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HEP (eg: at LHC) Cosmology and CMB (eg: Planck satellite, ...)

The paradigm: Slow-roll inflation

MSSM-inflation, a supersymmetric extension of the particle physics Standard Model
Initial conditions in the MSSM-inflation phase-space

Results on the parameter space



dv

Slow-roll inflation Yo = 35

cf Julien Grain talk)

(cf David Andriot talk)

- One simple mechanism for inflation: a
single scalar field slow-rolling on a
quasi-flat potential V.

Slow-roll: 'V > qBQ => Quasi de-Sitter
which can generate enough e-folds (> ~50)

Takes place if the trajectories in the phase
space (¢, ¢) slow down enough around the
potential region where
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dv

Slow-roll inflation Yo = 35

- One simple mechanism for inflation: a
single scalar field slow-rolling on a
quasi-flat potential V.

- Allows one to explain the density
fluctuations origin and to predict their
primordial power spectra, scalar #cand
tensor &}, around a scale k*

Slow-roll: 'V > qSQ => Quasi de-Sitter
which can generate enough e-folds (> ~50)

Takes place if the trajectories in the phase
space (¢, ¢) slow down enough around the
potential region where
SRLO Mlzl (Vqﬁ \,2
2 \v
e = & (V) Vo) Vog(dh),..)

€1 << 1

Recipe: © Potential parameters --> power spectra parameters

¢ — V(qb,ﬁ) = ¢, = {&;*}
o

== {ASJ Mg, Ngruns T» N1y N1 runs Ne—folds }

o Power spectra parameters --> potential parameters

Ref: Many papers. For instance J. Martin, C. Ringeval, and V. Vennin, Phys. Dark Univ. 5-6, 75 (2014), 1303.3787 + aspic




Tensor-to-scalar ratio (79.0p2)
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e In this work:
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Primordial tilt (ns)

Planck collaboration X, Astron. Astrophys. 641, A10 (2020).

1.00

Measurement | Value and error
In1019A¢ + o(In1010A¢)| 3.047+0.014
Tis + o (ng) 0.9665 + 0.0038

Planck Collaboration VI, Astron.
Astrophys. 641, A6 (2020).

The shape of these potentials are theoretically well-motivated but still quite effective
Few of them come with a complete study of their embedding within a model of particle physics

In the following, a [EES L V AR BT i Erdle]y)
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MSSM-inflation

e MSSM = SUperSYmmetric extension of the HEP SM.
o Naturally provides a WIMP that can explain the measured Qeamh® .
o  Only a small fraction of its parameter space is excluded by LHC data.

350

e Inflaton = scalar field, evolves with the Klein-Gordon
equation in the MSSM scalar potential along its
valleys (“flat directions”).

250

200

e We focus on two of its flat-directions combinations of

scalar fields:
e HLLeII
o llud ” %
0 5
Studied previously in (not exhaustive): P e . X
K. Enqvist and A. Mazumdar, Physics Reports 380, 99 (2003), ISSN o
R. Allahverdi, K. Enqvist, J. Garcia-Bellido, and A. Mazumdar, Phys. Rev. Lett. 97, (2006) © 2

C. Boehm, J. Da Silva, A. Mazumdar, and E. Pukartas, Phys. Rev. D 87, 023529 (2013) (cf David Andriot taleli)



MSSM-inflation potential

6 10
The potential for LLe and udd: Vi ..(¢) = ¢<P ‘/_Aé 6¢3 Az i 6
6 Mp, MPl

where ¢ is the real field value associated to the inflaton, Mg its mass. 111 and Ag are
linked to the underlying supersymmetric parameters.



MSSM-inflation potential
Aet® 261
6M3 O ME

where ¢ is the real field value associated to the inflaton, Mg its mass. 111 and Ag are
linked to the underlying supersymmetric parameters.

The potential for LLe and udd: V. ,..(¢) =

¢<P - V24,

Narrow slow-roll region (|¢ — ¢o| ~
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MSSM-inflation potential
Aet® 261
6M3 O ME

where ¢ is the real field value associated to the inflaton, Mg its mass. 111 and Ag are
linked to the underlying supersymmetric parameters.

The potential for LLe and udd: V. ,..(¢) =

4)4) - V24,

Narrow slow-roll region (|¢ — ¢o| ~
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Robustness of slow-roll attractor

e Very narrow slow-roll region implies for various trajectories:

le—11

131:6

19.5

5.7

4.9

—=4.6
Ne—folds

0.96 098  1.00

e Only few trajectories are attracted into the slow-roll regime

- SUAT RN (O BT o YN G T I M R RTINS [N ... not usual for a single field slow-roll 0




Radiative corrections impact on the potential

2_ 2
m VrGe Whose parameters depend on ¢. m¢—m¢(¢)
e Radiative corrections Ag =Ae(P)
o fully computable with the Renormalization Group Equations Ae= Ag(P)

o functions of the gaugino masses and the gauge couplings at GUT.
o vary whether the inflaton is along udd or LLe



Radiative corrections impact on the potential

22
m VrGe Whose parameters depend on . m¢—m¢(¢)
e Radiative corrections Ag =Ag(P):
o fully computable with the Renormalization Group Equations Ae= Ag(P)

(@) (GeV*)
o
(@)}

= 0.4

0.2
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o functions of the gaugino masses and the gauge couplings at GUT.

o vary whether the inflaton is along udd or LLe
1e38 105
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107!
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Radiative corrections impact on the potential
m VrGe Whose parameters depend on ¢.

e Radiative corrections

o fully computable with the Renormalization Group Equations

2
ms=m
¢

o functions of the gaugino masses and the gauge couplings at GUT.
o vary whether the inflaton is along udd or LLe
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Radiative corrections impact on the potential

22
m VrGe Whose parameters depend on . m¢—m¢(¢)
e Radiative corrections Ag =Ag(P):
o fully computable with the Renormalization Group Equations Ae= Ag(P)

o functions of the gaugino masses and the gauge couplings at GUT.
o vary whether the inflaton is along udd or LLe
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Radiative corrections impact on the parameters

3 potential parameters - 2 CMB constraints = 1 d.o.f. Choice: Sample on (g or on A6.
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How do these contours change beyond tree-level?
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Radiative corrections impact on the parameters

-

8 10 difference tree vs rge
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Not taking properly into account the RGE corrections induces a systematic bias:
of order 100-1000 GeV depending on the inflation scale!

O

O

well above the ns/As statistical error!

Crucial RGE impact! B



[*] S. Henrot-Versillé, et al. Phys. Rev. D 89, 055017 (2014)

Toward a global fit

We have identified some points [*] for various dark matter annihilation processes satisfying:

HEP Constraints: Cosmo constraints:
- Higgs mass (and BR) = Qumh?
- LHC SUSY searches D As, ns

not exhaustive




[*] S. Henrot-Versillé, et al. Phys. Rev. D 89, 055017 (2014)

HEP Constraints:
- Higgs mass (and BR)
- LHC SUSY searches
not exhaustive
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Toward a global fit

Cosmo constraints:
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Next step: full exploration of the parameter space!

m [GeV]

We have identified some points [*] for various dark matter annihilation processes satisfying:
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Cosmology restricts the
MSSM parameter space




Conclusions & Outlooks

We have revisited the MSSM-inflation, a rigorous and computable
framework which builds a bridge between two worlds, HEP and inflation,
thanks to a slow-roll flat-inflection potential.

We have shown that the RGE corrections cannot be neglected and should
be accounted for precisely. This will be even more true in the coming
years (with the expected improvement of ns & nsrun, and with the new
LHC runs)

Future:
e More systematic exploration of the parameter space
® Inclusion of the reheating duration computation
e Beyond MSSM : NMSSM, Multi-field inflation...
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Robustness of slow-roll attractor

Very narrow slow-roll region implies for various trajectories:
le—10

Inflation

21



Robustness of slow-roll attractor

e Very narrow slow-roll region implies for various trajectories:

. slow-roll

le—10 le—11
54
NQ
S 0
S
Inflation
-5
-1 0 1 0.96 0.98
d/do /9o

® The trajectories attracted into the slow-roll regime are rare

BNot a very good attractor! ... not usual for a single field slow-roll
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Ne—folds
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RGE impact on the fine-tuning relation

Voo (Po) =0

e The potential at inflection point ¢ has to be very close to flat. {
V(o) =v=0

e At tree level: )

0< 1- 6 5 <1.
20m¢ 10-2 == tree

107>
1078
<ls 101

|
— 10714
10—17
10-%
10_213014 1015 1016

¢o (GeV)




RGE impact on the fine-tuning relation

The potential at inflection point ¢ has to be very close to flat.

At tree level:

2
0< 1- 6 «1.
20ﬂﬂpz

RGE: Does it mean the fine tuning is relaxed?
xle
sl=
3

|

—

10~2] S

107>

108
10-111
10-14
10-17
10-20/
10-23

Voo (Po) =0
V(o) =v=0

1014 1016 o4



RGE impact on the fine-tuning relation

The potential at inflection point ¢ has to be very close to flat.

At tree level: )
0< 1- 6 «1.
20m¢2

RGE: Does it mean the fine tuning is relaxed?
We showed that #2(a) SlE
[ o< 1-5, 5~ <1 %I

20m¢((,150) |

—

No! Actually, same fine-tuning

V¢¢(¢0) =0
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10-2| === tree
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RGE impact on the parameter space

® Two types of error, either versus ¢, or Ag(GUT) .

Error on my(¢o) (GeV)

o 2. BP; 1 _ -
o Astatistical error on ns/As: ¢, ilp]l = 3 PR (g = Tig + 0) — P F (mg = To5 — 07y )|
. BP;
o Impact of corrections A [p] = pRt(ng =Tig) — pe(ng = Tig)
105 - Aﬁgl """ Ug:,’llle .
— Aggb """ ogjludd % 103
N Aﬁgz ______ 8P, 9
104 i —a——— =
- i
o 10
103; s |~ e
£ | =i «
: S0 —wp T Y
10 5 N5 o
o 10-3] — M e |
101, - D Oue
1g™ 10t 1016 10* 10° 10° 107
¢o (GeV) Ag(GUT) (GeV)
26

e The systematic error is not negligible!



Cosmology beyond As and ns
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® ns_run: potential constraining power in a near future 1o ooe — logima(CeV)
Ns
for phi0 = 1e15 (<= mphi at Ihc), ns_run = 4.4e-3 — =M,
e ntand nt_run: beyond experimental reach ~0.021 o f_//
e No induced gravitational waves oo

® No non gaussianities 0.95 0.96 0.97 008 27
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Robust forecasts on fundamental
physics from the
foreground-obscured,
gravitationally-lensed CMB
polarization

~

Josquin Errard, *"““ Stephen M. Feeney,"“ Hiranya V. Peiris,’
and Andrew H. Jaffe!

770v4 [astro-ph.CO] 6 Apr

We show that in the case of CMB, synchrotron

and dust, and after delensing and marginalization over foreground residuals, the best pre-
2020 instruments in combination with Planck can reach o(r) ~ 3 x 10-3, o(nt) ~ 0.2,

o(ns) ~ 2.2 x 10-3, o(as) ~ 3 x 10-3, 6(Mv) ~ 55 meV, o(w) ~ 0.16, o(wo) ~ 0.36,

o(wa) ~ 0.71, o(Neff) ~ 0.05 — 0.06 and o(Q«) ~ 2.5 x 10-3 when delensing using

the CMBxCIB method. Post-2020 instruments, in particular the combination of the
ground-based Stage-IV and a space mission, could reach constraints o(r) ~ 1.3 x 10-4,

o(nt) ~ 0.03, o(ns) ~ 1.8 x 10-3, o(as) ~ 1.7 x 10-3, o(Mv) ~ 31 meV, o(w) ~ 0.09,
a(wo) ~ 0.25, o(wa) ~ 0.50, o(Neff ) ~ 0.024 and o(Qk) ~ 1.5 x 10-3
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Slow-roll inflation

Previous inflation talk(s):

“- Inflation: solution the

Slow-roll:
Vo> ¢

- On its simplest versions, only needs to introduce a single .. .
P ! y g Deviation from de-Sitter:

scalar field slow-rolling on a quasi-flat potential V. M2 (V)2
SRLO Pl
2 \v

<< 1
& = gi(V(¢)rV¢<¢)r-")}

_ ; ; SRLO
] On top of that, alcljows onde to e;xplaln the ((:Ijen|5|ty Pk ~k,) = Pr(Vo,{ei})

uctuations origin and to predict their primordial power SRLO
95h(k = k*) = @h(VM {81*})

spectra, scalar %; and tensor %;,, around the CMB scale
k*” (P* — (P*(V) k*)



Potential <-> Power spectra

e Ingredients:
o The potential ¢ — V(¢,p)
o Two necessary conditions so slow-roll takes place
m & <1
m Trajectories reach and stay in the SR region A

e Recipe:
o Potential parameters --> power spectra parameters

(P —2 V((P,P)a — (P* — {Ei*} — {ASI Mg, Ngruns T» N1y N1 runs Ne—folds

. S

J. Martin, C. Ringeval, and V. Vennin, Phys. Dark Univ. 5-6, 75 (2014), 1303.3787

}
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MSSM-inflation potential

The potential for LLe and udd reduces to

e 6
Pl Pl

6 10
V9) = 33007 ~V2A) 2 a2

where ¢ is the real field value associated to the inflaton, Mg its mass, Ag its trilinear

coupling and anott A ¢ coupling of order 1. They are linked to the MSSM

spectrum.
Approximation usually done m(zp((j)) = m<2p
o Tree-level approximation Vi ee => Ag(d)=Ag
Ae(P)= Ag

NEW RGE potential: Vrge whose parameters depend on ¢, on the gaugino masses
and gauge couplings (well defined through the Renormalization Group Equations

(RGE)). Varies whether the inflaton is along udd or LLe. _ BPTresp BP2:
given gaugino masses

& aauae coliblinas

31



Come-back to our hypothesis

® Remember slide 3...
o Two necessary conditions so slow-roll takes place
m &<l
m Trajectories get to and stay in the SR region A\

1e38
1. 0 - Vtree(ptree)
""""" Vilebp1(Piiebp1) 10134
_ 08 “““ Vllebpl(ptree) 1010 A— Vtree(ptree)
éo " = 1.7 | o Viiebp1(Priebp1)
= :).:u 104 = Viiebp1(Ptree)
S0.4 10 slow-roll
102
0.2 |
0.0 0.5
%80 05 10 4, 15
¢ (GeV) lel5s

e |nitial condition o should be ok but what about e?

® Is the slow-roll region to thin Deltaphi/phi ~ phi0~"2/Mp~2 to act like an attractor? 32



Constrained MSSM parameters space

Dark matter:
neutralino )Z(l)

1/112
= 4000y .0.022
> 1 0.02
O, 3500}
w ! —0.018
= 3000} —0.016
2500" —0.014
i —0.012
2000¢
i —0.01
1500¢ —0.008
1000f 0.006
X 0.004
HEP Constraints: 500¢ 0.002
- Higgsmass(andBR) b i), I e 0
- LHCSUSY searches O 1000 2000 3000 4000
- XenoniT Cosmo constraints: M, [GeV]
- (g-2)_mu - glcdmh2

. 33
... hot exhaustive



Constrained MSSM parameters space

Dark matter:
neutralino )Z(l)

2
Higgs funnel HEP udd — 4000 1/ 0.022
Spectrum inflaton 0.02

0 b ¢o  l4110%°
1>--—-f-'--<_ 8§ 2422 | mglpo) 13933 9 35
b

X1 A 60.0 | AslPo) 44204 2‘\‘ 0.018

A6(b0)  0.0159 3000 0.016
SGtiSfies Qcdmh? Xenon1T My, LHC, ... Ag, Mg, Ngruns T -
2500 0.014
A funnel HEP lle 0.012
Spectrum inflaton 2000 0.01

i‘l’>A <b ¢o 96410 :
) e _ g 1464 mgp(Ppo) 6590 : 4 T
Xy bl %0 359 | Asldo) 20857 : AN - S 2 A R

As(Ppo)  0.0347

100
satisfies | Qcamh? Xenon1T mp As, Mg, N run, T = N . ~
excluded LHC (gluinos) 500 s . g i
0.002
. . 0 1 1 1 1 ] 1 | || 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 I 1 I 1 1 1 1 1 1 1 1 1 0
Higgsino HEP  udd 0 1Q00 2000 3000 4000
Spectrum inflaton

vy .- bo 1.57 101° I

’fx H" v g 2444 | my(go) 16954 Stau-coanihilation M1 [GeV]

Xy -=-WH @) 1110 | As(bo) 53787 -0 "

As(bo)  0.0128 XN, T 34

satisfies| Qcamh® Xenon1T |y, LHC, ... Ag, ng, Ngrun, T 71 vy




Dark matter:
neutralino )Z(l)

Constrained MSSM parameters space

S. Henrot-Versillé, R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, S. Plaszczynski, B. Rouillé d’Orfeuil,

and M. Spinelli, Phys. Rev. D 89, 055017 (2014), 1309.6958

... hot exhaustive

1/112
A funnel — 4000f=——= = : 0.022
NP = |y
i‘,’>A <b O] 35003 ittef . i
0 — - oof| —0.018
! | 30001 ST —0.016
2500 x5 —10.014
o - —0.012
20004 i .
Higgs funnel 1500;1 s = 5" | —0.008
M h b 1080HH. . 0.006
i‘;> <5 HE o .- . 0.004
HEP Constraints: 5001 ’ 0.002
- Higgs mass (and BR) qif... ... L L Loy 0
- LHC SUSY searches 0 1000 2000 3000 4000
- XenonilT Cosmo constraints: M, [GeV]
- (g-2)_mu - ()cdmh2
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Dark matter:
neutralino )Z(l)

Constrained MSSM parameters space

S. Henrot-Versillé, R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, S. Plaszczynski, B. Rouillé d’Orfeuil,

and M. Spinelli, Phys. Rev. D 89, 055017 (2014), 1309.6958

[ ns, As

... hot exhaustive

1/112
A funnel — 4000f=——= = : 0.022
NP = |y
i‘,’>A <b O] 35003 ittef . i
ca T ey N ; «Sf1 —0.018
" ' = 3000 A [
2500 L2h| —0.014
o o —0.012
20001 2 i .
Higgs funnel 1500;1 s = 5" | —0.008
M h b 1080HH. . 0.006
i‘;> <5 HE o .- . . 0.004
HEP Constraints: 5001 ’ 0.002
- Higgs mass (and BR) qif... ... L L Loy 0
- LHC SUSY searches 0 1000 2000 3000 4000
- XenonilT Cosmo constraints: M, [GeV]
- (g-2)_mu B ()cdmh2
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Dark matter:
neutralino )Z(l)

Constrained MSSM parameters space

A funnel HEP lle
Spectrum inflaton
54 A b ) $o 9.64 1014
~">‘““"'<_ § 1464 me(do) 6590 |
X1 b )?tlj 359 Ag(pp) 20857
A6(po)  0.0347
satisfies | Qcamh? Xenon1T my A, W5, Wy
excluded LHC (gluinos)
Higgs funnel HEP udd
Spectrum inflaton
X0 5 b b0 1.41 1013
_“> ------- < g 2422 | mglbo) 13933
X1 bl & 600 | AslPo) 44204
Ae(do)  0.0159
satisfies| Qcamh? Xenon1T — |Mp, LHC, ... T R

This specific A-funnel configuration is excluded by LHC searches

=> constraints on inflation from HEP

1/072

500 ‘ ' ‘ o 0.002
0 1 L 1 1 1 [ 1 L | 1 1 L 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 L 1 1 1 0
0 1000 2000 3000 4000
M, [GeV]
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| SUSY Overview

hierarchy problem

t
h Q_ h
particles 5
4
LA AN

Fermiiab
i
resolt

I — ——
Standard More! Experiment
[ Average

(1) AR (PO BN U SN |

2 4 6_8 10 12 14 16 18 175 180 185 190 195 200 205 210 215

Log,q(QfceY) a,x10° - 1165900

* SUSY can explain disparate phenomena and SM theoretical shortcomings

Mar 14, 2022 BenjaminHooberman, \/oriond EW 3
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Global fit: first results

We have identified some points (motivated by [*]) compatible with m(Higgs), chmhz and (As,ns)

for various dark matter annihil

ation channels

[*] S. Henrot-Versillé, et al. Phys. Rev. D 89, 055017 (2014), 1309.6958

o 157 107 ‘GeV
mge(Po) 16954  Gev

X1 --W-

-+{
X1 X ~-w+t @
¢0  1.411005)C¢V
mey(Po) 13933  GeV

30000
//
25000 - v
,/
o 9.5810'%| GeV 20000 - s
6601.5 =
mg(Po) GeV | % o’
X1 A b = 15000 - '
------ < 4
4 o — Ve
EXCLUDED by 10000 '\ //
LHC searches ™
5000 I
=> LHC searches give | | _.-- d
constraints on inflation 0Ll amm""" | , | , |
. _ 025 050 075  1.00 150 175  2.00
:2 ¢o (GeV) lel5

=> First teps toward a full exploration of the parameter space including all constraints

=> (As,ns) restrict the
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Global fit: first results

We have identified some points (motivated by [*]) for various dark matter annihilation processes
[*] S. Henrot-Versillé, et al. Phys. Rev. D 89, 055017 (2014), 1309.6958
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Important assumption

Slow-roll has to occur in a first place!

It is usually the case when there is a wide region of the potential where ¢; <1, independently
on the initial conditions (¢, ¢») because slow-roll acts as an attractor.
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Now, we have all the ingredients to predict the cosmological observables of any potential:
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Conversely, given an observation, we can deduce the allowed potentials as done
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Join the constraint from CMB to the other observables

Inflation observables Qeut
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Conclusions

- is finely-tuned flat (which propagates to the parameters)
- does not attract all the pre-inflation trajectories

needs to account for radiative RGE
corrections at the level of the
potential

N

is able to generate a CMB-like power spectrum

| MSSM-inflation

l

ns, As and HEP observables constrain jointly
the same region of the parameter space.

bridge between two worlds,

HEP and inflation

- nsimprovements => propagated
experimental errors will fall below the
systematic errors

- ns_run improvement => will begin to
constrain the inflation scale of the model

- rdetection would exclude the model

will be more constrained with next LHC runs

This work:
soon on arXiv

Future:

More systematic exploration of the parameter space
Inclusion of the reheating duration computation
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