Renormalisation of the NMSSM at one-loop

Example of a theory with many parameters: meaning of parameters, mixings, schemes,..

Fawzi BOUDJEMA
boudjema@lapth.cnrs.fr

UNIVERSITE
SAVOIE
MONT BLANC

Work done with G. Bélanger, V. Bizouard, G. Chalons, PRD 2015 and March 2017

Takaoka Toyama, (Takaoka Kojo Park)

/.\f' Th

[ -
F. BOUDJEMA (LAPTh) Renormalisation of the NMSSM at one-loop Toyama, HPNP17, March 2017 1/33



NMSSM at one-loop
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NMSSM at one-loop

v

| will not say much about the (many) motivations for the NMSSM

» Higgs mass (125 GeV)more natural and easy to achieve. Dark Matter,
» Copies of Doublets and Singlet (see Howie’s talk)

Renormalisation.

v

» important for precision measurements, Higgs and DM (relic density is known at % level
now)

» will not say much about the corrections to the Higgs mass (many codes do that)

v

But more about the definition/redefinition/reconstruction of parameters

v

In particular when there are many of these parameters and when "things mix" and
when nothing but the SM has been seen!
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In particular when there are many of these parameters and when "things mix" and
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Scheme/Scale dependence for a many-parameter set-up
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NMSSM at one-loop

v

| will not say much about the (many) motivations for the NMSSM
» Higgs mass (125 GeV)more natural and easy to achieve. Dark Matter,
» Copies of Doublets and Singlet (see Howie’s talk)

Renormalisation.

v

» important for precision measurements, Higgs and DM (relic density is known at % level
now)

» will not say much about the corrections to the Higgs mass (many codes do that)

v

But more about the definition/redefinition/reconstruction of parameters

v

In particular when there are many of these parameters and when "things mix" and
when nothing but the SM has been seen!

v

Scheme/Scale dependence for a many-parameter set-up

v

Automation of one-loop calculations for BSM
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Fascination in making copies of objects and concepts. Beauty in levels
of complexity. Precision physics

One-parameter, QCD/QED correc-
tions and/or a few parameters
SuU(2) x U(1)

L/.\FIK
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Beauty in levels of complexity. Precision physics

multi-leg/arm  (multi-loop)  pro-
cesses in simple few parameters
(scales) theories (QCD)

LAPTR
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NMSSM: The Higgs Sector

3 Higgs superfields : two SU(2), doublets H, and Hy, as in the MSSM, and one
additional gauge singlet 5

. Ay - AS .
Hu = ,\L; 5 Hd = Ai B S.
0 i

£
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NMSSM: The Higgs Sector

Z3 — Higgs superpotential involves 2 dimensionless couplings A and &,

An ~ 1 4
WHiggs = —ASHd -Hy + 5;{83,

‘f'm
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NMSSM: The Higgs Sector

Z3 — Higgs superpotential involves 2 dimensionless couplings A and &,

An ~ 1 4
WHiggs = —ASHd -Hy + 5;{83,

*Acsoft,scalar = mfz-lu‘Hu|2 + ml21d|Hd|2 + m23|8|2

+AAHy - HgS + §KALS® + he

‘F\,’\
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NMSSM: The Higgs Sector

Z3 — Higgs superpotential involves 2 dimensionless couplings A and &,

An ~ 1 4
WHiggs = —/\SHd -Hy + 5583,

*Acsoft,scalar = mfz-lu‘Hu|2 + mlzid‘HdF + m23|8|2

+AAHy - HgS + §KALS® + he

Viigos =IA(HS Hy — HOHB) + 1 S°F + (i, + 1S®) (IHP + 1H; )

2 2
+ o 2
+ (i, + \SP) (IHBP + 1Hy ) + S F= (IHGP + IHI1 = |HGP — 1My )
1

2
+ T HY + HOHG P+ mBISP + (MA(H] Hy — HHE)S + 5

KkALS® + h.c).
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The Higgs fields

0
Ho v hd+/ad
Hy = d d + 7
Hy
H+
Hy = L(I) ( h0+/a )
Hy Vu+ 25
h2 + ial
S=s+ =,
V2

As inthe MSSMtan 8 = t3 = v, /vy and v? = vZ 4 V3, (vu = s5V, csv) and
M2, = g?v?/2. The non vanishing value of the vev of S also gives a solution to the
so-called p-problem of the MSSM, by generating this parameter dynamically:

Heff = |1 = AS.
m. = kS (Mg ~2m,)
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The Higgs fields

0
Ho v hd+/ad
Hy = d d + 7
Hy
H+
Hy = L(I) ( h0+/a )
Hy Vu+ 25
h2 + ial
S=s+ =,
V2

As inthe MSSMtan 8 = t3 = v, /vy and v? = vZ 4 V3, (vu = s5V, csv) and
M2, = g?v?/2. The non vanishing value of the vev of S also gives a solution to the
so-called p-problem of the MSSM, by generating this parameter dynamically:

Meff = 4 = AS.
we can also define: Ay = Av, m, =ks (mxp ~2m,)
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Higgs Potential. Minimisation &Trade-off. Quadratic terms

From the Higgs Potential, linear terms in the fields —

2
To < m
hd,u,s Ha,u.S

LAPTR
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Higgs Potential. Minimisation &Trade-off. Quadratic terms

Quadratic terms. Mass Matrices/Mixing

hg
Vinass = 1 (ho K ho) M3 h +1 (ao
2 d u s S u 2 d

h{

F. BOUDJEMA (LAPTh)

Renormalisation of the NMSSM at one-loop

0
[ . (i
a ag) Mz | & +(h; h;) ML
0 hy
as
LAPTR
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Charged Higgs, as in the MSSM, almost

h
1 (" Sop [ 2p 2 2 1/t 1
M2 =_| % 22 Z2(A B My, — A
=5 E +2(525( >\+m)+< w v) 1 t
Vg ————
ME:M/%,MSSM
G* h*
=Us| 7],
H* hE
with (here quite simple)
c s
Us = 8 8
—Ss Cp
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Charged Higgs, as in the MSSM, almost

Tro
1 —4 0 Sop 2/_/, 2 2 1/t5 1
M2 =_| % 22 Z2(A " My — N
=5 E + 5 525( >\+m)+( w v) 1 t
Vg ————
MEI:M%,MSSM
G* h*
=Us| 7],
H* hE
with (here quite simple)
c s
Us = 8 8
—Ss Cp

Issues with definition of 5. Here it is just a rotation matrix, change of basis.
Observables are basis independent.
LAPTR
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Mass mixing in the CP-even Higgs system

2 7 2 2 2.2
Ms, = =&+ Mzc;+ Mzss,
T.0
Mg, = o+ M3sh+ Mich,
M2

M§12 = M§21 = (AZV - 72)825 - ME\SﬁCB,
Mgw = M§31 = AV(2“Cﬂ - (A)\ + 2m,€)35),
Mézs = M§32 = Av(2uss — (Ax +2my)cs),

I h

hg =85 hg R

hs h

2 2
2 2(2 N2 ) =2 Ay 2
mo = Mz (czs N m%g) =Mz (1 + (Mz —1)%2s

LAPTR
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The underlying parameters

to, A ki, i, Ax, Aw, (g, By, ts)  and ag,.9.v— e My, Mz
—_——

in X sector also SM

LAPTR
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Charginos and Neutralinos, the link with the Higgs sector

o The mass matrix for the charginos reads, in the basis (W, F/d‘)

Mo \/éMwsﬁ
V2Mycs 1

tz dep. very weak:

Measurement Of the Chal’ginOS masses reCOnStrUCt M2 and 4 although assignment ambiguous unless one

has an idea about "higgsino/wino content

LAPTR
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Charginos and Neutralinos, the link with the Higgs sector

The 5 x 5 neutralino matrix in the basis

T T — 00T — (B, V. G, P, )

M 0 —Mzswecs  Mzswsg 0
0 Mo Mzewes  —Mzewsg 0
Y=|-Mzswcs Mzcwcs 0 — —Avss |
Mzswss  —Mzcwsg —pu 0 —N\vCs
0 0 —A\vSs —Aves 2

ts and X intertwined. If A small, t5 extraction difficult from x° system. But with My, 1
from x*, masses of 4 x? enough (in principle) to reconstruct all underlying parameters.
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Renormalisation: Parameters and counterterms.

» From G, =
2 2
t57 A mlia/%Akv Af‘u (MHua MHd7 M‘% - tHdv tHu7 tS)7 M ) M and g, gly V—e, MW7 Mz
———
in X sector also SM
LAPTA
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Renormalisation: Parameters and counterterms.

» From G, =

tﬁ7)‘7 mﬁuuvA/\vAK-, (MI%IUaMI%Ideé - tHd7 th tS)vMTrMZ and g, g/v V—e, MW7 Mz
—_———

in ¥ sector also

SM
» shift all (independent basic Lagrangian) parameters: G, — Gp + 6Gp
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Renormalisation: Parameters and counterterms.

» From G, =
t57A7 mﬁuuvA/\-,Ah‘-, (M/%IuaMI?IdaMé - tHdv tHu? tS)vMTrMZ and g, g/v V—e, MW7 Mz
—_———

SM

in X sector also

» shift all (independent basic Lagrangian) parameters: G, — Gp + 6Gp

» this means that mass mixing will appear: non diagonal transition
AZ°, G, hihy, ... (5Mpp, 6mf - o) and diagonal masses shifted (3, ).
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Renormalisation: Parameters and counterterms.

v

From G, =
fs, A, My, py Ax, A, (M/%IuaMEldaMé - tHd', tHy s tS)vMTtMZ and g, g/v v — e Mw, Mz
—_———

in ¥ sector also SM

shift all (independent basic Lagrangian) parameters: G, — Gp + 6Gp

v

v

this means that mass mixing will appear: non diagonal transition
AZ° G, hihg, ... (M, 6M7 .+ 5.) and diagonal masses shifted (3.

v

No need to apply shifts to the diagonalising matrices (Sy, U(B), - - - ), these are
renormalised (no shift), same with gauge-fixing (not physical)

G* hy G* hg
( o ) = U(B) ( hg ) implies also ( it ) = U(B) ( h; ) :
0 0
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Renormalisation: Parameters and counterterms.

» In any case field renormalisation (before or after rotation) still needed

h? He A A - Gt
Wl =Zs|H]|, |A] =2Z| A, =Zc

H* H*
h3 . h3 G° . G 0

<(Zs),-, =1+ 5Zh,-hj/2)
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Renormalisation: Parameters and counterterms.

» In any case field renormalisation (before or after rotation) still needed

Ho Ho A A o o
| =Zs|m|. || =2 |4 | ] =%,
h3 h3 G° G 0
0 0
<(Zs),-, =1+ 5Zh,-hj/2)
>
Sio(P%) = Ty (P°) — i + (P — mp)oZg
ih?h/'? ) = zh?hj’? (p*) ~ 5”75,9,1]0 +3(P* - ”’,2,9)52/7%? +3(P° — mi;))(szh/@h?

F. BOUDJEMA (LAPTh) Renormalisation of the NMSSM at one-loop Toyama, HPNP17, March 2017 ’ﬁ/ 33



Conditions: To define wave function renormalisation constants and the
counterterms for the underlying parameters

» Mixing vanishes between physical states when these are on-shell, essentially (to
solve for 6Zj's

» Residue at the pole (mass) of the propagator is 1
» Check that the renormalisation conditions satisfy the Ward identities.

» The other conditions are set by using/choosing a (minimum/sufficient) set of
physical masses as input parameters except «em. Only two point-functions are needed

(in the present implementation of the NMSSM).

» which minimum set?
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Solving for a coupled system of counterterms

dinput
= PS,param.

dinput
8 0 K0 20
xE 0 h0 A HE

oMy
oMo
om, e
o e
oA
olg
AN
0A.

R, resiauat COUNterterms such as gauge couplings, etc (SM)

Need to invert the system (— 1/Det(Pm,param. ))

F. BOUDJEMA (LAPTh) Renormalisation of the NMSSM at one-loop

+ Rn,residual )

Toyama, HPNP17, March 2017 '
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Finding the counterterms. Inverting the system
Best to break up the system. Py param. = Pm,param. © Ppparam. ®-++, M+p+---=n

At each step, if possible, avoid a choice such that Det(Pm,param.) — 0 (like picking up a wino-like

neutralino to reconstruct My).

LAPTR
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Finding the counterterms. Inverting the system
Best to break up the system. Py param. = Pm,param. © Ppparam. ®-++, M+p+---=n

Easiest set up:

» a mixed DR, with {5 extracted independently from the Higgs sector (through wave
function renormalisation condition) 6ts/ts = [$(62Z4, — 62u,)] _ ,— P
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Finding the counterterms. Inverting the system
Best to break up the system. Py param. = Pm,param. © Ppparam. ®-++, M+p+---=n

Easiest set up:

» a mixed DR, with {5 extracted independently from the Higgs sector (through wave
function renormalisation condition) 6ts/ts = [$(62Z4, — 62u,)] _ ,— P

» Then p, M, from charginos (always)
» Then My, my, (X\) from neutralinos (difficult A reconstruction especially if A small)

> Ay, Ac()) from Higgs (A, h, HT)
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Finding the counterterms. Inverting the system
Best to break up the system. Py param. = Pm,param. © Ppparam. ®-++, M+p+---=n

Easiest set up:

» a mixed DR, with {5 extracted independently from the Higgs sector (through wave
function renormalisation condition) 6ts/ts = [$(62Z4, — 62u,)] _ ,— P

» Then p, M, from charginos (always)
» Then My, my, (X\) from neutralinos (difficult A reconstruction especially if A small)

> Ay, Ac()) from Higgs (A, h, HT)

Pe = Pii; ®Py 2 & Pay0® Py g lieass, SCheme
OR
Pg = Pii, & 772,X1iz & P 0 & p3,Hi,A‘1’,Ag(h0)
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Finding the counterterms. Inverting the system
Best to break up the system. Py param. = Pm,param. © Ppparam. ®-++, M+p+---=n

Or,
Go all On-Shell, 8 x 8, identified?: Ps;Xi

0 + 20 0 8 Masses
1,2’X1,2,3’H AT

H* — A, only
A° Y — A, and A, A. sensitive to singlet

)\, t; weak from x =, x° better from Higgs masses.

Variants (that all take the chargino masses as input):

OS;ja, a,1++ With the masses of 3 x° preferably b, h, 5-dominated
OSij 4, 4,1+ (0nly 2 neutralinos)
OSih, by a1+ (ONly ONe neutralino, b)

LAPTHh
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OR

F. BOUDJEMA (LAPTh)

Go all DR

Renormalisation of the NMSSM at one-loop

Toyama, HPNP17, March 2017
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Schemes. Scales. OS vs DR vs mixed schemes
Renormalisation: a definition of the underlying parameters to get rid of infinities.
» The infinities: Most loop calculations (1, 2, 3-point functions), regularization
introduces Cuy = 2/e — ve + In(4r /i) = 2/€ — v + In(4) + In(1/7i%)
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Schemes. Scales. OS vs DR vs mixed schemes
Renormalisation: a definition of the underlying parameters to get rid of infinities.
» The infinities: Most loop calculations (1, 2, 3-point functions), regularization
introduces Cuy = 2/e — ve + In(4r /i) = 2/€ — v + In(4) + In(1/7i%)
» The definition of an underlying parameter at one-loop, say OS scheme, based on
a physical (hence gauge-invariant quantity). The counterterm
0pi/pi = B, (Cuv +n(Qp/B))  (Bp, = Opi/dIn1/R)
Qy, is an effective scale scheme dependent. /5, universal
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Schemes. Scales. OS vs DR vs mixed schemes
Renormalisation: a definition of the underlying parameters to get rid of infinities.
» The infinities: Most loop calculations (1, 2, 3-point functions), regularization
introduces Cuy = 2/e — ve + In(4r /i) = 2/€ — v + In(4) + In(1/7i%)
» The definition of an underlying parameter at one-loop, say OS scheme, based on
a physical (hence gauge-invariant quantity). The counterterm
0pi/pi = B, (Cuv +n(Qp/B))  (Bp, = Opi/dIn1/R)
Qy, is an effective scale scheme dependent. /5, universal

» The parametric dependence of an observable on the parameter p; is xp,,
00/op; = Kpj

F. BOUDJEMA (LAPTh) Renormalisation of the NMSSM at one-loop Toyama, HPNP17, March 2017 ’@/’ 33



Schemes. Scales. OS vs DR vs mixed schemes
Renormalisation: a definition of the underlying parameters to get rid of infinities.
» The infinities: Most loop calculations (1, 2, 3-point functions), regularization
introduces Cuy = 2/e — ve + In(4r /i) = 2/€ — v + In(4) + In(1/7i%)
» The definition of an underlying parameter at one-loop, say OS scheme, based on
a physical (hence gauge-invariant quantity). The counterterm
0pi/pi = B, (Cuv +n(Qp/B))  (Bp, = Opi/dIn1/R)
Qy, is an effective scale scheme dependent. /5, universal
» The parametric dependence of an observable on the parameter p; is xp,,
00/0p; = kp,
» In our DR we will only keep 3y, Cuv, the "finite part" is set to 0. In OS "finite part" is
B In(Qp; /1)
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Schemes. Scales. OS vs DR vs mixed schemes
Renormalisation: a definition of the underlying parameters to get rid of infinities.
» The infinities: Most loop calculations (1, 2, 3-point functions), regularization
introduces Cuy = 2/e — ve + In(4r /i) = 2/€ — v + In(4) + In(1/7i%)
» The definition of an underlying parameter at one-loop, say OS scheme, based on
a physical (hence gauge-invariant quantity). The counterterm
0pi/pi = B, (Cuv +n(Qp/B))  (Bp, = Opi/dIn1/R)
Qy, is an effective scale scheme dependent. /5, universal
» The parametric dependence of an observable on the parameter p; is xp,,
00/0p; = kp,
» In our DR we will only keep 3y, Cuv, the "finite part" is set to 0. In OS "finite part" is
B In(Qp; /1)

Counterterms

—
» Full one-loop correction: 6O/O = A(Cyv + In(Qa /1)) + Z Ki0pi/ Pi

1

virtual
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Schemes. Scales. OS vs DR vs mixed schemes

Renormalisation: a definition of the underlying parameters to get rid of infinities.

>

The infinities: Most loop calculations (1, 2, 3-point functions), regularization
introduces Cuy = 2/e — ve + In(4r /i) = 2/€ — v + In(4) + In(1/7i%)

The definition of an underlying parameter at one-loop, say OS scheme, based on
a physical (hence gauge-invariant quantity). The counterterm

0pi/pi = B, (Cuv +n(Qp/B))  (Bp, = Opi/dIn1/R)

Qy, is an effective scale scheme dependent. /5, universal

The parametric dependence of an observable on the parameter p; is xp,,

00/0p; = kp,

In our DR we will only keep 5, Cuv, the "finite part" is set to 0. In OS "finite part" is
B In(Qp; /1)

Counterterms

—
Full one-loop correction: §O/O = A(Cuyv + In(Qa/R)) + Z Ki0pi/ Pi

5O%/O = ¥, Boykip IN(Qp/Qa) SO /O = In(73/Qn) X, B o)
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Schemes. Scales. OS vs DR vs mixed schemes

Renormalisation: a definition of the underlying parameters to get rid of infinities.
> 60%/0 =3, Bprip IN(Qp, /Qa) - 6O /O = In(71/ Qa) 3 Bprrim)
good choice of Qp,, i especially if large 3, «. In full DR p dep. trackable.

» mixed scheme, say py DR (the rest of p; is OS)

6omixed 505
o) + Bpo K0 |n(/L/Qp0)
» Corrections large when
> fBp large
> rp large

> Large Qa, bad choice of scale/mismatch Qa and Qp
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LanHEP
MSSM Lagrangian
Counterterms
Renormalisation schemes

N

MicrOMEGAs || FormCalc/FeynArts/LoopTools An automatic code for calculation of loops
@ Tree-Level Computation of one-loop processes diagrams for SM and BSM processes

(cross-sections, decays, mass corrections)

j/iﬂ-hOU'S'e_‘FfO'O'p—rO'Uﬁ'I"I'G'S‘ with application to colliders, astrophysics

" not yet automatised and CosmOIOgy'

MicrOMEGAs
@ One-Loop

Automatic derivation of the CT Feynman rules and computation of the CT's
Models renormalized: SM, MSSM, NMSSM, xSM (w/ & w/o singlet vev)
Modularity between different renormalisation schemes.

Non-linear gauge fixing.

Yy Y VY VY Y

Checks: results UV, IR finite and gauge independent.

LAPTR
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Application to Higgs decays in the NMSSM
Point A(Qqsy = 1117.25GeV, Mye = 125.45GeV(1-loop OS))

M 700 | A 01| A O mg, 1740 | mpg , 1000
My 1000 | x 0.1 | A 4000 | my 800 | m; 1000
Ms 1000 | p 120 | A, 1000 | mp ~ 1000 | my 1000
ts 10 | Ay 150 | A 1000 | mg , 1000 | mg5 1000
\,\AX = 15GeV, A/Ay ~ 27
Point B(Qusy = 753.55GeV, m;e = 124.44GeV(1-loop OS))
M 120 | A 067 | A. 0O ma, 750 | mpg,, 1500
My 300 | x 02 | A 1000 | my 750 | m; 1500
Ms 1500 | ;200 | A, 1000 | mp 1500 | my 1500
ts 192 | A\ 405 | A 1000 | mp, 1500 | myg;, 1500

)\A)\ = 271GeV, A[/AA ~ 2.5

F. BOUDJEMA (LAPTh)
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Applications. Two scenarios

Point A Point B

Point A Point B

0 50 - >
A 11% 22.5% Xy B . 56.6%
! 8 w - 32.3%
" o &
"8 Soe% endw R esa%  103%
e o 101% 3 077% 0.8%
0 50
B - 4.0%
0 0 %3
H H 0.1% 0.% 5
S R 3°/° 12 5:/ wo - 2.6%
B soew  srew B 995%  19.3%
° o - 80 - 74.0%
J B - 10.1%
WKy ess%  T15% X3 oo o
n 1.1% 19.7% .
0 A 0.9% 78.9%
hd 0.1% 2.8% i
5 99.1%  11.0%
0 50
QP 0% 18% <4 ?o 99.6%  18.1%
Q 0% 0.5% V_VO - 12.3%
0 i - 55.8%
a2 100%  97.7% h
S - 13.7%
0 0
B - 11.29
A& e90%  769% x5 5 %
9 10/
Q0 1.0% 20.8% V~Vo 99.3%  52.8%
a2 0.0% 2.3% {’0 0.69%  35.7%
int A: S - 0.4%
Point A: hy, hs, hy, as, ag . _
Point B: hy, hs, hy. as, ag Point A: h, b, f ?, W
Point B: b, §, h, , i

Beware. B much more mixing, A quite pure

LAPTH
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(X354~ h.8,b; hy~hs) B'sand counterterms

(8 in units of 107%) B, = —11.4, 8, = 16.9, B = —11.7, 8. = —0.76, fa, — —1097.4

LAPTAR
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(T34~ h.5,b; hy ~ hs)

°) By =—11.4,, =169, = —11.7,8, = —0.76, 5a, = —1097.4

(8 in units of 10

2
167 lezd:t
167 zljzdé‘t
167 ZAL dg‘t*
16 2)\,(1:;1

F. BOUDJEMA (LAPTh)

Renormalisation of the NMSSM at one-loop

[’s and counterterms

2 21 AN 2
6hE,  16n° 5 - =8, t=Inf
2 21 dAr 0
3, 16n Lol = 61,
BRAL (+4X2),
Ax
2 2 1 dA. 2Ax
6, (16n°4- 4 = 6r 6N L),

Toyama, HPNP17, March 2017 '
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(X34~ h.8,b; ho~hs) B'sand counterterms

(8 in units of 10‘3) Bu=-11.4,8, =16.9,8, = =11.7, 8, = —0.76, Ba, = -1097.4
Finite parts computed at i = Qusy = 1117.25GeV.

11344, 4, OS34n, a1 A+
(1) 11, 0t /s, N/ N)smire = (—2.42%, 0, 62.26%); (—1.57%, —80.69%, —7.88%)
1344, Ay OS34nyp, Ah+)

(85K, 6Ax ) Ax, A« )inite = (64.01%, —5.49%, 0.65); (—6.01%, 134%, 0.66) .
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[’s and counterterms

(B in units of 1073%)

Point A:(x$ .4 ~ P, 8 b; hs ~ hs)
Bu = —11.40, B, = 16.9, 8 = —11.65, B = —0.76, 3a, = —1097.4

Point B:(x{ .5 ~ b, 8, A, ha ~ hs)
Bu = —14.25,B;, = 17.63,5x = —20.45, 8, = —18.57, B, = —122.7

Th

LA} 1
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[’s and counterterms

(8 in units of 107%)

Point A:(x$ .4 ~ P, 8 b; hs ~ hs)
Bu = —11.40,6, = 16.9, 65 = —11.65, 6, = —0.76, a, = —1097.4
Finite parts computed at i = Qqusy = 1117.25GeV.

OS,

11344 A, 34hy Aq AgHF
() 11, 85 /3, N/ N)smie = (—2.42%, 0, 62.26%); (—1.57%, —80.69%, —7.88%)
1344, Ay OS34nyp, Ah+)

(0K/K, 6AN/Ax, 6 Ak )finie = (64.01%, —5.49%,0.65); (—6.01%, 134%,0.66) .

Point B:(xJ .5 ~ b, &, h; ha ~ hs)
Bu = —14.25 6, =17.63, 5\ = —20.45, 8, = —18.57, s, = —122.7
"Finite parts" computed at i = Qusy = 753.55GeV

OS.

1234, Ay 12hy Aq A H+
(1) 11, 615 /s, M/ N)imite = (—1.04%,0,3.71%): (—1.63%, 6.49%, 5.94%)
t1234; 4, OS2, a1 A+

(0K /1, 5Ax /A, 5A)mie = (3.25%, 6.85%, 10.84); (6.05%, 3.40%, 11.54) .
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Point A: Smooth variation

s

<10

Point B Strong (non-linear) parametric dependence

—h3 h1 h2
—h2 Al Al
—H3 01 03
—A2Zh2
— A2 C1Cl|

—h3 h1h2
—h3 h2 h2

[|—A2 A1 h1]

—H+ W Al

—A2C1C

F. BOUDJEMA (LAPTh)

Renormalisation of the NMSSM at one-loop

5 0 5 10 15 20
AAJA, T%]

LA
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Point A: parametric dependence (singlet-like states: 13, A%, x9)

g g g
o[~ e nin2 & —hahinz o5k —nshinz
o F|—h2A1AL ® —h2A1AL . —h2A1AL
<8F|_H30103 <40 —H30103 <3F | Hso103
sob|—A2zh2 ':zérzm f —A2zh2
—A2cicl a —n2cicL
40 20F
20 15f
o 10F
f
20 sf
aof
60 Bl Il Il Il Il Il Il Il 1 -40Eg)L Il Il Il Il Il Il Il 1 1 Il Il Il Il Il Il Il 1
20 -15 -10 5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20 -40 -35 -30 -25 -20 -15 -10 -5 O
DI %] AN % Ax
sl —hahihe g —hanih2 3
2 —h2A1AL o —h2A1AL Yeo —h3hih2
o o o | —
Q10f —H30103 Qzf —H30103 a h2ALAL
—A2zh2 —A2zh2 —H30103
aof
S —A2cicy 2 —nA2cicL _pozho
o —A2cic1
20f
o -10f or
2f
0k 20
aof
1 Il Il Il Il Il Il Il 1 1 Il Il Il Il Il Il Il 1 1 Il Il Il Il Il Il Il 1
20 -15 -10 -5 0 0 15 20 -20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
AAJA, %] Awpiv Atan Bhtan B (%]

F. BOUDJEMA (LAPTh)
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Point A, Slnglet'llke. hg AO7 X35 Qsusy = 1117, g = 240, 0 AQ 570, %0 = (h, B, 3, b, W)

i=

units width=GeV/100 t 34A1A2’ﬁ:mhi_’ 0334,72,41 AgHt DR7 ,EL = mhl._, DR OSUSY

LAPTR
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Point A, Singlet—like: hg A? 'Xg, Qsusy = 1117, g = 240, m ke ~ 570,59 = (B, B8, b, W)

0 A0
hS'AZ

units width=GeV/100 t 3441 A, fi=mp, _, 0834,72,41 ApH+ DR, = Mp, DR Qsusy

h = X%, 4.61(1%) 4.03 (-11%)  4.13 (-9%) 4.21 (-7.4%)
A — 90 4.22(28%) 3.72 (13%) 3.30 (0.3%) 3.24 (-1.6%)
Al = X%, 4.96 (-10%) 5.43 (-1.5%) 5.15 (-6%) 5.06 (-8%)
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Point A, Singlet-like: hg A? Xg, Qsusy = 1117, g = 240, m

10 20 it ~ 570, %0 = (b B3, b, #)
9,43,

units width=GeV/100 t 34A Ay, fi=mp _, 0334,72,41 ApH+ ﬁ, o= Mp, DR Qsusy
= AAY 109 (128%)  4.21 (-12%)  4.80 (0.4%) 4.77 (-0.4%)

LAPTR
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- : a 0 A0 O C
Point A, SIngIet-Ilke. h2, A1 s X3 Gsusy = 1117, g = 240'mh8'Ag'Hi ~ 570, %9 = (h, h, 5, b, W)

units width=GeV/100 t 3441 A, fi=mp, _, 0834,72,41 ApH+ DR, = Mp, DR Qsusy

= %953 7.80 (122%) 3.41 (-3%) 3.58 (2%) 3.52 (0.3%)
hS — %3%3 7.64 (126%) 2.19 (-35%)  3.47 (3%) 3.42 (1.1%)
AS = R9%3  5.62 (130%) 1.69 (-31%)  2.63 (8%) 2.59 (6.2%)
A= 8% 6.71 (122%) 2.87 (-5%) 3.01 (-0.4%)  2.96 (-1.9%)
HY = (%3 14.4 (125%) 5.24 (-18%)  6.57 (3%) 6.47 (1.1%)
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- : a 0 A0 O C
Point A, SIngIet—Ilke. h2, A1 s X3 Gsusy = 1117, g = 240, "0 4G 1 570, 0 = (h, B, 5, b, #)

units width=GeV/100 t 3441 A, fi=mp, _, 0834,72,41 ApH+ DR, = Mp, DR Qsusy

H — KR 4.76 (116%) 3.95(79%)  3.35(52%) 217 (-1.7%)

LA 1
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- : a 0 A0 O C
Point A, SIngIet-Ilke. h2, A1 s X3 Gsusy = 1117, g = 240'mh8'Ag'Hi ~ 570, %9 = (h, h, 5, b, W)

units width=GeV/100 1‘134,41,42@:,,7,7’H OSS4h2A1A2H+ ﬁ, = My DR Qsusy
hg — A?A? 10.9 (128%) 4.21 (-12%) 4.80 (0.4%) 4.77 (-0.4%)

With A, = 0 (at tree-level), this interaction stems solely from the term x2S*. The
trilinear 1°s oc (1k5)°/s o< \/(411) M. 2xks sets the mass of the singlino. The
percentage correction 128% in the t scheme and —12% in the OS scheme extremely
well approximated by the A dependence (~ 25\ /) of the counterterm.

B = —11.40, Brﬁ =16.9, 8y = —11.65, f,c = —0.76, 55 | = —1097.4
Finite parts computed at i = Qsusy = 1117.25GeV.

13441 A, OS3any A A H
(610/ 11, 513 /15, 57/ Nfnite = (—2.42%, 0, 62.26%); (—1.57%, —80.69%, —7.88%)
LETVIV S OS3any a1 AgHH)

(8k/r, 5Ax /A, 5Aw inite = (64.01%, —5.49%, 0.65); (—6.01%, 134%, 0.66) .

F. BOUDJEMA (LAPTh) Renormalisation of the NMSSM at one-loop Toyama, HPNP17, March 2017 JQ:/ 33



; ; ika- PO A0 .0 P
Point A, SIngIet-Ilke. h2, A1 s X3 Gsusy = 1117, g = 240'mh8.Ag.Hi ~ 570, %9 = (h, h, 5, b, W)

units width=GeV/100 1“134,41,42,L-L:mhiH OSS4h2A1A2H+ ﬁ, = My DR Qsusy
hg — A?A? 10.9 (128%) 4.21 (-12%) 4.80 (0.4%) 4.77 (-0.4%)

With A, = 0 (at tree-level), this interaction stems solely from the term x2S*. The
trilinear 1°s oc (1k5)°/s o< \/(411) M. 2xks sets the mass of the singlino. The
percentage correction 128% in the t scheme and —12% in the OS scheme extremely
well approximated by the A dependence (~ 25\ /) of the counterterm.

e The other decays of the Higgses (CP-even, CP-odd or charged ) into
neutralinos/charginos involving the mostly singlet \J require mixing (through X for
these processes to proceed. Once this is identified, the results (~ 256\ /\)are very
similar to the one obtained for h, — AJAJ.
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- : a 0 A0 O C
Point A, SIngIet-Ilke. h2, A1 s X3 Gsusy = 1117, g = 240'mh8'Ag'Hi ~ 570, %9 = (h, h, 5, b, W)

units width=GeV/100 t134A1A2aH:mh,-~> OSsan,a, A H+ DR, i = M- DR Qsusy
H — RS 4.76 (116%) 3.95(79%)  3.35(52%) 217 (-1.7%)

with X small hy hphg ~ h3hGhS, the coupling can be read off directly from the potential (before
diagonalisation):

/\(A)\ + 2m,€)
the differences between the schemes explained by the values of the counterterms. Here Qgsusy is
a good scale in DR. but the scale dependence is very large.
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Point B: Strong parametric dependence

T F30F
;540 —hahinz =¥ Cranine
F )
B —h3h2h2 S2F |—h3h2h2
. <
< A2ALhL 2of [—A2ALN
—HrWAL — He W AL
o —A2cicl BF |~ az2cici
10
sk
ok
o
10f
Lol L 1 0L 1 1 Ll
-20 -15 -10 -5 5 10 15 -20 -15 -10 -5 0 10 15 20 0 5 10 15 25 30 35 40
BK/K [%)] BNA[%] Ax
BE [-remne 2 e
o —h3h2h2 4
% Gsob| —h3h2h2
Joo- —A2ALNL < [|—-A2A1m
—H+WAL rewall
- 100
A2cicy prcicd
s
sof-
of
sl o
-1 -100
1 1 1 1
-20 -15 -10 -5 o 10 15 20 -20 -15 -10 -5 5 10 15 20
D% A tan Bitan B [%]
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Point B. Mixing large, difficult to discuss in terms of the (almost) "pure" states

OSion,a, 40t DR DR Qsusy
g — K953 (14%) (5%) (3%) o OS does a good job.
hy — Az (3%) (-3%) (-8 %) e Again in hghph
h — h3n° (-25%) (-106%)  (-50%) large scheme depen-
hg — h3h3 (6%) (13%) (-28%)
Ag N 5&1 5('1* (7%) (2%) (1%) dence. The coupling
AJ — 959 (32%) (2%) (2%) is not totally controlled
AY — Zh) (12%) (-16%)  (-9%) by A, which runs less,
Ag - A$h$ (0.3%) (:32%) C17%) however the paramet-
HY = 5753 (6%) (10%) (8%) .
HY 5 WHH  (11%) (-18%) (-10%) ric dependence on Ay
Ht — W*A? (2%) (-3%) (-9%) is quite large
HY = %7 %8 (21%) (9%) (9%)
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Summary

» Full renormalisation (all sectors) of the NMSSM at one-loop completed.

F. BOUDJEMA (LAPTh) Renormalisation of the NMSSM at one-loop Toyama, HPNP17, March 2017 3 /33



Summary

» Full renormalisation (all sectors) of the NMSSM at one-loop completed.

» Allows to choose between different on-shell schemes and also "mixed schemes"
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Summary

» Full renormalisation (all sectors) of the NMSSM at one-loop completed.
» Allows to choose between different on-shell schemes and also "mixed schemes"

» Drawback: large scheme dependence for some observables, in particular in some

scenarios
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Summary

» Full renormalisation (all sectors) of the NMSSM at one-loop completed.

» Allows to choose between different on-shell schemes and also "mixed schemes"

» Drawback: large scheme dependence for some observables, in particular in some
scenarios

» Must go beyond taking only masses as input (conditions on 2-point functions).
When new particles are discovered, not only their masses will be measured but
the way they are produced, the strengths of their production and decays offer an
important handle that may not need the reconstruction of the whole spectrum

LAPTR
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Summary

» Full renormalisation (all sectors) of the NMSSM at one-loop completed.

» Allows to choose between different on-shell schemes and also "mixed schemes"

» Drawback: large scheme dependence for some observables, in particular in some
scenarios

» Must go beyond taking only masses as input (conditions on 2-point functions).
When new particles are discovered, not only their masses will be measured but
the way they are produced, the strengths of their production and decays offer an
important handle that may not need the reconstruction of the whole spectrum

» This is technically much more challenging, but it is possible (at least in some

manifestations). In the MSSM A® — 77 was shown to be an excellent input for

LAPTR
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