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PROBLEMS: HIERARCHY, DARK MATTER, UNIFICATION
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... AND A POSSIBLE SOLUTION: SUPERSYMMETRY

New symmetry: Fermior- Boson.
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... BUT SOME REMAINING PROBLEMS?!

@ SUSY predictsny = my, but...we never saw these sparticles?lSUSY must be broken!
(introducing more parameters) J

@ At tree level,mpo < my but...we never saw the Higgs? At one-loop, the Higgs mass
receives large corrections! J

=- Radiative corrections are important! |
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RELIC DENSITY OF DARK MATTER

Penzias and
Wilson

Precision 106 @

0.094 < Qpuh? < 0.129

COSMOLOGY + PARTICLE PHYSICS

O g 3% 10-?"cmPs?
PV o (9% — M)V >

PRECISION

Need to know precisely

= Computation of the relic density

= Parameters reconstruction at the LHC/LC
= Check the underlying cosmological scenario
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Fermions Bosons

u, d Quark

e, v Lepton
h? Higgs
v, Z°, W+ EW gauge
g Gluon

AUTOMATIZED FULL ONE-LOOP RENORMALIZATION OF THEMSSM, with SoopS
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MINIMAL SUPERSYMMETRIC STANDARD M ODEL

SECTORSMSSM

Fermions
u, d Quark
e, v Lepton
HDz HY,
B, Ws, W
0 Gluino

Bosons

Ul,Zv 61,2 &:]Uark

&2, v Septon

h, HO, A°, H Higgs
v, Z°% W+ EW gauge
g Gluon
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MINIMAL SUPERSYMMETRIC STANDARD M ODEL

SECTORSMSSM

Fermions

u, d Quark

e, v Lepton
%9254 Neutralino
X1, Chargino

0 Gluino

Bosons

01,21 61,2 &:]Uark

&2, v Septon

h, HO, A°, H™ Higgs
v, Z°% W+ EW gauge
g Gluon
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MINIMAL SUPERSYMMETRIC STANDARD M ODEL

SECTORSMSSM
Fermions Bosons
u, d Quark Uy 0, 0 » Squark
e, v Lepton €., vV Septon
%9254 Neutralino h% HO A% H* Higgs
X1, Chargino v, Z°, W+ EW gauge
0 Gluino g Gluon

A lot of parameters (124 after symmetry breaking)

A lot of interactions ¢ 5000 vertices)

Calculations become extremely tedious and involved.
Even more so at one-loop...
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RENORMALIZATION & DEFINITION OF THE PARAMETERS

SHIFTS
g—g+dg )

g — -+ o
di — (8 + 38Zj)d;

ON-SHELL RENORMALIZATION SCHEME
@ M2 isthe pole of the propagator: £;i(M?) = 0 — 5M?2
o residue at the poleis 1: £;(M?) = 0 — 8Z;
@ no transition on the external legs: £;;(M?) = 0 and£;;(M?) = 0 — 5Z;

9/32



PROCEDURE AND INGREDIENTS FOR ONE-LOOP CALCULATIONS.
EXAMPLE: [0 — tht ()]

Tree LeveI: i
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PROCEDURE AND INGREDIENTS FOR ONE-LOOP CALCULATIONS.
EXAMPLE: [0 — tht ()]

Tree Level>—<
Loops>—O—< >—< If d'q Auav-Gp

(27)3 DoD1..Dn_1

(9]

[2223,2538,855]
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PROCEDURE AND INGREDIENTS FOR ONE-LOOP CALCULATIONS.
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Tree LeveI: i

Cy

O Oo—( o, astte

(270)% DgD1..Dn_1

Loops D Cuv
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PROCEDURE AND INGREDIENTS FOR ONE-LOOP CALCULATIONS.
EXAMPLE: [0 — tht ()]

Tree LeveI: i

>0 > o, oy

(271)4 DoD;..DN—1

Loops D Cuv, Ak

[2223,2538,855]
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PROCEDURE AND INGREDIENTS FOR ONE-LOOP CALCULATIONS.
EXAMPLE: [0 — tht ()]

Tree Level: i

(9]

: / N : >—<
q— d4 _9uQv--Gp

LOOpS (271)4 DoD;..DN—1

D Cuv, AR

[2223,2538,855]

Counterterma: i Cuv

[42]
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PROCEDURE AND INGREDIENTS FOR ONE-LOOP CALCULATIONS.
EXAMPLE: [0 — tht ()]

Tree LeveI: i

/ N >—<
: i gt I d*q  Aulv-Go

Loops T2m)% DoDy..DN_1

D Cuv, AR

[2223,2538,855]

CountertermL: i Cuv

[42]

SOft(Ey <ke) ! Hard{Ey > ke) H/ )\lR

(22]
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AUTOMATIC TOOL: SL OOPS

Renormalisation schemes

LanHEP
MSSM Lagrangian
Counterterms

RN

MicrOMEGAs
@ Tree-Level

FormCalc/FeynArts/LoopTools
Computation of one-loop processes
(cross-sections, decays, mass corrections)

MicrOMEGAs
@ One-Loop

" not yet automatised

FEATURES OF THE CODE
@ Complete and coherent renormalization of the MSSM
@ Flexibility (between renormalization schemes)
@ Non linear gauge fixing
@ Special routine for v= 0 to avoid Gram det. problems

SLOOFS

A code for the calculation of loops diagrams i
the MSSM with application to collider physic:
astrophysics and cosmology
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L ANHEP

| A.Semenov, Automatic generation of Feynman rules with LERHoday at 2 p.ml

Particles, lagrangian, counterterms...

vector A/A: (photon, gauge).

scalar h/h:('Light Higgs', mass Mh, width wh), H/H:(Heavy higgs', mass MHH, width wHh).

F=derivmu +BO0’nu-deriv'inu  *BO"mu.

Iterm MG1 «f _BO+f _BO/2

lterm -Mql #+ 2xs.ql*s.Ql - M2 2*s.92*s.Q2 - Mg3+** 2+xs.q3*s.Q3.

lterm -F + 2/4 where J

transform h->h = (1+ dzhlhl /2)+H *dZhlhh /2. y

infinitesimal dphlhl = '-ReTilde[SelfEnergy[prt["h"]-> prt[*h"], Mh]J". )

Prog ram Si m | Iar theyn R u |eS | C.Duhr, FeynRules Tutorial, today at 11.30 a.|-n.
andSARAH F.Staub, SARAH package, on Friday at 10.00 a|m.
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FEYNARTS/ FORMCAL C/ LOOPTOOL S

T.Hahn, FeynArts Tutorial, today at 2.30 p.ri‘l.

Automatic generation of 5000 vertices involving all the counterterms!

e hhh e *)
C[ S[3], S[3], S[3] ] == 3/4 | . {
{ -2 A00S55 , AO00519 dzhhhl -3 A00555 dzhihl -4 A01380 dZg

+ 6 A01380 dZw3 + 2 A00555 dXwz - A01381 dXH + 2 A01382 dzb + 2 A013 83 dZbw3} }

(e H+ H+ H- H- —— *)
C[ S[6], S[6], -S[6], -S[6] ] == -1/2 | . {

{ A03898 , 2 A03899 dZg -3 A03899 dZw3 -2 A03900 dZfl + 2 A03901 dzf2 - A039 02 dzb - A03903 dZbw3 } }
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1
LOF — |, WhH
iwl K

+i£wva+|2
15 o 9 g0z 1 )2
2, (2 + £z VG = oo (0AY)

AUTOMATIZED FULL ONE-LOOP RENORMALIZATION OF THEMSSM, with SoopS
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UsSUAL GAUGE FIXING

LGF — ,i‘auv\ﬁu
Ew
+iaW9vG+|2
_i Op 0 1 ny2
ZEZ(B“Z +£z VG) 2&A(auA)

I _ qudv
ANANN P, i Ouv + (&2 —1) A
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UsSUAL GAUGE FIXING

LGF — 7i‘auw+u
Ew
+iaW9vG+|2
_i Op 0 1 ny2
2£Z(B,,LZ +E,z VG) 2&A(auA )

20 —i _ 9uav
ANANN P, i Ouv + (&2 —1) A

& =1 (loop library) J
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NON LINEAR GAUGE FIXING

1 -
GF ik i 0
/g = —a\(au—|eocAH—|g(.\/\/[SZu]W+ILL

+i£wg(v+ 5h0 + WHO 4 iRG° +ipA®)GH 2

_ 15 o 9y e 4 YHOYGO)2 — L (5 Al)2
555 (0uZ%M + Ez50 - (vt e+ YHOIGY)? — 5o (0,A%)

|/

Go— emw(1+ &)guv
A,
. CHECKS
& =1 (loop library) J o UV finite
: o IR finite
Non linear J @ Gauge independent
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SPECIAL ROUTINE FORV =0

Boudjema, Semenov, Temdys. Rev. D72 (2005) 055024, hep-ph/0507127

4
(N) J a4l lulv.dp
T = —EP MN
Hv--p (27c)4 DoD1-DN_1 =
M

2
|
with D — (I + 3 pj> —m?
j=1

(Passarino-Veltman) tensor integral reduction requimesrse Gram determinant computation:

P P2 PiP3
det| pppp p5 P2P3
PPz PP PR

o< V'

= numerical instabilities for w 0
Segmentation of one-loop integrals at\v0
1 1 A B 1+A+B

DoD1D2D3 0( DoD1D> * DoD1D3 * DoD2D3;  DiD2D3
4-point integrals —  3-point integrals
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INPUT PARAMETERS

The MSSM contains & 3 SUSY breaking parameters for sfermionss 3 fermion masses and
12 parameters for gauge couplings, scalar potential an8W®Y breaking gaugino masses:

9,9’, s, V1, V2, My, My, Mg, 11, M1, M2, M3, Mg, - Mag, Mg, Au, Ad
—_—— —— — ——— ——

gauge V.e.v. scalar potential SUSY breaking trilinear

Set of parameters directly connected tophgsical quantities:

o (0), My, Mz, tg = V2/V1,Ma, Ty, To, M o, M, ) Myo, Gs, My, My, My, M, , Ty, T
N——— ¥ N

=% Higgs Chargino  Neutralino QCP Squark

@ On-Shell scheme

@ Flexibility between different renormalization schemes
(for example, one can also chom;gg, Myo, My @s input parameters)
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How TO DEFINE tan(f3)?

tg doesn't represent a physical/measurable quantity
We have many different ways/schemes to define it:
DR

dtg is a pure divergenceinemeyer, Holiik, WeigleinPhys. Rept. 425 (2006) 265, hep-phi0412214

DCPR
St is defined by the conditiont .0 (M2,) = 0

DabelsteinZ. Phys. C67 (1995) 495, hep-ph/9409375  Chankowski, Pokorski, Rosiekl. Phys. B423 (1994) 437, hep-ph/9303309

MH

dtp is defined from the measurement of the heaviest CP-even Iliggsmo
(we loose a correction but the definition is physical)

AtT

5tp is defined from the decad® — 1~ (vertexe m.tg)
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FIRST CHECKS ON THE CODE

TREELEVEL CALCULATIONS
Comparison with public code€race andCompHEP

Cross-section [pb] SloopS CompHEP Grace
W0 — hOr0 3932x10~2  3932x10 2 3.929x10 2
wtw— - 7.082x10~ 1 7.082x10°1  7.083x10" 1
ete~ — 1%, 2.854x10~3  2.854x1073  2.854x10 3
HHH™ S whw— 6.643x10~1  6643x10~1  6.644x10 1
Decay [GeV] «ee we ... #200 processes checked
A xFxr 1.137x10 0 1.137x10 O 1.137x10 O
X1 — by 5.428x 10 0 5.428x10 0 5.428x10 0
HO — 1%, 7579x10~3  7.579x1073  7.579x10 3
HT — % %9 1.113x 10— 1 1.113x 10— 1 1.113x 10— 1
ONE-LOOP CORRECTIONS THAT DO NOT NEED RENORMALIZATION
Comparisons with public codePLATONandDarkSUSY
Boudjema, Semenov, Teméd2hys. Rev. D72 (2005) 055024, hep-ph/0507127
00
® XaXa —YY
00
? X1X1 — 99
00 0
° XXy — 2y
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APPLICATIONS IN THE HIGGS SECTOR

N. B., F. Boudjema, A. Semenovhys. Lett. B660 (2008) 550, 0710.1821 [hep-ph]

] One-loop corrections to Higgs masSda’S, ho Freitas, StockingePhys. Rev. D66 (2002) 095014, hep-ph/0205281

tg =3 mhmax largep  nomix
Tree Level 72.51 72.51 72.51
DCPR 13428 9757 112.26
MH 140.25  86.68  117.37
ATt 13425 9759  112.27
DRE=my, 13487 9810 112.86
Light Higgs massno
@ A0 — A0 — 70RO HO —, 7070 HO s g~
tg =3 mhmax large 1 nomix
Tree Level 9.3%10° 3 9.35x10 3 9.35x10 3
DCPR -1.0%10 % -7.96x10° -1.09x10°*4
MH +6.28x10°%  -7.91x10 %  +4.47x10°3
ATT -1.45x10°4  -7.09x10°°>  -1.01x10°*
DRE=my +5.08x107% +3.24x10~% +4.17x10*

H® — <+~ at one-loop with no QED

@ Theoretical issue due to non-linear gauge fixing and modifiadd-Slavnov-Taylor
Identity in the Higgs sector:

0 0
g x A0 O 20 4 myg x A% O &0 = (my —mg) = & x OG- A% 4 3 x O8g - A0)20

20 sy
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APPLICATIONS IN THE CHARGINO/NEUTRALINO SECTOR

N. B., F. BoudjemaPhys. Rev. D80 (2009) 076010, 0906.1665 [hep-ph]

@ One-loop corrections to neutralino mass;ésf(g, )291 Fritzsche, HollikEur. Phys. J. C24 (2002) 619, hep-ph/0203159

220

P18\ meo my my ) = (160180350} GeV
216‘
214fr

212[

Myo [GeV]

210

208

206

204

tp
] Chargino decays at one-loop (comparison Wdinhawaaj., Phys. Rev. D75 (2007) 113002,hep-ph/o7012)>o
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APPLICATIONS IN THE SFERMION SECTOR

N. B., F. BoudjemaPhys. Rev. D80 (2009) 076010, 0906.1665 [hep-ph]

@ 4-sfermion vertices (complicated color structure with img3

@ Corrections to the shottom and stau masses

Hollik, Rzehak Eur. Phys. J. C32 (2003) 127, hep-ph/0305328
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APPLICATIONS TO COLLIDER PHYSICS

N. B., F. BoudjemaPhys. Rev. D80 (2009) 076010, 0906.1665 [hep-ph]

e ete” — )ZIr)ZI Fujimotoet al., Phys. Rev. D75 (2007) 113002, hep-ph/0701200

e ete” — Ti ’fj* Kovarik, Weber, Eberl, Majerottdhys. Rev. D72 (2005) 053010, hep-ph/0506021

Tree Levelx (0)

Tree levelo ( m% )

Pure electroweak correction
One-loop

e — &7 [fb]

o(et
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APPLICATIONS TO DARK MATTER

Total cross section
g
ov=7> ; & (ojVv)

THERMAL RELIC Effective d.o.f.
G = gk (14 (m —mep)/myo)¥/2eam
26 X1 | —
o ~ 0237 10 2an’/s na

X [ (ov)dx/x2

Examples othermal averaging
(v) =2

=%

) = E

APPROXIMATION

. i . — 26, mB
Expansioniov =a+bv? = O ~ %XF;M/;)
Relic density calculated with the help bficrOmegas

| G. Bélanger, MicrOmegas Tutorial, tomorrow at 11.30 a|m.
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HoOw TO EXTRACT THE PARAMETERS a AND b?

AVERAGE
For a preliminary study, we compute the approximation:

< ov>~a+bh<v?> withv = relative velocity~ 0.1 — 0.3

) o
XXy~ T T

12 e
Ve
1 e
& e
mE 08 | v
5 e
% 06 f ~
2 ~
g 04} -
e
0.2} -~ Tree Levelag + b0v2
One Loop ag + b1v2

0 0.05 0.1 0.15 0.2 0.25 0.3
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A FEW EXAMPLES

N. B., . Boudjema, A. SemenoRhys. Rev. D78 (2008) 115003, 0807.4668 [hep-ph]

th))ztl) N b b My My n M3 e o A Mot
90 200 600 1000 _ 250/110800/800 _ 0 500 5

0+ +
X1ty = TY
0t — 1tZ°
G =

XIXy — WHw-
x3%9 — 2°2°

AUTOMATIZED FULL ONE-LOOP RENORMALIZATION OF THEMSSM, with SoopS
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BINO CASE

(x10P%cm?/s)
Tree AtT DR MH

X3%g — v (36%)

a
b

0.081 +38% +35% +15%
3.858 +18% +18% +18%

Qn?
50h?
Qh2?

0.166 0.138 0.138 0.141
1% -17% -15%
-2% -2% 0%

@ Helicity suppression: Amgpl — 0) oc m; thusa ~ 0
@ o(0) — o(mg) implies a correction of 1%
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RELIC DENSITY DOMINATED BY THE ANNIHILATION PROCESS
~0~0 -
XXy — WTW

N. B., F. Boudjema, G. Chalons, S. H&ys. Rev. D81 015005 (2010), 0910.3293 [hep-ph]

@ Higgsino or wino neutralino could “explain” the PAMELA/AT data
Nagai, Nakayama, 0807.1634[hep-ph]

Lattanzi, Silk, 0812.0360[hep-ph]

@ Coannihilation with a chargino
@ Calculating the relic density including coannihilatiorieets can significantly change the
results

@ Region of parameters difficult to probe (in mSUGRA) in cadlid are regions where
coannihilation comes into account for the relic density
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99/g20 v[10®cm¥s]

LIGHT WINO LIKE

M M mn Mg M, A Mo
550 210 -600 1200 _ 400/800 0 700 _ 30
%3 = 008 — LOW — 0.2A9 — 0.1AY

] gggg —WHTw~ andg;" %" — wtwt
degenerated at Tree Level
— But no longer true at One Loop!
@ Large correctionst10%
@ Coulomb effecfor ¢ >"<1‘ — wtwt
o1V = & + bvi—maanQQ /v
— [(o1v)dx/x% = a1 + 3/xeby
—20QQ VT2
—_—
~0.12
@ Qh? = 0.002 at Tree Level
(correction at One Loop:-1.9%)
— Non thermal relic

Tree Level 171
| One Loop — XXy~ ZW

14 L L

|
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
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LIGHT WINO LIKE

My M, n Ms M, A Mo tg

550 210 -600 1200 400/800 0 700 30

21

]

]

99/g20 v[10®cm¥s]

%3 = 008 — LOW — 0.2A9 — 0.1AY

3 v u AL W @ 9x9 —wrw~ andg, %, —wrw+
degenerated at Tree Level
0 — But no longer true at One Loop!

- @ Large correctionst10%

X

T
AVAVA

Xi AVAVAVAL

s . @ Coulomb effecfor %" ;" — wrw+

- o1V = & + bvi—maanQQ /v
L — [(o1v)dx/x% = a1 + 3/xeby
""""" —2xQ Q) VX T A
—_—

_________ ~012

@ Qh? = 0.002 at Tree Level
(correction at One Loop:-1.9%)

— Non thermal relic

Tree Level 171
One Loop — X1X1” rall

|
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

v2
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]

99/g20 v[10®cm¥s]

HEAVY WINO LIKE

My M, n My Mi. A Mg tg
3500 1800 4500 5000 5000 0 5000 15
%9 = 0.0B — 1L.OW + 0.0A + 0.0A9

0.40
0.35 @ 9%y —wHrw— andx, %, —whwt

[ degenerated at Tree Level

— But no longer true at One Loop!

0.30 —13% 9 ) P

i @ Very large corrections

D,

0.25F -0 @ Sommerfeld effecfor

A 3% - wHw—

o+ o + Wt

L Xy Xy 2 WTW
0.207 _50% >~<315>~<1+ — 20wt
o o1V =& + v+ /(di + V)

I @ (Qh? =0.100 at Tree Level

- L (correction at One Loop#+9.3%)

0.107 ngga WW
XX, — Ww*
0.05} Tree Level ...... 11 O+
One Loop — X2X1” rall
O OG 1 | | | | | | l
: 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

v2
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99/g20 v[10®cm¥s]

HEAVY WINO LIKE

Mo " M M. A Mo tg

1800 4500 5000 5000 0 5000 15

%3 = 0.0B — LOW + 0.0A9 + 0.0A9

0.40

o
)
a1

o
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o
[
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o
[
o

0.05
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2
S M

W Q X
S

AVAVAVAL

XX~ Ww”
Tree Level ...... Xéxlﬂ ww
Oneloop —— XX;— ZW

0.00

|
0.10 0.15 0.20 0.25 030 0.35

v2

%) — wrw— andg; %, — wrw*
degenerated at Tree Level

— But no longer true at One Loop!
Very large corrections

Sommerfeld effector

3% - wHw—

)26‘ )21‘ —wtwt

% — 20wt

o1V = & + bv2+ci/(dh + V)

QR = 0.100 at Tree Level

(correction at One Loop#+9.3%)
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CONCLUSION

@ Complete EW renormalization of the MSSM and modularity vdifierent schemes
@ One-loop corrections to masses, decays, cross-sectitins edlliders

¢ ¢ ¢ ¢ ¢

Importance of radiative corrections in the relic densiticakation

> Corrections seem to be small for the bino case either in thetbrough coannihilation (after
reabsorbingx(0) — oc(m%)) but still needed
> Large corrections for the mixed case

Coannihilation with a stau

Coannihilation with a chargino

Coulomb-Sommerfeld enhancement

First steps done for the connection withcrOMEGAS

New renormalisation schemes (chargino/neutralino sgector
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