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MSSM Part | : a promising candidate

» A powerful but insufficient Standard Model
. Arbitrariness of the parameters

Running of the coupling constants
. Quadratic loop divergences %
Naturalness issue

> The SUSY solution

. Supersymmetric

Free of quadratic divergences

Unification of the coupling constants

. Minimal — Most natural extension
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MSSM Part Il : The desillusion

» Betrayed by the experiments

. An elusive Higgs

M2, = i (M3, + M3 (M3, + M3)? — 403 M3e3, | }

‘ ‘ ‘ _ My < Mz
Mg + M = M3, + M3 Y
Radiative Corrections, but ... -
. The fine-tuning issue My > 1144 Gev
. High %5
= High stop mass for Radiative Corrections

. Collider search === Narrow more and more the susy scenario
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MSSM Part Il : The desillusion

» Betrayed by the experiments

. An elusive Higgs

M2, = i (M3, + M3 (M3, + M3)? — 403 M3e3, | }

M2+ M} = M2, + M3 il ol
Radiative Corrections, but ... -
. The fine-tuning issue My > 1144 Gev
. High 15
= High stbp mass for Radiative Corrections
. Collider search === Narrow more and more the susy scenario

» Far from complete
. Mechanism for the susy breaking
. The mu problem
. The little hierarchy problem
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o Why? ===) Include high energy physics contribution without the
explicit knowing of that high energy theory.

O How? ===) Global theory at low energy ~ Low energy lagrangian
+ Effective Operators

EFT How-To
1. Choose a scale high/low energy.
2. Choose a field theory for low energy
physics (renormalizable).
3. Add some effective operators.
(M,v,f) scales of effective theory

4. Infer the value of ¢, :
- from measurements
- knowing of the underlying theory.
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Effective Field Theory

o Why? ===) Include high energy physics contribution without the
explicit knowing of that high energy theory.

O How? ===) Global theory at low energy ~ Low energy lagrangian
+ Effective Operators

EFT How-To
1. Choose a scale high/low energy. ;
2. Choose a field theory for low energy f4 Ck O @
: : Mk v
physics (renormalizable).

3. Add some effective operators.
(M,v,f) scales of effective theory
4. |Infer the value of C, - Compatible with symmetries of the

- from measurements low-energy theory
- knowing of the underlying theory.
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Supersymmetric EFT

» Rescuing the MSSM : New physics at the TeV scale

= Done in many Beyond the MSSM models
NMSSM, phenomenological MSSM, etc..

» Model independant approach

Gauge
* |nclude all effective operators allowed by the symmetries | Susyg ‘
= Equivalent to taking a specific BMSSM model

See later

& integrating out heavy particles
= |nfer the consequences of high energy physics

e Which corrections to expect
* Each effective operator acts on several observables — Correlations
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S e S

g Ck ¢ rd
P 3 O (?) e M@ O () M ~ 10 Tev

Recap : The MSSM has only dimension up to 4 operators.

» Susy/Gauge Invariance Superfield formulation
= Focus on the Higgs sector (possible extension to other sectors)

> EffECtlve Operators See Antoniadis et al. arxiv/0910.1100
L= / 20?0 K + / d20W + / > W
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MSSM with effective operators Guillaume Drieu La Rochelle

Choosing our Effective Operators

e

u 4 Ck (,)
OL | =
f Mk (U)

Recap : The MSSM has only dimension up to 4 operators.

= Susy/Gauge Invariance
= Focus on the Higgs sector

» Effective Operators
L= / POd*0 K + / d“0W + / d*oW

Kahler Potential

e M O4,(¢)

M ~ 10 Tev

Superfield formulation

(possible extension to other sectors)

See Antoniadis et al. arxiv/0910.1100

Superpotential

Standard

Effectif

Effectif

Standard
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Choosing our Effective Operators

e e

g Ck ¢ rd
P 3 O (?) e M@ O () M ~ 10 Tev

Recap : The MSSM has only dimension up to 4 operators.

» Susy/Gauge Invariance Superfield formulation
= Focus on the Higgs sector (possible extension to other sectors)

> EffECtlve Operators See Antoniadis et al. arxiv/0910.1100
L= / 20?0 K + / d20W + / > W

Kahler Potential Superpotential
Standard H.J;If':f”-l Hy + H_‘x Hy Standard wHy.Hy + Yukawa
Effectif (] ) Effectt 2L (H1.Ha)®  + .. ¢
a9 ) I_ 2aV 9 \0“6 [ . e(\S\O(\
+ Uh: (Hye®"2Hy)" 0-\«\.6.(.‘5 ow®
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Choosing our Effective Operators

e e

g Ck ¢ rd
P 3 O (?) e M@ O () M ~ 10 Tev

Recap : The MSSM has only dimension up to 4 operators.

» Susy/Gauge Invariance Superfield formulation
= Focus on the Higgs sector (possible extension to other sectors)

> EffECtlve Operators See Antoniadis et al. arxiv/0910.1100
L= / 20?0 K + / d20W + / > W

Kahler Potential Superpotential
Standard H.J;If':f”-l Hy + H_‘x Hy Standard wHy.Hy + Yukawa
Effectif N (gie2eVip)? Effectif X (H,.H2)2  +
M= I
Ve 2) +
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Base of Effective Operators

Dimension 5 Dimension 6

\[2 (HT MIH)

(HT 2JV1H )(HT )JVzHQ)

Hy.H>)
J[(l 2)

J[ 2

Mz (Hy.H>)(H.HY)

" (HTe?"V"H,)(H, . Hs) + h.c.

J[ 2
ag

M?

(H1e?9V2 Ho)(Hy.Ho) + h.c.
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Base of Effective Operators

Dimension 5 Dimension 6
. | \[2 (Vg )2 'A'E;t}éé;i{;)'”i{gelsr}a&d'i

(HTGJJTV 'H, )(HTGJ)QVz Hs)

J[ 2

! . |
. Strong actionon
: masses :

___________________

(H1. H;)(HT HT) i Higgs/Neutralinos

masses

___________________

JF
" (HTe?"V"H,)(H, . Hs) + h.c.

J[ 2

ag

2 (H1e29V2 Hy)(Hy . Hy) + h.c.
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Base of Effective Operators

Dimension 5 Dimension 6
‘N 18[2 (HT 29V 1,)? Acﬂogomiﬁgdard
ar (i)

(HT 2JV1H1)(HT )JVzHQ)

J[)
' Strong action on | 2 ~ (Hy.H»)(HI.HDY) ! Higgs/iNeutralinos |
masses : M i masses :

___________________

" (HTe?"V"H,)(H, . Hs) + h.c.

___________________

J[ 2
ag

M?

High versus Low

ts

(H1e?9V2 Ho)(Hy.Ho) + h.c.




RPP_Lyon-25/01/10 MSSM with effective operators Guillaume Drieu La Rochelle

Susy Breaking Terms

= o

= SUSY Wvariance Spurion formulation



RPP_Lyon-25/01/10 MSSM with effective operators Guillaume Drieu La Rochelle

Susy Breaking Terms
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» Spurions
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Susy Breaking Terms

= SUSY Wvariance Spurion formulation

» Spurions

2 | = 72 272 . :
m | A = a0+ apymobd” +aimoet + ajompld<o mo ~ 1 TeV

- - )
m (1 = (10 + Cromol

Example /(529(1 + Bmgb?) uH,.Ho — /(-32@,_;.1{1.1{2 + Bpmohy.ho
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Susy Breaking Terms

= SUSY Wvariance Spurion formulation

» Spurions

2 | = 72 272 . :
m | A = a0+ apymobd” +aimoet + ajompld<o mo ~ 1 TeV

- - )
m (1 = (10 + Cromol

Example /(529(1 + Bmgb?) uH,.Ho — /(-32@,_;.1{1.1{2 + Bpmohy.ho

/S o l
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Theoretical Expectations

» Scalar Higgs potential
= DandFterms
H, = H, + V20H, + 6*Fp,
» Scalar Higgs — Gauge bosons
interactions

= £ =(DH,)'DH,

» Standard fermions masses and
couplings

A\

Higgsinos masses

A\

Higgsinos gauginos mixing
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Theoretical Expectations

Standard MISSM Effective Operators
» Scalar Higgs potential
= DandFterms oW OW ow [ 92K \ " ow
H, = H, + V20H, + 6*Fp, OH, OH, - 9H, ( OH;0H ) OH,

» Scalar Higgs — Gauge bosons
interactions

= .= (DH,)"DH,

» Standard fermions masses and
couplings

» Higgsinos masses
» Higgsinos gauginos mixing
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Theoretical Expectations

Standard MSSM Effective Operators
» Scalar Higgs potential
* DandFterms ~OW oW oW ( K ‘)_J oW
H, = H, + V20H, + 6*Fp, OH, OH, OH; \OH,;0H; OH,
iggs — | _
> §ca|ar H.|ggs Gauge bosons ~9,00"% + i0,pgu" . —
interactions 2 IR !
» Standard fermions masses and
couplings
» Higgsinos masses
» Higgsinos gauginos mixing
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Theoretical Expectations

Scalar Higgs potential
= DandFterms
H, = H, + V20H, + 6°Fpg,
Scalar Higgs — Gauge bosons
interactions
= L= (DH,)'DH,

Standard fermions masses and
couplings

Higgsinos masses

Higgsinos gauginos mixing

Standard MSSM

OW OW
Uﬁl {’)H[

i _ _
= ‘(’.’)lf 00" @ + 10,0g90" @

— 5
+ h.c. + of gu)=o

' An automatic code :
e lanHEP
* Mathematica
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® |n the effective expansion : parameter %
= Inthe loop expansion

The two effects add up at order 1 Mp = Mpo + O1-loopMh + OeftMp

——— Consider only the

expansion
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Expected Consequences

" » Theory «—> Data

= Renormalisation/Reparametrisation
® |n the effective expansion : parameter L

= Inthe loop expansion
The two effects add up at order 1

——— Consider only the

> Effects
= Standard coupling Z?f changes

1V

9z. 1. — 97 .(SM) + gz 1,

M

expansion

Input Set {J‘[Z My . f\[ﬂ_qo , €, t.fi'_f}

Mp = Mpo + O1doopMn + Oeff M
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Expected Consequences
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= Renormalisation/Reparametrisation  InputSet {Mz, My, Ma,.e.tz}
® |n the effective expansion : parameter L

= Inthe loop expansion .
The two effects add up at order 1 Mp = Mpo + O1-loopMh + OeftMp
== Consider only the — expansion
> Effects 4

= Standard coupling Z?f changes

9z. 1. — 97 .(SM) + gz 1,

= Higgs & Neutralinos masses
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Correlations h.H
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Expected Consequences

" » Theory «—> Data

= Renormalisation/Reparametrisation  Input Set { Mz, My, Ma,.e,tz}

® |n the effective expansion : parameter L

M
®" |n the loop expansion
The two effects add up at order 1
== Consider only the expansion

1V

> Effects
= Standard coupling Z?f changes

9z. 1. — 97 .(SM) + gz 1,

= Higgs & Neutralinos masses

. Y
Correlations h.H

Oetr
Mo
Sum rules modified

The effect of each operator propagates
to all the Higgs sector !

Mp = Mpo + O1doopMn + Oeff M
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Expected Consequences

" » Theory «—> Data

= Renormalisation/Reparametrisation  Input Set { Mz, My, Ma,.e,tz}

® |n the effective expansion : parameter L

= Inthe loop expansion .
The two effects add up at order 1 Mp = Mpo + O1-loopMh + OeftMp
= Consider only the — expansion
> Effects 4
= Standard coupling Z f f changes pmmmmmmmmm e .
9z.L — 9z, L(SM) + 99z, 1

= Higgs & Neutralinos masses

. Y
Correlations h.H

Oetr
Mo
Sum rules modified

The effect of each operator propagates
to all the Higgs sector !

I
I
i
I
v
Q)
o)
=
n
~+
=S
<
>
(ol
(%)

_______________
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Expected Consequences

= Renormalisation/Reparametrisation  InputSet {Mz, My, Ma,.e.tz}
® |n the effective expansion : parameter L

Sum rules modified
The effect of each operator propagates \
to all the Higgs sector !

= Inthe loop expansion .
The two effects add up at order 1 Mp = Mpo + O1-loopMh + OeftMp
== Consider only the — expansion
> Effects 4

= Standard coupling Z f f changes P RREEEES .

97. — 97, 1(SM) +dgz., = = = = = | Constraints _

i LEP, :
= Higgs & Neutralinos masses — '
Correlations "h.H . \
Oett - i Predictions
Mo T = => | Dark matter searches

Collider experiments

-

-
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Constraints Coming from standard
measurements

» Coupling between Z and standard fermions

gZTf L/R - (]‘ + HL/RJ) ngf L/R(SNI)

2 M3,
e2(1+t%)? M?

. 2 4
Rileft = —(G-m — l5as30 + !',#12())

2(4cgy — 1) M2,
e?(1+ 203y ) (1 +13)* M?

. _ 2 4
Kright = (@10 — t5a30 + t5a20)

» Forward Backward asymmetries

Observable | Order0 a10 20 30 Exp. Value

Arp(p) 0.0181 | 0.000033 0.00052 —0.00013 | 0.0169 £+ 0.0013
Arp(b) 0.1053 | 0.0001 0.0017  —0.0004 | 0.0995 £ 0.0017
Arpp(c) 0.0753 | 0.00008  0.0012  —0.0003 | 0.0713 £+ 0.0036
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Constraints Coming from standard
measurements

» Coupling between Z and standard fermions

gZTf L/R - (]‘ + HL/RJ) ngf L/R(SNI)

2 M3,
e2(1+t3)? M?

. 2 4
Rileft = —(G-m — l5as30 + !',#12())

2(4cgy — 1) M2,
e?(1+ 203y ) (1 +13)* M?

. _ 2 4
Kright = (@10 — t5a30 + t5a20)

» Forward Backward asymmetries

Observable | Order0 a10 20 30 Exp. Value

Arp(p) 0.0181 | 0.000033 0.00052 —0.00013 | 0.0169 £+ 0.0013
Arp(b) 0.1053 | 0.0001 0.0017  —0.0004 | 0.0995 £ 0.0017
Arpp(c) 0.0753 | 0.00008  0.0012  —0.0003 | 0.0713 £+ 0.0036

» Constraints quite loose a;0 ~ 1
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Higgs/Neutralinos Masses

» Operators appearing :

Neutralino mass 61, G10 A few GeV
Light Higgs mass C10, C11, @22, G61, (62 10-20 GeV
40

Oeft 1M p
30 -
20 W Effect on the light o)
Higgs mass (%)
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a22 (C1o0 ae1 (1 ago others
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Higgs/Neutralinos Masses

» Operators appearing :

Neutralino mass a1, C10 A few GeV

Light Higgs mass G0, G115 (22, G61, U62 10-20 GeV
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Higgs/Neutralinos Masses

» Operators appearing :

Neutralino mass a1, C10 A few GeV

Light Higgs mass 10-20 GeV

G105 Q11. @G22, 4g1, A62

Correction to the light Higgs mass (from Antoniadis et al.)

s ‘-3 _l
o2 9.2 9 2 9 9 [.--’\lll,”ll.:' t
Omy = —20v° [agemp + (g + ago)pg + 2a6y o o — gy | — —————5—

) 2
m< — ms
A Z

(i 1 9 : . 5 9
g g 5 5 (—l”."l([.2r|-_:|-;-—u;”-_—rr“—'-._?n,qJFH“;r“--[_zrl_"“—'—u;',“_l;}i'.—v—rr;;-_: "“I-rJ
tan > I[H.r"1 — }u‘?/] *

- (20060 — 3ax7g) m:‘)‘ mi — (2cvgp + vpg) m-}) -

+ O(1/tan” 3)

-\'(”fl_] + m-}_-} (20 o Cio C11) v°

2 2.2
(:.r.l_‘_ —mz)=
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Higgs/Neutralinos Masses

» Operators appearing :

Neutralino mass 61, G10 A few GeV
Light Higgs mass C10, C11, @22, G61, (62 10-20 GeV
40

30 -
20 - M Effect on the light
Higgs mass (%)
10 I
O _ I I . - -

a22 (C1o0 ae1 (1 ago others




MSSM with effective operators Guillaume Drieu La Rochelle

Higgs/Neutralinos Correlations

» Sensitive Operators :

Most sensitive are : (10 agy




MSSM with effective operators Guillaume Drieu La Rochelle

Higgs/Neutralinos Correlations

» Sensitive Operators :

Most sensitive are : (10 agy

Higgs and neutralinos
correlation for (10 ag1

Lightest neutralino mass (GeV)

L L L 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1
4%0 82 84 86 88 90 92

1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1
94 96 98 100

Light Higgs mass (GeV)
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Higgs/Neutralinos Correlations

» Sensitive Operators :

Most sensitive are : (10 agy

Higgs and neutralinos
correlation for (10 ag1

“Uo"82 84 86 88 90 82 94 96 98 100
Light Higgs mass (GeV)
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» Similar results :
= Mass sum rules get modified
= Corrections depend on the physical input
= Corrections to different observables are correlated
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Analogy with radiatives corrections

» Similar results :
= Mass sum rules get modified
= Corrections depend on the physical input
= Corrections to different observables are correlated

» Can we include one in the other?
= Use effective couplings to account for loops
= Check whether a loop induces the same correlations than an effective operator

= Fasten one-loop calculations
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Outlook

» Higgs phenomenology

» Effects on Dark Matter and colliders
experiments

» Join effective operators with one loop
calculations

» Infer what kind of physics leads to what
kind of operators
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