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MOTIVATIONS

> The Relic Density of DM (assuming ACDM) is measured with an impressive
accuracy (=~ 2% precision)

Q,h* = 0.1199 + 0.0027

== Need for precise predictions from theory to compare with exp
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W
> If thermally produced (abundance obtained through solving the Boltzmann
equation) a precise computation of DM annihilation channels should assess
= higher order corrections
= theoretical uncertainty
=y
= bound state formation )
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MOTIVATIONS

v

The Relic Density of DM (assuming ACDM) is measured with an impressive
accuracy (=~ 2% precision)

Q,h? = 0.1199 + 0.0027

== Need for precise predictions from theory to compare with exp

> If thermally produced (abundance obtained through solving the Boltzmann
equation) a precise computation of DM annihilation channels should assess

= ‘ higher order corrections ‘

= theoretical uncertainty
=

= bound state formation

> Assuming the WIMP paradigm, models with extended Higgs sector plus some ad
hoc discrete symmetry can provide a good DM candidate

> Such models are interesting because they can be tested at the LHC

‘astrophysics/cosmology <~ coIIiders‘
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THE INERT HIGGS DOUBLET MODEL

= |n the IDM, the SM is extended by the addition of a second scalar, ®;,
transforming as a doublet under SU(2),. It is odd under a new discrete Z»
symmetry — does not get a vev

2
Lipy = Lsu + Y (D) D, i + Vipy (1, 92)
i=1
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2
Lipy = Lsu + Y (D) D, i + Vipy (1, 92)
i=1

A A
Viom(®1,®2) = i ®1]* + p3|0af + T[] + T [o*

A
23] 012|022 + Aa(Db1) (D] Do) + ?5(<I>Id>2) +he
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THE INERT HIGGS DOUBLET MODEL

= |n the IDM, the SM is extended by the addition of a second scalar, ®;,
transforming as a doublet under SU(2),. It is odd under a new discrete Z» }

symmetry — does not get a vev

A1 A2
Viom(®1, ®2) = M§|¢1|2+H§\¢’2|2+?|¢1|4+?|¢2|4

A
Aa[01PI0af? + Aa(@]01)(0]02) + | 22(0]02) + b

Gt H*
M=\ Lvrht6)) M= L (H i)
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THE INERT HIGGS DOUBLET MODEL

= |n the IDM, the SM is extended by the addition of a second scalar, ®;,
transforming as a doublet under SU(2),. It is odd under a new discrete Z»
symmetry — does not get a vev

A Ao
Viom(®1, P2) = M§|¢1|2+M§\¢2|2+7|¢1|4+7|¢2\4

A
23] 012|022 + Aa(Db1) (D] Do) + ?5(<|>{¢2) + h.c}

> No mixing between ®; and &,
> lightest Z»-odd particle stable — H/A DM candidate s T >
Mh = — + v
> All couplings of ®; to fermions and gauge bosons v
Type-1 2HDM v2
[ (Thperd 2HOM) Mae =B+ T
» Higgs automatically aligned 2
2
> As/a = (A3 +Aa + X5)/2 M2 =12+ L xg
> Only quartic couplings of inert scalars to gauge bosons. 22
== To compute observables at radiative corrections in the IDM, Mf‘ = N% + V—)\A -
we have to renormalise the model 2 D o

v

-
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COUNTING PARAMETERS

A1 A2
Viom(®1, P2) = M§|¢1|2+H§\¢2|2+?|¢‘1|4+?|¢2|4

A
23] 2022 + Aa(D) 1) (D] o) + [?5(q>{q>2) + h_c}

(11512521522, 23,24,5)
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COUNTING PARAMETERS

A1 A2
Viom(®1, P2) = M§|¢1|2+H§\¢2|2+?|¢‘1|4+?|¢2|4

A
23] 2022 + Aa(D) 1) (D] o) + [?5(q>{q>2) + h_c}

(11512521522, 23,24,5)

> Minimisation conditions: (u1,A1) — (T, Mp)
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COUNTING PARAMETERS

A1 A2
Viom(®1, P2) = M§|¢1|2+H§\¢2|2+?|¢‘1|4+?|¢2\4

A
23] 2022 + Aa(D) 1) (D] o) + [?5(q>1¢2) + h.c}

(11512521522, 23,24,5)

> Minimisation conditions: (u1,A1) — (T, Mp)

» Spectrum:

CHALONS Guillaume

M2, =2 s U
Hj:—N2+2 3
> _ 2,V A3, A4, A ME, My, M
MH7#2+?(>\3+>\4+>‘5) (A3, A4, A5) — (Mp7, My, M)

2
v
’V’f\=u§+7(>\3+>\4*>\5)
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COUNTING PARAMETERS

A1 A2
Viom(®1, P2) = M§|¢1|2+H§\¢2|2+?|¢‘1|4+?|¢2\4

A
23] 2022 + Aa(D) 1) (D] o) + [?5(q>}q>2) + h_c}

(11512521522, 23,24,5)

> Minimisation conditions: (u1,A1) — (T, Mp)
» Spectrum:

M2y =3
Hj:—u2+2 3

v2 +
M = 13 + o Qs+ +2s) (A3, A4, A5) — (M7, My, Ma)

2
v
’V’f\=u§+7(>\3+>\4*>\5)

> Finally

(11, B2, A1, A2, A3, Aay As) — (T, My, M, My, Ma, pi2(or Xs /a), A2)

LPC

(Greneb e
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RADIATIVE CORRECTIONS-RENORMALISATION

» Due to perturbative development in the coupling constant. I
: TREE LEVEL :
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RADIATIVE CORRECTIONS-RENORMALISATION

» Due to perturbative development in the coupling constant.

. SELF ENERGIES
TREE LEVEL VERTEX DIAGRAMS

-0

a
x In(Arr)

BOX DIAGRAMS
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RADIATIVE CORRECTIONS-RENORMALISATION

> Due to perturbative development in the coupling constant. l

SELF ENERGIES

TREE LEVEL

q—
fini + Crry

BOX DIAGRAMS

REGULARISATION

VERTEX DIAGRAMS

¢—0
x In(Arr)

Isolate infinite parts in loops
> UV: InAyy with cut-off, 1/eyy poles in DR.
> IR: In \jg with cut-off, 1/¢/z poles in DR.
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RADIATIVE CORRECTIONS-RENORMALISATION

» Due to perturbative development in the coupling constant.

SELF ENERGIES

TREE LEVEL VERTEX DIAGRAMS

>0

q
x In(Arr)

q—
fini + Crry

BOX DIAGRAMS

REAL EMISSION

COUNTER - TERMS

fini + Cyy

REGULARISATION

Isolate infinite parts in loops
> UV: InAyy with cut-off, 1/eyy poles in DR.
> IR: In A\jg with cut-off, 1/¢/z poles in DR.
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FULL RENORMALISATION OF THE IDM

== |DM is used as a template model to probe extended Higgs sectors at run Il

1= Reach the same accuracy for Higgs lineshapes as in the SM: Full NLO EW
corrections needed

= Full renormalisation needed for computing DIV annihilation channels at NLO

= Fermion — as in the SM

= Gauge — as in the SM
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FULL RENORMALISATION OF THE IDM

= |DM is used as a template model to probe extended Higgs sectors at run Il

1= Reach the same accuracy for Higgs lineshapes as in the SM: Full NLO EW
corrections needed

= Full renormalisation needed for computing DIV annihilation channels at NLO

= Fermion — as in the SM

= Gauge — as in the SM
= Higgs

L0 = L(N;, My, ¢i) + 6L(Ni, My, ¢i,0X;, My, 6Z;), i = h, H| J

> 9) — (85 + 55Z;)9;

> A = o+ X, S — o + Spa
> M2 — M?+5M?

> 7O - T +6T

> ﬂi”(/\/l?) =0— 6/\///2
> Re¥(M?) =0— 6Z;
> ReT =0— 6T
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FULL RENORMALISATION OF THE IDM

= |DM is used as a template model to probe extended Higgs sectors at run Il

== Reach the same accuracy for Higgs lineshapes as in the SM: Full NLO EW
corrections needed

1= Full renormalisation needed for computing DM annihilation channels at NLO

= Fermion — as in the SM

= Gauge — as in the SM

= Higgs — definition for = m =

(27 = L0 My, 60) + 6L, My, 61,031, 6M5,2,). i =it ] |

ReSi(M?) = 0— §M?

> ) — (65 + 16Z;)0;

, 5 > ReSi(M?) =0— §Z;
> X — Ao+ 0o, |y — po+ S .
> ReT =0—6T;

> MP? — M? 4 SM?

i

0
> TN = TH+T see also 1507.03630, 1605.08520...
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RENORMALISATION OF INERT SCALAR PARAMETERS

> Renormalisation of \p: very difficult to access this parameter experimentally, MS
definition
1
3272

$a = 625 = (ﬁ§2+,@§2) A, A=2/(4—D)—~g+Indr
with
B3, = 24X3 +2)3 + 223X + A + A2

5= g [3¢* + &% +26%2 — 3% (36> +£72)]
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RENORMALISATION OF INERT SCALAR PARAMETERS

> Renormalisation of \p: very difficult to access this parameter experimentally, MS
definition
1
3272

$a = 625 = (ﬁ§2+,6§2) A, A=2/(4—D)—~g+Indr

with
B3, = 24X3 +2)3 + 223X + A + A2

¢ = g [3¢* + &% +26%2 — 3% (36> +£72)]

» Renormalisation of jo: extracted from HHh form factor (see 1612.01973)
r?‘/Hh(P]ZJ p%v p) + r}‘/Hh(P%v ng P) + 5rHHh(p§7 p§7 P)

M2 — 2\ | M2 —6u2 & 1
o DH 2 Ho %% V| 57,4482y
v Mg — ps v 2

r;j/’-’lh(pfa p§7 p)

ST hrn(PE, P3, P)
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RENORMALISATION OF INERT SCALAR PARAMETERS

» Renormalisation of \»: very difficult to access this parameter experimentally, MS
definition
1

Sxp = SN = —

(%.08) 8, =340z s
with
B3, = 2433 + 203 + 22ahs + A3 + A2

5= g [3g4 +egt 2822 - 3% (3g2 + gl2)]

> Renormalisation of y: extracted from HHh form factor (see 1612.01973)

TP, P2, ) = Thn(pi, P35, P) + T hun(PT, P3, P) + ST Hrn(PE, P2, P)
MZ — 2\ [SMZ —6ud  sv 1
6Trrn(Pi, p3,p) = —2< Hv 2 M’; H22_7+§5Zh+5ZH
H — 2

rt (p2 p? p)v v 1
2 HHh\P15> P2> 2 2 2
opy = — [(2(,\42%—&-‘/—262;,—62/4 (M”—,U,Z) — My
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RENORMALISATION OF INERT SCALAR PARAMETERS

» Renormalisation of \»: very difficult to access this parameter experimentally, MS
definition
1

Sxp = SN = —

(%.08) 8, =340z s
with
B3, = 2433 + 203 + 22ahs + A3 + A2

5= g [3g4 +egt 2822 - 3% (3g2 + gl2)]

> Renormalisation of y: extracted from HHh form factor (see 1612.01973)

TP, P2, ) = Thn(pi, P35, P) + T hun(PT, P3, P) + ST Hrn(PE, P2, P)
MZ — 2\ [SMZ —6ud  sv 1
ST hrn(pPt p3,p) = —2 H T2 S’ 22 — — + =0Zy,+62Zy
v Mg — ps v 2
MS Mhs(P2,p3,p)v v 1 =
5 3MS = _ | 2P P PIY L OV s 57 ) (MR — 12) — sm? ==
15| 2(M2, — 122) i, H | (Mg — 1) H §

CHALONS Guillaume NLO CORRECTIONS TO THE RELIC DENSITY OF DM IN THE IDM 7/1



AUTOMATIC TOOL FOR ONE-LOOP CALCULATIONS:

LanHEP
MSSM Lagrangian
Counterterms
Renormalisation schemes

AN

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)

with application to colliders, astrophysics
and cosmology.

" not yet automatised

MicrOMEGAs
@ One-Loop

» Automatic derivation of the CT Feynman rules and computation of the CT's
Models renormalized: SM, MSSM, NMSSM, Wino DM, xSM (w/ & w/o vs),

v

» Modularity between different renormalisation schemes.
> Non-linear gauge fixing.
[S

Checks: results UV, IR finite and gauge independent.

http://code.sloops.free.fr/ J
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http://code.sloops.free.fr/

IDM ANNIHILATION CHANNELS FOR RELIC DENSITY

From S.Kraml SCALARS '15
see hep-ph/0612275, arXiv:1003.3125 [hep-ph] J
" W+ (Z)
.., Hy W+ (2) Hy, W*(2)
,,,,,,, A~ “ S
i H™(A) P annihilation into gauge bosons
Ho w-(2) H T - () Ho W= (2)
I I's ALg
1
AL = 5(*3 + A1+ As)
Ho» . h H h
N . o —
. {Hy annihilation into Higgs
H, Th HTTTTTTTL,
AL A AL
Direct DM detection
H, f ) v Hy a H H
o... HD\_V Z(W+) f e S R
h ~v~< <> %z \
Hy f Ao(H*) - f :
q q q q
ALys I ALys ¢
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DM BENCHMARKS IN THE IDM

> Many studies on the allowed parameter space (from LEP, EWPO, LHC,
THEORY, COSMO/ASTRO) of the IDM: 1303.3010, 1310.0358,
1508.01671,1503.07367, 1612.00511...

» DM phenomenology for H or A as the candidate is very similar (As — —Xs)

> If IDM , two regimes survive:

> My ~ Mp/2

» HH — WW3x, bb for RD

> 2 — 3 at 1L level for RD

> DD requires low Ag/4 or o >~ My
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DM BENCHMARKS IN THE IDM

> Many studies on the allowed parameter space (from LEP, EWPO, LHC,
THEORY, COSMO/ASTRO) of the IDM: 1303.3010, 1310.0358,
1508.01671,1503.07367, 1612.00511...

» DM phenomenology for H or A as the candidate is very similar (As — —Xs)

> If IDM , two regimes survive:

v

>
- My = My /2 My > 500 GeV

» HH — WW3x, bb for RD
> 2 — 3 at 1L level for RD
> DD requires low Ag/4 or o >~ My

v

EWPO imply My ~ My ~ M+

Coannihilation
HYH=,AA, HEH, HEA — vV’

low As/a or o >~ My to reduce ov

v

v

m; | My 13 ’ 2 o M AL ’ 22
— _r 1— f ==L f
THN = T M2 2 M2 N Mgz | T
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DM BENCHMARKS IN THE IDM

> Many studies on the allowed parameter space (from LEP, EWPO, LHC,
THEORY, COSMO/ASTRO) of the IDM: 1303.3010, 1310.0358,
1508.01671,1503.07367, 1612.00511...

» DM phenomenology for H or A as the candidate is very similar (As — —Xs)

> If IDM , two regimes survive:

v

>
- My = My /2 My > 500 GeV

» HH — WW3x, bb for RD
> 2 — 3 at 1L level for RD
> DD requires low Ag/4 or o >~ My

v

EWPO imply My ~ My ~ M+

Coannihilation
HYH=,AA, HEH, HEA — vV’

low As/a or o >~ My to reduce ov

v

v

m; | My 13 ’ 2 o M AL ’ 22
— _r 1— f ==L f
THN = T M2 2 M2 N Mgz | T

(Greneb e

Side note: This precludes also large loop corrections to the hhh km
coupling, no non-decouping regime in the IDM if viable DM model J g
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RESULTS FOR LARGE MASS REGIME

> Point satisfying tree level Q, h?> + Direct Detection with micrOMEGAS
> (My, Ma, My,+) = (550,551, 552) GeV
> o = 549.45 GeV, A\, = 0.01

Q. h* =0.118

CHANNELS CONTRIBUTING MORE THAN 7%

> HH — WTW~ :18%

> HH — ZZ : 14%

> HtH- — WtW~ :13%
> AA - WTW~ : 9%

> HEH — yW=* : 8%

> AA — ZZ : 7%

> HEA - AyWE : 7%

[B=So

(Greneb e
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> o = 549.45 GeV, A\, = 0.01

Q. h* =0.118

CHANNELS CONTRIBUTING MORE THAN 7%

> HH — WTW~ :18% «——

> HH — ZZ : 14% <—

> HFH= — WTW™ : 13% <—
> AA — WHW= :9% «——

> HEH — yW=* : 8%

> AA — ZZ 1 T% —

> HEA - AyW=E 7%

[B=So

(Greneb e
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RESULTS FOR LARGE MASS REGIME

HH — W+HW~= HH — W W~

Tree 1

evel —— One loop/Tree level ——

Tree level + 1-loop —w—

28

ov [107% em3s7Y

24

22

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
UZ 7,'2
AA - WHW AA - WHW
3.6 T T T T T —5 T T T T T T T
Tree level —— One loop/Tree level ——

3.4

32 Tree level 4 1-loop —w—

2.8
2.6

Acv/o (%)

24

v [10720 em3s71]

2.2

18 L L L L L L L _35 L L L L
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.05 0.1 0.15 0.2 0.25 0.3 0.35
2 2

v’ v
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RESULTS FOR LARGE MASS REGIME

ov [107% em3s7Y

ov [10720 em3s71)

HH — 77 HH — 77
28 -2
27 Tree level —— One loop/Tree level ——
26 Tree level 4 1-loop —e—
25
24
23
2.2
21
2
19
18 ~16
005 01 015 02 025 03 035 04 005 01 015 02 025 03 035 04
2 2
U’ v
AA— 22 AA— 22
28 . . . . . 2 . . . . . . .
. Tree level —— One loop,/Tree level —+—
26 Tree level + 1-loop wwweert 0
25 | S
24 |
Lo
23 | =
S
22 <1 %
21t
-8
2|
19 . . . . . . . 10 . . . . . .
005 01 015 02 025 03 035 04 005 01 015 02 025 03
"2 "2
U v

LO CORRECTIONS TO THE RELIC DENSITY OF DM IN THE IDM




RESULTS FOR LARGE MASS REGIME

HYH = WHW- HYH — W*W
7 100 . . . . . .
Tree level —— One loop/Tree level ——
6 Tree level + 1-loop —w— | 80
, —
X
| & 40
=
S
| g 2
1 0
. —20 . . . . . . .
005 01 015 02 025 03 035 04 005 01 015 02 025 03 035 04
UZ L'2
2 =55
o1v=a + bv: — 1aaQiQ;/v J Sor = Xor/(L—e7 7)) Xor = —2waQ;Qj/v J

1P

(Greneb e
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CONCLUSION AND OUTLOOK

= Given the exp. precision on Qxhz, precise theo predictions required
= Full renormalisation of the IDM achieved
= Two schemes available for pp: OS and MS

= Radiative corrections seem under control for the processes investigated
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CONCLUSION AND OUTLOOK

= Given the exp. precision on Qxhz, precise theo predictions required

g

Full renormalisation of the IDM achieved

o

* Two schemes available for puz: OS and MS

= Radiative corrections seem under control for the processes investigated

w= Full computation of the impact of the rad. cor on Q, h?
L= with built-in IDM model within micrOMEGAs

= Impact of rad. cor in the low mass regime (2 — 3 processes at 1L)
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CONCLUSION AND OUTLOOK

= Given the exp. precision on Qxhz, precise theo predictions required
= Full renormalisation of the IDM achieved
= Two schemes available for pp: OS and MS

= Radiative corrections seem under control for the processes investigated

w= Full computation of the impact of the rad. cor on Q, h?
L= with built-in IDM model within micrOMEGAs

= Impact of rad. cor in the low mass regime (2 — 3 processes at 1L)

THANK YOU FOR YOUR ATTENTION |
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BACKUP
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SINGULARITIES IN LOOPS - I: “COULOMB EFFECT”

> Singularities arise in scalar triangle Cp and box Dg loop integrals when 3 — 0. }

8—0 s
O @

B=v/2=+/1-4M2/Q2

v

Do has the same infrared behavior because for 3 = 0 it can be split into a sum of
triangle integrals.

\4

This effect can be resummed to all orders.

TQ
> Sy = BV 00 Qi Q;

Sor = Xpr /(L —e XY x 0 Xpr = 27aQ;Q;/v o

v
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NON-LINEAR GAUGE FIXING

Linear gauge fixing

Ler = *?WuW“J”rliW vGt
——(BHZ”JF{Zf\/GO)
§z
— = (H, AF)?
7 (0uA)

wo_ —i _ audy
= 2 —M +ic [g’“’ + (v 1)‘72*5\/M\2/
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NON-LINEAR GAUGE FIXING

Linear gauge fixing

Ler = *?Wuw‘” + 'fw vGt
———(BuZH G°
2{ ( +§Z vGO)?
— = (d,, AF)?
2£A( W A*)
W
wo_ —i auay
r —qu‘z/Jﬂ.e[guuvL(Ev—l)qgfgivM% )
éw,z,a = 1 (Feynman gauge) J
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NON-LINEAR GAUGE FIXING

Non-Linear gauge fixing

LoF = (8, — iedA, — igewBZ )WHT

1
_£7W|
+i§W%(v +5H0 + GH + iR GO + iGAY) G 2
(9,2 4 e (v 4 O+ 50) GO

267 2¢cw

1 2
—257(3#'4“)

Ew,z,a = 1 (Feynman gauge) J
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NON-LINEAR GAUGE FIXING

Non-Linear gauge fixing

1 }
Ler = ——|(0y — ieGA, — igcwBZ)WH
Ew
+i5W§(v +5h0 + OHO 4+ iRGO + ipA%) G 2
25 26, On Z“+§z—(v+sh°+vH)G°)2
— = (H, AM)?
7 0ua)

[ R e Mw(l +&gm,)

A,

éw,z,a = 1 (Feynman gauge)

— No "unphysical* threshold, no higher rank tensor.

— Gauge parameter dependence in gauge/Goldstone/ghost vertices.
More formal approach in Freitas, Stockinger, PRD 66 (2002) 095014
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NON DECOUPLING AND THE hhh COUPLING

Remind that we can write the IDM scalar masses as
Mg = 15+ ON\)VP, & =[H,A HF]
Defining the deviation of the hhh coupling to the SM value as,

Arn(q) = Vinn(m?, m2, @) iy — Vane(m2, m2, q)sm
na Vinn(m?, m2, q)sm

Then, assuming Mg > M), and neglecting the SM loops and renormalisation effects,
one finds

3
4 M4 MZ
(471')2Anh(q) o Z C@*% - M—22
S=A0,H,H+ 3 myv

enters opyy
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