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Introduction

The Higgs boson as a probe for New Physics

Indirect search for New Physics
» Strong motivation for going beyond the SM, however no sign yet of BSM
Physics or its nature
» Investigate properties of Higgs boson to access New Physics indirectly
» Among most studied properties of the Higgs: its mass myp,
exp.

m; " = 125.09 £ 0.21(stat.) + 0.11(syst.) GeV
[ATLAS & CMS combined, Moriond 2015]

In this talk:

2 approaches to the relation between Higgs quartic couplings and masses,
for general renormalisable theories

— loop-corrected extraction of quartics from physical spectrum
(i.e. scalar masses and mixing angles)

— EFT matching of quartics between generic theories
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Extraction of couplings from physical spectrum

EXTRACTING SCALAR QUARTIC
COUPLINGS FROM THE PHYSICAL
SPECTRUM
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Extraction of couplings from physical spectrum

BSM models in the bottom-up approach

» Bottom-up approach — minimal extensions of
SM, e.g. with enlarged Higgs sectors

E .
> Up to what scale A can such a BSM model o Quantum Gravnty \\\\\
be extended? MPI \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ |
» Study behaviour of scalar quartic couplings at
high scales:
??7?
— presence of Landau poles? et
— loss of unitarity or perturbativity?
— EW vacuum becoming unstable?
= would signal the need for additional states at AT _____ T ___ o
the scale where the issue appears — cut-off A Minimal extension
of the considered BSM extension of the SM
» Typical input in non-SUSY models: masses (e.g. SSM, 2HDM, etc.)
and mixing angles, from which quartics are
extracted at a low scale L s
Standard Model
» Problem: most studies use only tree-level

extraction of quartics + 1¢ (2¢) RGEs for
running to high scales

= We want to include radiative corrections in the extraction of couplings
in generic BSM models
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Extraction of couplings from physical spectrum

Extracting scalar quartics from the physical spectrum

In the absence of mixing
Higgs pole mass my, related to Lagrangian coupling A by

mi: = 2\? +Z(16 A mE ()

pole mass tree- Ievel

loop corrections

— highly non-linear equation in ...
but can be inverted analytically with a perturbative expansion of \ as

N [e) L @
A=A\ +W(s A4+ ——6A+ -

(1672)2
— one obtains
2
A0 — T
20°
1
sy = _WA(UW% |>\:>\(0)
5@y — s A2 L A®) 2

21) oA A=A(0)
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Extraction of couplings from physical spectrum
Extracting scalar quartics from the physical spectrum

An example without scalar mixing: the ZySSM

Z2SSM = SM + real singlet S + Zs symmetry under which S — —S
= no mixing between S and h

VO = 2P + 1M2S% + INH[ + D5 S HP + 1AsS?

Extract A from my, at two loops

s = s — %A@H@mg
SN~ s+ %ASH/\m%(@m% —-1)
+ )\3SH [1 — 2@77125 +@2 m%]
+ i)\%H}\[—IS—ﬁH;m%
+ (36Togmj — 12)Togm%|
+323% s [ —1+Ilogm?% +@2 m%] + O@w?/m%)

Using log m? = log m?/Q?
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Extraction of couplings from physical spectrum

Extracting scalar quartics from the physical spectrum

In presence of mixing

» Several relations between loop-corrected masses mi and
parameters/couplings \;

mg, = eig[(M*) P ({A D))o
= very difficult to invert analytically

¢: list of fields

. list of couplings

> Instead proceed by numerical iterations: compute mj({\:,---}) at given
loop-order, for varying Lagrangian parameters, until results correspond to
desired physical spectrum

Numerical iterations with SARAH/SPheno

» SARAH: spectrum generator generator by F. Staub — creates automatically
for the desired model a spectrum generator, based on SPheno (by W. Porod)
» Currently available with SARAH/SPheno:

- two-loop mass calculations® for neutral scalars in general renormalisable
models, based on [Martin '01,'03,’05], [Goodsell, Nickel, Staub '15], and free
of IR divergences from Goldstone bosons [JB, Goodsell '16], [JB, Goodsell,
Staub '17] (* in the gaugeless limit)

- two-loop RGEs for general QFTs [Machacek, Vaughn '83, '84, '85], [Luo,
Wang, Xiao '02]
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Extraction of couplings from physical spectrum

Extracting scalar quartics from the physical spectrum:
an example in the 2HDM
CP-conserving 2HDM
VO = m? @] - @1 + m3a®) - By + i, [@] - Do + BF - B4]
(@] @1)" 40 (@] B2) "+ hs (@] - 1) (@] - B2)
+ 0 (0 - @) (0F - @1) + %/\5 [(@1 - @) + (@} - <1>1)2}

» 2 SU(2). doublets ®;, & — 5 physical d.o.f. h, H, A , H*

» Mixing among h and H — mixing angle o CP-even CP-odd charged

{

» 7 free parameters in the Higgs sector
A1, /\2, )\3, )\4, )\57 m%, tanﬂ = 1)2/’01

(m?1, m3, eliminated with tadpole equations)

» Common choice is to trade the quartics \; for mp, mmg, ma, my+,tan
e.g. for A5 at tree level:

\O _ _ 2miy  mi

[ T T, e o
° sin2fv? 02
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Extraction of couplings from physical spectrum

Extracting scalar quartics from the physical spectrum:
an example in the 2HDM

0.4 T T T T T T T T

o Take tan 8 = 1.4,
miy = —(500 GeV)?

o Fix mp = 125 GeV,

% mpy = 750 GeV;

= ma = 730 GeV;
my+ € [650,695] GeV
tana = —0.71

at desired order

—0.1 1 1 1 1 1 L L L
650 655 660 665 670 675 680 685 690 695
my+ [GeV]

— Can greatly modify the running of couplings to high-scales!
(examples in backup)
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EFT matching and generic theories

ErrECTIVE FIELD THEORIES
AND
THE MATCHING OF SCALAR COUPLINGS
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EFT matching and generic theories

Scalar couplings and Effective Field Theories

» Scale of New Physics Myp driven higher by experimental searches —
fixed-order calculations become plagued by large logs o log Mp /mew

» These logs need to be resummed — EFT calculation increasingly necessary

- integrate out heavy fields and work in low energy EFT
- couplings in the EFT receive threshold corrections at the matching scale

» In the context of Higgs mass calculations in SUSY models, heavy SUSY
scenarios have been extensively investigated
see e.g [Bernal, Djouadi, Slavich '07], [Bagnaschi, Giudice, Slavich, Strumia '14], [Pardo Vega, Villadoro '15]

[Bagnaschi, Pardo Vega, Slavich '17] + results of FlexibleEFTHiggs and FeynHiggs collaborations

— Important matching conditions: scalar quartic couplings needed to compute
myp, in the EFT!
— EFTs typically considered to be SM or 2HDM, and UV theory is MSSM

» Our objective: automate the calculation of threshold corrections to scalar
quartic couplings, when matching any high-energy model A onto any
low-energy model B

— however there are challenges to address already from one-loop order!

Johannes Braathen (LPTHE Paris) SUSY 2018 July 23, 2018 10 / 14



EFT matching and generic theories

Matching of scalar couplings in a toy model at tree-level

» Consider a simple toy model: 2 scalars, a light L and a heavy H, with a Z»
symmetry under which L — —L = no mixing between L and H

1 1 1 1
High-energy model  Lyg D — =m7L* — §m§{H2 — ZapLpl’H — EGHHHHS

2 2
_ 15 f- 13 e — L3 "
24 LLLL 4 LLHH 24 HHHH

Low-energy model Lig D — %mQLL2 — %)\LLLLL4

» Integrating out H, one finds at tree-level
— + +perm.

~ — 2
ALLLL = )\LLLL + 2 AHLL

thin line: light state; thick line: heavy state
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EFT matching and generic theories

Matching of scalar couplings in a toy model at one loop

» Considering now the one-loop matching — many diagrams contribute!

LOW ENERGY THEORY HIGH ENERGY THEORY

+ permutations

thin line: light state; thick line: heavy state
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EFT matching and generic theories

Matching of scalar couplings in a toy model at one loop

LOW ENERGY THEORY HIGH ENERGY THEORY

S
TN

e Several diagrams are IR divergent in limit my — 0!

e IR parts in low and high energy theory must exactly cancel out, but automation
impossible as is because of potentially large terms o log m g /mp,

— We have derived complete expressions for the matching of scalar couplings, at one-loop
order, between two generic models
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EFT matching and generic theories

Matching quartic couplings between generic theories

Nijrt + ONijr = Nijri + ONijki

1, 1, 1 , 1
+ | - ngJaIijaJkl - ZmIJaIijéaJkl + WCSWKLmTaIijaJM
1K LJ
1 om? - 3
K
s 5 | AKjkl — —5—arKja Kl
My miy

1 < 3
— 10, (0) ( Ayt — ” ikl pe s}
+ 5 i0r (0) | Akt m? aryjagp | + (ijkl perms)

i,J,k, L, - indices for light states; I, J, K, - - - : indices for heavy states,

INijkls éiijkl: corrections to the quartic couplings in the low and high-energy theories,
dagj: corrections to the trilinear coupling between one heavy and two light scalars,

5m?2: corrections to masses, I1’: derivative of self-energies w.r.t. external momentum

> No IR divergence from diagrams with fermions or gauge bosons

> Expressions can be regularised by using modified (Passarino-Veltmann)
loop functions

1 1
Bo(0,0) = 0, Co(0,0,X) & ——=Bg(0,X) = — A(X),
0(0,0) 0, Co(0,0,X) » = Bo(0,X) = 25 A(X)

Do(0,0, X,Y) — _ﬁ (%A(X) - %A(Y))
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EFT matching and generic theories

Matching quartic couplings between generic theories

Nijkl + ONijkt = Nijkt + OXijki >—._<

i [ 1 1 s +: 1 Sm2 1 :
— 5 5 QIijQJgkl — a1;50Q k] Ho——5—0mMm —5 ArijQJkl
2 J 2 J 2 KL, 2 J
I o S ML :
2
10mgy T 3 _
6 2 Kjkl — —5 QIKjajkl
’n’LK mIJ
L 5 3 -
+ EHW(O) Xirjel — —5—arirjagkt | + (ijkl perms)
miy
i,3,k,1,- - indices for light states; I, J, K, - - - : indices for heavy states,

OX;jkl> ON;jk: corrections to the quartic couplings in the low and high-energy theories,
6a1jk: corrections to the trilinear coupling between one heavy and two light scalars,

5m?2: corrections to masses, I1’: derivative of self-energies w.r.t. external momentum
> No IR divergence from diagrams with fermions or gauge bosons
> Expressions can be regularised by using modified (Passarino-Veltmann)
loop functions

1 1
Bo(0,0 0, Co(0,0,X ——=DB0(0,X) = < A(X),
0(0,0) = 0, Co(0,0,X) = = Bo(0,X) = 5 A(X)
1

1
Dy(0,0,X,Y) > ————
o( ) Xﬁy(XQ

A(X) — %A(Y))

> Redefinition of mass counter terms can allow eliminating dm%; and dm?y
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Conclusions

Summary

» For the extraction of scalar quartic couplings from the physical spectrum
- Loop-corrected extraction is possible, analytically or by numerical iterations
with SARAH/SPheno
- Threshold corrections to quartics can be sizeable at the matching scale (low
scale)
- Conclusions on high-scale behaviour of models can be significantly modified
w.r.t. using only a tree-level extraction of quartics

» For the matching of scalar quartic couplings in EFTs

- matching of quartics between any two renormalisable theories can now be
performed at one-loop order

- IR divergences (in limit my, — 0) eliminated — no numerical instabilities

- change of renormalisation scheme (from standard M_S/ﬁ/) allows further
simplifying the expressions

- results easily applicable to particular models: checks w.r.t. existing results
in MSSM; applications for SUSY models beyond (N)MSSM, e.g. Dirac
gaugino models; etc.
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THANK YOU FOR YOUR ATTENTION!
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Conclusions

Generic calculations: mj, with SARAH/SPheno

User defined

model

SARAH (Mathematica)

SPheno (Fortran)

(Analytical calculations)

Generic exp. for » Masses & Vertices
masses & vertices in model

(Numerical calc.)

Loop
Integrals

parameters

Numerical
Routines

Generic loop » Expressions for
expressions Higgs mass

Higgs mass my,
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Impact of threshold corrections to scalar couplings:
a phase diagram of the ZySSM

0.35

EW vacuum
is stable

0.30

0.25

—~ 0.20

£

~ 0.15
perturbativity

and unitarity not 0.10 |-
violated up to —

Planck scale 0.05
— 0.00 L . '

2¢ RGEs used 0.0 05 1.0 1.5 20 25 30 35 4.0
to run couplings Asw (M)

As = 0.1, Ms = 500 GeV, \(m;) extracted by requiring that m;, = 125.15 GeV
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Conclusions

Impact of threshold corrections to scalar couplings:
a phase diagram of the ZySSM — zoomed

stable 0-28 . ' —— 2.2)
EW vacuum ‘ . (1:2)
0.27 | < (T, 2) [
_ 0.26 :__——_——-——-r ..... e ]
£
~<
0.25 |- J
unstable ;
EW vacuum 0.24 | o
0.23 L L L Il
0.1 0.2 0.3 0.4 0.5 0.6

AsH (mt)

As = 0.1, Mg =500 GeV, A(m:) extracted by requiring that mp = 125.15 GeV
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Conclusions
Singlet extension of the Standard Model
e Singlet extension of the SM (SSM) = SM + real singlet S, with scalar potential
1 1
V =p? [ + S MES® + ki [HS + 2rpS?
1 a1 2eq2 L L 4
+ AH" + 2 AggSEH|* + = \gS
2 2 2
and S has a vev vs.

— 3 mixing in Higgs sector!
— 2 mass eigenstates — h, H — and a mixing angle o

e 75SSM = SSM + additional Z2 sym. under which S charged —i.e. S 22 g

— k1 = kg =0,vg =0
— no mixing in Higgs sector!
= two-loop analytic calculation of A from my, possible in Z2SSM!

e Both SSM and Z2SSM can be found e.g. as low-energy theories from the NMSSM
(without or with an R-parity)!
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Conclusions

Impact of threshold corrections to scalar couplings in the SSM

10!
perturbativity bound

unitarity bound
(in limit Ag > X, Asw)

10°

10—1 N T S —
109 1010 104 1018

Q [GeV]

A, As, Aspy extracted, at Q = my, at n-loop order from the requirement that m; = 125 GeV,
my = 700 GeV, tana = 0.1, and fixing k1 = 0 GeV, k2 =2 TeV, vg = 175 GeV.
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Conclusions

Varying the matching scale in the SSM

0.40

0.42 T T T T T T T T
t 1

A(105GeV)

2 §
200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000

0325
100
Matching scale Q [GeV]

SSM parameters are taken at scale @ € [100, 1000] GeV to be: k1 = k2 = 0 and
vs = 300 GeV; the scalar quartics are extracted at each loop level by requiring that

myp = 125 GeV, my = 400 GeV and t, = 0.3.
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Conclusions

Running of scalar couplings in 2HDMs

Impose at each order the scalar spectrum: mj = 125 GeV, myg = 511 GeV, m 4 = 607 GeV,

0.82 + we fix tg = 1.45, M7,

2502 GeV2.

mpg+ = 605 GeV, to = —

perturbativity
bound \

unitarity

bound \

o
~<
10!

A3

extracted
at Q = my \ .

- - (1L,1)
S (T,1)

1
104 10°

1
10%

Q [GeV]

— Large differences in the cut-off scale of the theory obtained depending on the

order at which the quartics are extracted !
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