § .fin
_ 5(1)c]2DR o Nivocy _Niiiv&i’
€

_ di di
@) DR,PS Lz lvMi v
0“ce = -t
2 62

e This holds since
cll)iR = 95 + 6 + e665.
and
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NdiV _
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5 different CP-conserving scenarios

Tree-level + one-loop O(N,) + two-loop O(NZ)

QCD corrections not included, but estimated

o Comparison with M;™ =125.25 4+ 0.17 GeV

Size of new contributions: (’)((aem + ay + ab)QNCQ) VS
known O((ay + )2 N2)

14



Scenario 2
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Scenario 2

IL O(N,) + 2L O(N2); t3 =15, single scale Mg, A, = —2Mg

300 IAM;:XP —0.17 GeV 2

full
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O(af +af)

O(af)

O(ag, - (Mz+mi) + aemar +af

—=== 0(a,- (MZ+m}) + aema; +af) 3rd gen
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For low Mg, new corrections are comparable to AM ZXP 16



Scenario 3

IL O(N,) + 2L O(N?); t5 =15, single scale Mg=1.5 TeV, A; = 4,

Py tree + (1L, full) + (2L, full)
1504 ~— =~ tree + (1L, full) + (2L, 3rd gen)
—— tree + (1L, full) + 2L, O(af + 7))
—==- tree + (IL, full) + 2L, O(c}))
145 — tree + (1L, full)

1354
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Two-loop QCD corrections lower prediction by up to 8 GeV
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Scenario 3

IL O(N,) + 2L O(N?); t5 =15, single scale Mg=1.5 TeV, A, = A,

3.00 A oo

2.75 1

AMP® =017 GevI

4000 —3000 —2000 —1000 O 1000 2000 3000 4000
X,/GeV

For low |X;|, new corrections larger than AM;™?
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4. Summary & Outlook




o Successfully calculated the complete
O((tem + o + ) NZ2) contributions to MSSM Higgs

boson masses
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o Successfully calculated the complete
O((tem + o + ) NZ2) contributions to MSSM Higgs
boson masses

o Performed for the first time full two-loop renormalisation of
MSSM Higgs-gauge sector
= Derived new relation between two-loop mass CTs

e Performed OS ren. for tg
= Demonstrated the cancellation of O(e) terms in

calculation
o Newly calculated terms comparable to exp. uncertainty

o Results in arXiv:2311.01889 [H. Bahl, D. Meuser, G. Weiglein]
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o With our work, n-loop O(N?) terms calculable
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o With our work, n-loop O(N?) terms calculable
o Extension to CP-violating scenarios possible

(t§° via decay HT — 7 v,)
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o With our work, n-loop O(N?) terms calculable

o Extension to CP-violating scenarios possible
(t§° via decay HT — 7 v,)

o Results can be included in NMSSM Higgs boson mass
prediction

20



5. Backup slides
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The pole mass of a particle

1
my g = 3 (m?4 + MZ F \/(m?4 + M2)2 — 4m? M2 cos? 25) :

2 2 2
mHi = mA +Mw,
V2
tg = —
U1

o tree-level propagator:

i

“A(0) 2
1A (P7) =
hh p2 _ m%
o dressed loop-corrected propagator:
. i
Ann(p?) =

p?—m?+ Shn(p?)

22



Particle mixing

e ansatz: 1PI two-point vertex functions as a matrix
th(p2) _ p2 - m% + zA:hh(p2) 2hH(p2)
Shi(p?) p* —my + S (p?)
e propagator matrix
2 i 217!
Ana(p?) = [Drn (@)
o diagonal entries are dressed propagators, e.g.

. i
1A, (p?) =

N 9 2
[EhH (p )]
P2 —m% + S (p?)

s (p2)

P2 —m3 + S (p?) —

&

23



Unstable particles

o external particle in self-energy unstable
= self-energies get imaginary part
= pole of propagator is complex quantity

M2 = M? —iM,Ty,

with physical mass M}, and decay width 'y,

o two-loop pole mass

2 (i (@
M? =m32 — Re Egh) (m3) — Re Eéh) (m3)

S
(1) (1) (Chamd)”
+ Re { ) (m?)oSt;) (m?) } - Re S

24



Parameter values

agl = 137.035999084, a, =0,
Aciep(MZ) = 0.031497687, Aaf®) (M2) = 0.02766,
My = 91.1876 GeV, My = 80.379GeV,
= Mt = 172.76 GeV, my = 4.18 GeV,
5_t S =15, ma =My = Msg,
MZ = M3, MZ = Mg,
ng = M3, p= Msg,

A= Ay, Ay = A,

25



Scenario 1

IL O(N,) + 2L O(N2); t5 =15, single scale Mg, A, =0

——— tree + (1L, full) + (2L, full)
145 - —~ == tree + (1L, full) + (2L, 3rd gen)
—— tree + (1L, full) + 2L, O(a? + a}))
[Rp—— 2
140 tree + (1L, full) + 2L, O(a?))
— tree + (1L, full)
135 1
>
3
<130
=}
125 1
120 1
115 A
110 T
6x10? 103 2x10° 3x10° 4x10°
MS/GGV
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Scenario 1

IL O(N,) + 2L O(N?); t5 = 15, single scale Mg, A, =0

244 — ful
~==- 3rd gen
224 —— O(af +af)
-+ O})
204 —— O(al, - (M2 +m}) + aemey +a?)

—=== 0(al, - (M}+m})+ demey +}) 3rd gen

AMP® =0.17 GeVI

6% 102 103 2x103 3x10° 4x103

MS/GGV o7



Scenario 1

AP M, /GeV

1L O(N.) + 2L O(N?); t5 = 15, single scale Mg, A, =0

0.05

—-0.05 1

—-0.20 1

—-0.25 1

—-0.30 1

AMP?=017GeV | e 16)

al, + aenoy) 3rd gen

(
(
(
(

------ O(a2, + demay) Ist + 2nd + mix.

-0.35

6x 10 10° 2x 100 3x10° 4x10°
MS/GGV
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Scenario 2

AP M, /GeV

IL O(N,) + 2L O(N?); t5 =15, single scale Mg, A,= —2Mg

0.0 1

0.1+

=024

-0.34

—0.4

AMP® =0.17 GeV

2
Qg + Comtg)

Otezm + Qem@g) 3rd gen

al, - md + cen (VO + ) + 0f)

(
(
""" O(a2, + Qe yg) Ist + 2nd + mix.
(
(02, - M} + aem(Varey, + ) + o) 3rd gen

s

6x 10 10° 2% 10°
Ms/GeV

3x 103 4x10°
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Scenario 3

A(Z)Mh/GeV

IL O(N,) + 2L O(N?); t5 =15, single scale Mg=1.5 TeV, 4, = A4,

0.6
I\ O(aezm + aemaq)
‘\ === 0O(al, + awmay,) 3rd gen
41
04 v e O(a, + demay) st + 2nd + mix.
\ I
\ O, M} + aew (VA + ) +af) !
0.2 1 \\ === O(ag, - mi + aen(Vaa, + ;) +af) 3rd gen !
\
\‘ II
N\ e /II
0.0 oo e Y,
. 2\ p
— - N 7
02 \\\\ ’/’,
—0.4 AM;? =0.17 GeVI

—4000 —3000 —2000 —1000 0 1000 2000 3000 4000
Xt/GeV
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Scenario 4

IL O(N,) + 2L O(N?2); tg =17, m4 =750 GeV, single scale Mg, A, =2Mg

752 - ——— tree + (1L, full) + (2L, full)
~ == tree + (1L, full) + (2L, 3rd gen)
=== tree + (1L, full) + 2L, O(a7 + o))
751 4 —— tree + (1L, full)
> 750 4
<]
)
~
§ 749
748 1
747 4
4102 6x 10 103 2% 10° 3% 10°

Ms/GeV
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Scenario 4

IL O(N.) + 2L O(N2); t5 =17, m = 750 GeV, single scale Mg, A,=2Mg

0.0
—0.1 1 ]
0.2 7
_—
[
<
§ —0.3 1
T
<1 0.4
e full
—== 3rd gen
—0:31 — Ola}+a)
— O(ad, - (Mz+m}) + aema +af)
~0.6 1 === 0(a2,  (MZ+m?)+ cemoy +a}) 3rd gen
4x 10 6% 102 10° 2% 103 3% 103
Ms/GeV
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Scenario

>

)
@]
=
=
<

IL O(N,) + 2L O(N?); t53 =17, m4 =750 GeV, single scale Mg, A, =2Mg

0.100

A+ Qo)
! === O(al, + Cency) 3rd gen

o(

0.075 (
...... O(a2, + Qem@yy) st + 2nd + mix.

(

(

O(agy, - mj + aen(Varay +ap) + aj)
=== O(ag, M + (V@ + ;) +af) 3rd gen

0.050 1

~Semo
o et 2 e e s 8 s e x E A AE e s e aaa e e e a et

TAx 102 6 10 10° 2% 10° 3% 10°
Ms/GeV
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Scenario 5

IL O(N,) + 2L O(N?); t5 =5, ms =90 GeV, M;* scenario

~

160 1.~ sy s
1404 oo B -7 e
120 - \
>
[«5]
@]
=
83 v
A
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Scenario 5

IL O(N,) + 2L O(N2); t3=>5, m4 =90 GeV, M}*® scenario
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Scenario 5

IL O(N,) + 2L O(N?); t5 =5, m4 =90 GeV, M,'*® scenario
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