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EWBG Introduction

The Question: Why this asymmetry?

The Universe is matter dominated. Natural p in the cosmic rays,
but compatible with secondary production.
BBN and CMB furnish independently:

n="B""B _ (6.11+0.19) x 10~

Ty

Why this number? J

Possible mechanisms attempting to produce n must contain the
ingredients

© B violation
© C and CP violation

© Departure form thermal equilibrium
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EWBG Introduction

An answer: EWBG in the SM

Kuzmin, Rubakov and Shapshnikov, Phys.Lett.B155:36,1985;

Some EWBG reviews:

M. Quir6s, hep-ph/9901312
A. Riotto, hep-ph/9807454
J. Cline, hep-ph/0609145

The SM contains the Sakharov conditions: Q

© B number is non-perturbative violated . 0
at T # 0 (sphalerons) — ’

@ CKM matrix contains CP violation %
© EWPT (when of ¥ order) proceeds by bubble nucleation.
Expanding bubbles break the thermal equilibrium.
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EWBG Introduction

An answer: EWBG in the SM

V(¢,T) =m?(T)¢? + E(T)¢*+ N(T)¢*

The SM contains the Sakharov conditions: o

@ B number is non-perturbative violated . o
at T + 0 (sphalerons) — i

© CKM matrix contains CP violation %

© EWPT (when of ¥ order) proceeds by bubble nucleation.
Expanding bubbles break the thermal equilibrium.

Germano Nardini EWBG and LHC



EWBG Introduction

An answer: EWBG in the SM

!
V(6, T) =m2(T)¢2+ E(T)¢%+ A(T) " b ji
M TS
= i $h
' 6. NN
il (;5 \q)>0\ s L B
SN AF S
The SM contains the Sakharov conditions: o

© B number is non-perturbative violated . o
at T # 0 (sphalerons) g ’

@ CKM matrix contains CP violation
© EWPT (when of 1¥ order) proceeds by bubble nucleation.
Expanding bubbles break the thermal equilibrium.
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EWBG Introduction

An answer: EWBG in the SM

V (¢, T) =m*(T)¢*+E(T)¢> + T
CP asymmetry
i qr>qr
| ¢ #0

z

¢=0

wall

The SM contains the Sakharov conditions: o

© B number is non-perturbative violated . o
at T # 0 (sphalerons) g ’

@ CKM matrix contains CP violation
© EWPT (when of 1¥ order) proceeds by bubble nucleation.
Expanding bubbles break the thermal equilibrium.
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EWBG Introduction

An answer: EWBG in the SM

V(¢,T) =~m*(T)$*+E(T)p*+ (T

CP asymmetry
| j é£0 qrL>qrL

¢ =0

In front of the wall C' P asymm. generates temporally g7, > qr,

= There are more sphalerons B than those B

= Temporally B asymm. is present beyond the wall = The wall
expansion accumulates B > 0 inside the bubble, where

If broken-phase sphalerons are in therm. equilibrium, B — 0.
Otherwise (strong EWPT) WE HAVE PRODUCED B # 0. J
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EWBG Introduction

An answer: EWBG in the SM

V(¢,T) =m*(T)¢*+E(T)$°+ AT
CP asymmetry

? 640 qrL>qrL

$=0
n#0  wal

log,o I'

IS
o
©

Tn))
T,
6

GeV
log T
0
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EWBG Introduction

Another answer: EWBG in the MSSM

Unluckily, EWBG ‘in the SM does not work: the EWPT is not
strong enough (w <1) for mp, > 114.4 GeV [LEP].

75 GeV

symm.

mp

JS[
broken 2nd

%I‘OSSOVGI‘

Germano Nardini EWBG and LHC



EWBG Introduction

Another answer: EWBG in the MSSM

Unluckily, EWBG ‘in the SM does not work: the EWPT is not
strong enough (@(Tﬂ <1) for mp, > 114.4 GeV [LEP].

75 GeV

symm.

mp

JS[
broken 2nd

%I‘OSSOVGI‘

T

= New physics to increase the C'P violation barrier in V (¢, T)).
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EWBG Introduction

Another answer: EWBG in the MSSM

Unluckily, EWBG in the SM does not work: the EWPT is not
strong enough (%ﬂ <1) for mp, > 114.4 GeV [LEP].

75 GeV

symm.

mp

JS[
broken 2nd

%VOSSOVGI’

T

= New physics to increase the C'P violation barrier in V (¢, T)).
Well motivated possibility: EWBG in the MSSM.
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MSSM Light Stop Scenario

MSSM Light Stop Scenario

showed that the Light
Stop Scenario is the most favorable MSSM framework to get a
strong EWPT.

Increasing the Higgs mass weakens the EWPT but for
myp ~ 126 GeV it is still strong
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MSSM Light Stop Scenario

MSSM Light Stop Scenario

showed that the Light
Stop Scenario is the most favorable MSSM framework to get a
strong EWPT.

Increasing the Higgs mass weakens the EWPT but for
mp, ~ 126 GeV it is still strong . In
such a case:

@ Fermions are at the EW scale (gluino a bit heavier)

@ The ¢y is lighter than the top quark

@ The other scalars mg ~ m4 ~ ... = m > few TeV

@ A; < mg (motivated by the strength of the EWPT )

@ tan 3 < 15 (motivated by EDM and BAU)

(A sort of light-stop scenario in SS)
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MSSM Light Stop Scenario

LE Lagrangian

The effective Lagrangian is

A —
Lops = m2HTH — 2 (HYH)? = hy [qreH" ts] + [Hueth},}
~ — S | -~ ~
—V2 tRG°T Tr +V2J T Btg — & VTR, tr. T Ty~ 2r|? |H 2
HT ~ S\~ HTe ~ N\~
+2= (9u0 W + g, B) Hu+ == (~ga0®W® + g B) Hy+ he
\/5 g g u \/5 9d gd d
_Ms

Mo o gnn My =n o - o
5 @gﬁaéaffWAWAffBB—qu eHy— M2 Tain

EIW (Ms) ﬁ%
| ' 1
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MSSM Light Stop Scenario

Matching conditions at mn

(One—loop: MS - dim. regular. - Landau gauge - 4-dim. ops.)

A(m) — AX = w cos® 23 (1 — %AZA>

H H H " H H
R . N tr e N .
+ D
e b . ’ Tn . // \\
H H H H H H

H H H H
N ir e a7
RN o
+ Sk + Lt 4
AT -
tr AN A TN
H H H H
ar,
H H TN
e T + e R+
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MSSM Light Stop Scenario

Higgs mass calculation

INPUTS:
My

@ Experimental LE inputs RGE

@ Theoretical inputs

9 \ \

ht>glngag3
m? match

HIGGS MASS:

by the 1-loop effective potential in the LE theory improved by
the 1-loop RGE resummation (necessary to resum large logs

for large values of M)
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EW phase transition and Baryogenesis

KEY POINT: MZ < 0! Why?

To obtain a strong 1°¢ order EW transition ((¢(T},)) > T5,), the Higgs
potential (V (¢, T) ~ m¢? + E¢® + A¢?) has to develop a large barrier
(E 1), increased by the “cubic term” produced by bosons.

Unlike in the SM (developing a small cubic term), in our LE theory the
Stop could strengthen the EW transition. Its spurious cubic term
appears as 3/

M + %qﬁ? +II(T) Q ~ h2(1 — A2/m?)
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EW phase transition and Baryogenesis

KEY POINT: MZ < 0! Why?

To obtain a strong 1°¢ order EW transition ((¢(T},)) > T5,), the Higgs
potential (V (¢, T) ~ m¢? + E¢® + A¢?) has to develop a large barrier
(E 1), increased by the “cubic term” produced by bosons.

Unlike in the SM (developing a small cubic term), in our LE theory the
Stop could strengthen the EW transition. Its spurious cubic term
appears as

Q

3/2 )
{M{i + §¢2 + H(T)] Q ~ hZ(1 — A2/m?)

To strengthen the transition M2 ~ —II(T,) so that [- - - ]3/2 ~ E¢?
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EW phase transition and Baryogenesis

KEY POINT: MZ < 0! Why?

To obtain a strong 1°¢ order EW transition ((¢(T},)) > T5,), the Higgs
potential (V (¢, T) ~ m¢? + E¢® + A¢?) has to develop a large barrier
(E 1), increased by the “cubic term” produced by bosons.

Unlike in the SM (developing a small cubic term), in our LE theory the
Stop could strengthen the EW transition. Its spurious cubic term

appears as 3/2
{M{i + %qs? + H(T)] Q ~ h2(1 — A2/m?)

To strengthen the transition M2 ~ —II(T,) so that [- - - ]3/2 ~ E¢?

|

The theory then has two minimal
EWB CB

<h7t> = (U,O) <hat> = (O,U)
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EW phase transition and Baryogenesis

KEY POINT: M{ < 0! Why?

To obtain a strong 1°¢ order EW transition ((¢(T},)) > T,,), the Higgs
potential (V (¢, T) ~ m¢? + E¢> + A\¢?) has to develop a large barrier
(£ 1), increased by the “cubic term” produced by bosons.

Unlike in the SM (developing a small cubic term), in our LE theory the
Stop could strengthen the EW transition. Its spurious cubic term
appears as

Q

3/2 )
{M{‘} + 50"+ H(T)] Q ~ R2(1 — A2/m?)

To strengthen the transition M? ~ —1II(7,) so that |- - - ]3/2 ~ E¢?

4

Light Right-Handed Stop

mg, =/ MZ + $v2 ~ /MZ +m7 <my [for A, ~ 0]

Germano Nardini EWBG and LHC



EW phase transition and Baryogenesis

Higgs-Stop window (¢(T5,))/T, > 1 (u = 100, M5 = 800 GeV)

m, <50 Tev my< 10° Tev
T T T T T T T
3

115 — 15— c E: |
110 — — 110 * |

o 3 g
L 1 1051~ F a B

D 15 (] '3

142100~ | ,“IWf |
sl 1 S o5 1
wof |
ool ] A

Il Il L Il L Il Il Il Il Il Il 9 Il L Il
14 17 120 129 132 114 u7 120 6 129 132
mp TGGVT mp rGeVT

Based on effect. parameters. g3, hy 2-loops T' # 0 at g3, hy approx J

EWBG bounds (for m;, ~ 125 GeV):
mg, > 50 TeV mg, S 110 GeV J
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EW phase transition and Baryogenesis

Higgs-Stop window (¢ (73,)) /T, > 1 (1= 100, M5 = 800 GeV)

m, <50 Tev m, <10° Tev

T T T \P T T T
115 — 115*.E 5: -

3 13 8
gws— 3 ‘9‘1057 i3 |
- | Ea f
“E | | | | | L 907\ | | | S | \/;
e Teed ¢ = T e T

Roughly confirmed on the lattice
[M.Laine,G.N.,K.Rummukainen, 12 (to appear)]
Maybe LSS is the effective theory of non-MSSM
and mg can be much smaller [A.Delgado,G.N.,M.Quiros,12]
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EW phase transition and Baryogenesis

Higgs-Stop window (¢(7},)) /1y, > 1 (u = 100, M = 800 GeV)

m, <50 Tev szlOSTeV
3 130 : ]
glos— 3 QJDS 3

x-._»mu: : g%: :
e fCeVT6 P - [ZGeVTG R

Point A B C D E F G

|At/mQ| 05| 0 0 0 0.3 |04 | 0.7

tan 8 15| 15(20|15|10|10] 1.0
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Light Stop Scenario and LHC

LSS and LHC

(in Higgs searches)
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Light Stop Scenario and LHC

Stops in the Higgs searches [venon e al 09

o(gg — k%) and T'(h° — vv)

t -
g h g t h
+
g g
w Y t ¥
+ +
h h
Y !
SM _ SM = -
rgg/rgg , M=10TeV, tanf =15 BRWI BRW , M=10TeV, tanp =15
160 T T T T 4 160 T T T T
150
35
140
2 130 g
e
E.:' 120 25
110
2
100
90 2 15 =
110 115 120 125 130 135 110 115 120 125 130 135
Mo (Gev) myo (Gev)
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Light Stop Scenario and LHC

Stops in the Higgs searches [venon e al 09

..and o(gg — h°) x T(h° — ~vv)

g i h g ¢ h
+
g g
w Y T Y
+
h h *
Y !

110 115 120 125 130 135
mpo (Gev)
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Light Stop Scenario and LHC

Stops in the Higgs searches [venon e al 09

...and o(gg — h°) x T(h° = vv) , BUT a(gg — h°%) x T(h°® — WW)?

g i h g ¢ h
+
g g
w Y T Y
+
h h *
¥ Y

0BR/0BR®M, M=10TeV, tanB =15

m, (Gev)

110 115 120 125 130 135
mpo (Gev)

Germano Nardini EWBG and LHC



Light Stop Scenario and LHC

Stops in the Higgs searches (curincia 12 coneneial 12]

...and o(gg — h°) x T(h° = vv) , BUT a(gg — h°%) x T(h°® — WW)?

g i h g ¢ h
+
g g
w ¥ T i
+
h h *
v T

u= (o x BR)/(c x BR)snm
Ay =0, mp = 125GeV
80 < m;/GeV < 115
tan 8 = 15
LHC data < 5 fb™*

— &L 2 | 2
2 = =

VY Ve Yigr ZZ  WW_ 7T 17jvpr bbgp

R S U - N
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Light Stop Scenario and LHC

StOpS and nght Neutralinos (carena ¢ Ouiros wagner 12]

Overproduction of weak boson vectors. Tension with data...
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Light Stop Scenario and LHC

Stops and Light Neutralinos

Overproduction of weak boson vectors. Tension with data...
...but only under the assumption I'(h — inv) ~ 0 !l
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Light Stop Scenario and LHC

StOpS and nght Neutralinos carena ¢ Ouiros wagner 1]

Overproduction of weak boson vectors. Tension with data...
...but only under the assumption I'(h — inv) ~ 0 !

In the MSSM indeed m,o < m;/2 = I'(h — inv) >0

mye 2 O(1GeV) is allowed [H.K. Dreiner et al.,09]

Lightest-Higgs invisible decay

0,0y _ Grmiy e e 2
L(h = x1x7) = avzr Tth 1- m2 In11

gn11 = (N12 — tan Oy Nq1)(sin SN, — cos fN14)

BRoso%cL(h — x9x9) < 0.85 [Djouadi et al.,12; atlas-conf-2012-170]
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Light Stop Scenario and LHC

StOpS and nght Neutralinos (carena ¢ Ouiros wagner 12]

Overproduction of weak boson vectors. Tension with data...
...but only under the assumption I'(h — inv) ~ 0 !

In the MSSM indeed m,o < m;/2 = I'(h — inv) >0

mye 2 O(1GeV) is allowed [H.K. Dreiner et al.,09]

Z invisible decay

4m? 3/2
G
L(Z = xIxY) = ﬁzﬂm% 1 - mzl 9711

Pospon(Z — x9x7) S0.5MeV  [LEP]
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Light Stop Scenario and LHC

StOpS and nght Neutralinos (carena ¢ Ouiros wagner 12]

Overproduction of weak boson vectors. Tension with data...
...but only under the assumption I'(h — inv) ~ 0 !

In the MSSM indeed m,o < m;/2 = I'(h — inv) >0

mye 2 O(1GeV) is allowed [H.K. Dreiner et al.,09]

Z invisible decay

Mg = 200 GeV, tan 8 = 15,5,2 My = 200GeV, M7 = 20,30,40 GeV
160
150
% 140
Q
< 130

120 \

110!

\

0O 10 20 30 40 50 2 4 6 8 10 12 14
M1(GeV) tang
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Light Stop Scenario and LHC

Stops and Light Neutralinos

Overproduction of weak boson vectors. Tension with data...
...but only under the assumption I'(h — inv) ~ 0 !l

(o xBR) Point B BR PointB

M,=200GeV =200 GeV' M,=200GeV =200 GeV
— qqllvv i :——————:::::::::, Sizisid
= i e ‘ 5 =

L ) i ] RO wf —w \
s VY (VBF) i gle — XXy

w2 1 S - e

Al TT—— ] - masx ||

pd[as] i b i ]

alx ; S E e ——
o L U R : ; ]
""" ; o i3 . i ]
S SRS ST ey A e
g 1
m.o  [GeV] m.o  [GeV]
X1 X1
(o xBR) PointG BR Point G
M,=200GeV  1=200 GeV' M,=200GeV =200 GeV
% ue . :\ééw H
B o L R “oe A
z Elo | el

2l 2 = e

Ml osf—— ——

XA ook E

b X

b 04 \ 1
S
\
02| \

o [GeV]
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Light Stop Scenario and LHC

Stops and Light Neutralinos

Overproduction of weak boson vectors. Tension with data...
...but only under the assumption I'(h — inv) ~ 0 !l
With light neutralino the LSS predictions are less restrictive
Some general predictions are still possible:
@ The ratios between the LSS channels are (almost) invariant

@ Diphoton channel through weak vector fusion is smaller than SM

(o xBR) PointG BR Point G
M,=200GeV  1=200 GeV/ M,=200GeV =200 GeV
T R e ASan: T
— VY (99F) >
- qulLVV (VBF) (9] -
S (3gF) XD 12
s YY(VBF) E S
@l 2 =
o] [a=et o
b 04
= [
.
””” LT M
moo  [GeV]
X1
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Light Stop Scenario and LHC

Light Neutralinos as DM

For m,yo = 35 — 40 GeV and gz11 ~ 0.05 lightest neutralino provides
correct DM abundance . In such a case (with

M, = 200 GeV) the LSS prediction is stronger:

m.+ >95GeV  Tosor(Z — xIx?) < 0.5MeVv

M, =55Gev ~ M; =40.6GeV

7S S L7 SN S N (A
(7. 12
10 10

g 8 g8

A T s
a4 4
110 120 130 140 150 160 110 120 130 140 150 160

w(GeV) w(GeV)
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Light Stop Scenario and LHC

nght Neutralinos as DM (carena ¢ Ouiros wagner 12]

For m,o = 35 — 40 GeV and gz, ~ 0.05 lightest neutralino provides
correct DM abundance [Venon et al.,04]. In such a case (with
M, = 200 GeV) the LSS prediction is stronger:

(o xBR) Path BG with Dark Matter BR Path BG with Dark Matter
M,=200 Gev' M,=200 Gev'
T T T T T T g T T T g
— @IV (@) >l q
-~ qqllvV (VBR)| X o — 55
Yv(agF) O 12f I R N
= WVBR) glo F RIS o
el T 1 S i messx’{
~ = B
m| ha e[}
X m sk = massX
BIX
b 0af 1
=
o
a8 e
EE N TR R TR
m; [Ge

In this specific case LHC data favor m;,, ~ 104 GeV
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Light Stop Scenario and LHC

LSS and LHC

(in stop searches)
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Light Stop Scenario and LHC

Looking for stops at LHC (with m, o = 65 GeV)

@ stop-neutralino coannihilation:

-
CDF Run |l Preliminary IL dt=2.6 fb

o I — Observed Limit (95% CL)
KE) L
% 120 = Expected Limit (+10)
.(2. L
T § 100 -
T 0 = L
2 sof
YA [ C
5 L
. 2 60f
< s
- N N <
Iy~ 1671'2 O( ) n;tl?t ) 40QmIEP 6= 560§ N cor 205 pb*
™o Q LEP§=0° B o2 995 pi
Al dlnn N il nallannllonal

60 80 100 120 140 160 180
Stop Mass [GeV/c?]

@ light gluino (already disfavored by EWPT):
Gg — it — bl Tt + (jets) + Br  rules out my < 700 GeV
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Light Stop Scenario and LHC

Looking for stops at LHC (with m, o < 65 GeV)

@ on-shell chargino mt+ = 106 GeV, 2 opposite-sign e/u events
t = bxg (W*x?) :

< LR L
% C ATLA ‘ ‘ Ll Obse‘vved limit (1‘ 1050 ‘:

9O 90k J’ Ldt=47f" G=7Tev e Expected fmit (2 10,,) /r,
= B2 COF 95% Exclusion

E Al limits 3t 95% CL - <

BR(t- bx") = 100%
m(x;) = 106 GeV

A0

P A | [ I A e

120 130 140 150 160 170 180
m; [GeV]
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Light Stop Scenario and LHC

Looking for stops at LHC (with m, o < 65 GeV)

@ on-shell chargino m,+ =106 GeV, 2 opposite-sign e/ events
t — bxd (W*x?) [arXiv:1208.4305]:

< 100 T T T T T
2 E ATLAS ‘ ‘ 2 Obselrved limit (1‘ 10505 ‘:
9. 90 J'Ld‘ 47" 5=7Tev =2 Expected limit (+ 10,
Eﬁ’g B cOF 95% Exclusion
= Al limits 3t 95% CL = i 4 Xo

L BR({~ bX;) = 100%
70k m(x?) = 106 Gev

F ] x;

E E ] Z, I
601 E "
50F E

g 3 : 4

40F E
30 E
20
10F

b1 I T A N N
140 150 160 170 180
m; [GeV]

| SIS RTINS
0 120 130

But in the LSS, charginos are typically off-shell (m; < me1+)
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Light Stop Scenario and LHC

Looking for stops at LHC (with m, o < 65 GeV)

i‘f
Xo WS 7
' 4
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Light Stop Scenario and LHC

Looking for stops at LHC (model dependent)

For my+ < mg,
@ ¢ — byx; (WxY) rules out m;,, < 130 GeV

@ ¢ — by (tv,xy) (vialight 7/7;)  Allowed
For Myt > Mg
@ as above but with x; off-shell. Allowed

@ ¢ — ¢y (disfavored by Higgs searches)

If different channels have similar widths, more difficult
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Conclusions

Conclusions

There exists a parameter window providing strong EWPT with
my, ~ 126 GeV (and able to reproduce the BAU):

LSS bounds for EWBG in the MSSM:
mg > 50 TeV m;,. S 110 GeV

e 6 ¢ ¢

Direct stop detection requires specific analyses
LHC data on Higgs search favor m,o < 60 GeV
The ratios between Higgs (visible) decay widths are quite fixed

LHC data are compatible with LSS but better precision is
required to probe the model
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Conclusions

Open questions (1)

In lattice simulations the phase transition is stronger than in
perturbation theory [Laine, GN,Rummukainen, to appear]

m&,: 7TeV, ﬁ\b: 70.5 GeV, m; =126 GeV

20— —F—— 7
15 s R
| latice .
~10F N B
(= N
> 2-loop |
i
: .
05 i :
i 1-loop :
! g
i
. | L . L
0'075 80 85 920 95
T/ Gev

The stop mass seems to be much larger.
Smaller departure from the SM Higgs rates.
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Conclusions

Open questions (2)

In UV extensions of the MSSM including triplet Y = +1 (and a
mixture of gauge mediation and gravity mediation), it is possible to
reproduce the LSS at low energy. It alleviates the hierarchy problem
and enhances the diphoton decay channel (there are extra
gauginos)

Can it qualitatively modify the tension between the LSS and LHC
data?
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