N iEE\ of ©ATLAS

EXPERIMENT

HHH, the Higgs Potential, and Baryogenesis

Osama Karkout

Working with
Jorinde van de Vis, Andreas Papaefstathiou, Gilberto Tetlalmatzi, Tristan du Pree, Marieke Postma, Carlo Pandini




The Higgs sector: why?

For massive particles + gauge symmetry:

L €Dl
D,=0,+ieA,

AZ =0
» Gauge sym.

Gauge transforrlnation
A (x) > A (x) - zaﬂa(x)

P(x) — e ep(x)
< px)>=v = |DP|°=eVAA + ...
vacuum expectation value Mass term for gauge boson!
vev |
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The Higgs sector: why?

Notice: no Higgs potential mentioned!
Unsatisfied with a non-zero vev? Introduce a Higgs sector.
Minimal needed: scalar field with renormalizable potential leading to a vev:
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The Higgs sector: why?

Peskin and Schroeder:

However, there are many other quantum field theories that break SU(2)
spontaneously while leaving another global SU(2) symmetry unbroken.

The question of the nature of the Higgs sector and the explicit mechanism

of SU(2) x U(1) breaking is probably[the most pressing open problem)in the

theory of elementary particles.

Since then, one scalar d.o.f found .
Still much more to know! V(h,?7) = Em’”‘h +...7

Many possible Higgs sectors (composite Higgs, susy, Higgs portal extensions, etc)
Why? Many reasons (naturalness, hierarchy, my favourite: why not)
My second favourite: baryogenesis.
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The Higgs sector: how? V(h?) = Smih 4.2

I 21,2 3
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The Higgs sector: how? V(h?) = Smih 4.2

1

2
HH  HHH

| Ay =Asy, Ay = Agy BSM can appear in HH and HHH production
Ay £ A . :
10-3 - + 7 Ao As modification of 1, and 4,
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. |
The Higgs sector through HHH V(h,?) = —mih® +...2
BSM model predicting large HHH: TRSM.

SM + two singlets coupling to the Higgs doublet.

V = 12010 + \o(®1®)” + p25% + AsS* + p2 X2 4+ Ax X*
+ AP DS? + Apx PTOX2 + Ao S2X2.

Mixing:
0 ¢s + Vs Ox + vx
Q= y S = y X =
(8). s 5
hy P
hg =R gbs
hs Px

h1 can be our scalar particle of 125 GeV

Tania Robens,»* Tim Stefaniak,® ' and Jonas Wittbrodt?*
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https://arxiv.org/pdf/1908.08554.pdf

The Higgs sector through HHH V(h2) = S+

TRSM BP3 @14TeV:

BSM model predicting large HHH: TRSM. -0g10[(pp->hhh)
w00 e —
SM + two singlets coupling to the Higgs doublet.
V= p20'® + Ao (®1®)” + 4252 + AsS* + p2 X2 + Ax X*
+ ApsPTDPS? + Ao x PTOX2Z + Aoy SZX2.
500 -15 pb
xsec ~ 50 fb (similar to HH production in SM)
=> constrained via HHH =0
. -2.5
) < 400
e |
hg =---- <. hy < -3.5
ha ' 300 =40
\\\ -4.5
h <
h1 can be our scalar particle of 125 GeV 200 - ———— e e T ——
150 200 250 300 350
Andreas Papaefstathiou,%? Tania Robens,® Gilberto Tetlalmatzi-Xolocotzi,? y
2
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Baryogenesis

Problem: we exist :(
=> need for dynamical mechanism to generate matter-antimatter asymmetry.

Sakharov conditions:

1. Baryon number violation

2. Break C and CP symmetries
3. Out of thermal equilibrium

_ BARYOGENESIS
https://arxiv.org/pdf/hep-ph/0609145.pdf

https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf .
James M. Cline

HHH, Higgs potential, Baryogenesis Osama Karkout



https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/2301.05197.pdf
http://www.laine.itp.unibe.ch/cosmology/lec09.pdf

Baryogenesis

Sakharov conditions:
1. Baryon number violation

AB = AL =
In SM: left handed B+L violated!
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Eqn | T 8w
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2 -1 0 1 2 3 CS c

Fig. 8. Energy of gauge field configurations as a function of Chern-Simons number.

Thermal tunnelling to another vacuum: T

Fsph(T) o e_Esph/T ~ e vIT
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Fig. 4. The sphaleron.
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Baryogenesis

Sakharov conditions:
1. Baryon number violation
2. Break C and CP symmetries

C: qrL—1qL
CP: qL—qr

In SM: CP violation in CKM matrix. Possibly not enough though! BSM CP violation is more than welcomed.

C —S1C —S1S

Vud Vus Vub 1 19 ‘ 13
C1C2 C1C28

VCKM — ‘/Cd ‘/CS %b — 8162 —3233‘ | +82C

Vta Vi Vib 5152 +60123823‘ | —00223023‘
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Baryogenesis

Sakharov conditions:

1. Baryon number violation

2. Break C and CP symmetries
3. Out of thermal equilibrium

Out of thermal equilibrium when 1" < m,,
Y + B — X surpassed by e /T Energy: My T

Electroweak symmetry breaking (EWSB) is a phase transition!
It can cause loss of thermal equilibrium if it is a First Order Phase Transition (FOPT)
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Electroweak Phase Transition

V =T, V I>T,
A A
which therefore should be included in the analysis. In a general model-independent EFT
TzTC approach there is then no, a priori, reason to not consider other dimension-eight operators
T=T
T - °C that can contribute to the generation of the baryon asymmetry. The starting assumption
T<Tec T<T, of the SM-EFT approach is thus explicitly violated, and it is not possible to study EWBG
< and the related phenomenology in a fully model-independent way.
=~ H aa H Jordy de Vries,* Marieke Postma,® Jorinde van de Vis® and Graham White®°
. . second order phase transition
first order phase transition SOPT
FOPT
(or crossover)
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Electroweak Phase Transition
bubble

V T>T, V I>T, Walf
A A
by =0 Ly =V
T=T,
N T=T,
\T<TC Y
first order phase transition second ordeSr(p))rI;?rse transition =
FOPT (or crossover) '6, : -~
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Electroweak Phase Transition

Vv =T, Walf

VvV /PT,
J/ | L) Ly = v

- H
first order phase transition second order phase transition =
SOPT
FOPT _
(or crossover) ey | ileptons
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Electroweak Phase Transition: SM

We use the finite T effective potential of H

Vo [P VogH.7) = O +H{OO+D+ ..

A 1
~ —( m? + aT*)H? — fTH?> + Z/IH“

T=T, Find the critical T at phase transition, and the veuv.

T<Te We need: v./T. to be large
—E /T, —v IT,
\ FSph(TC) ~ @ sph ~ V
- H

second order phase transition
SOPT Q
(or crossover)

S
o 7T\0 A (m0) N / L.

first order phase transition
FOPT

m=0 \L/ N
N A~ + ¢ Q
éﬁ N A~ \ | . 3
\ § ¥ | \e—z—
= O \ C
AN /7
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Electroweak Phase Transition: SM

We use the finite T effective potential of H

Vo [P VogH.7) = O +H{OO+D+ ..

| 1
~ —( m? + aT>)H?* — fTH’ + Z/IH4

v

A

T=T, Find the critical T at phase transition, and the vev.

T<Te We need: v./T. to be large
B T —E /T —v IT
Sph( C) N e Sph C NV e C C
- H -H

second order phase transition

T
SOPT A (Sym. phasg)

(or crossover) 1st
Or der

: ‘o : smooth
No first order phase transition in SM anm’def G

75 GeV
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Electroweak Phase Transition: BSM

Adding a scalar field can make a two-step FOPT! T = 250 Gev

300 T I ] , I
1 1 1 1 1 1 . 1 . i _
V = —= 2h2 2\ h4 .22 _)\s 4 ~ it hz _)‘m 2h2 3 2 Q3 200
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Cheng-Wei Chiang,*?3 % * Michael J. Ramsey-Musolf,> % T and Eibun Senaha®>":?
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https://arxiv.org/pdf/1707.09960.pdf
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Electroweak Phase Transition: TRSM

Adding two scalar fields?
V = 12010 + Ao (®1®)” + p25% + XS + 2 X2 + Ax X*
+ ApsPT®S? + Apx PTOX? + Agx 52 X2

Mixing:
hq On
0D 95t ug _ ¢x +vx B
¢ = <%> 9 S = \/§ ) X = \/§ h2 - R ¢S
h3 Ox

Physical parameter space:
{M29 M39 Vsa an 919 629 93}

M, =125 GeV, v = 246 GeV
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TRSM: HHH and EWPT

Adding two scalar fields? oof

V = 1201 ® + \o(®1®)° + 4252 + AsS* + 2 X2 + Ax X

Logo[o(pp-hhh)]

1111111111111111111111

500

+ Aps® PS? + Aox @ BX? + Agx S2X?2. pb
Mixing:
< 400}
h’l ¢h 3.0
0 ¢s + Ox + vx
. <¢}\1/%> i S\/ﬁvs’ o \/§v hy | =R Ps -35
h3 ¢X 300 L y e * 4.0
Physical parameter space:
{M29 M39 Vsa Vx, 91, 62, 93} "

M, =125 GeV, v = 246 GeV No FOPT FOPT?
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TRSM: HHH and EWPT

Looking at points with large HHH (see Andreas’ Talk tmr) o S ]
Searching for FOPT | |

500

< 400}
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Backup
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HHH production (experimental POV)

1 1
V(h) = Emghz ++ Zwﬂ + O(h”) + O(h®) + ...

T\(h)
A5 is best measured from HH production:
I/
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HHH production (experimental POV)

1 1
V(h) = —=m;h* + A3vh° + + O(h”) + O(h®) + ...

2

A4 is best measured from HHH production:
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HHH production (theoretical POV)

Starting with a problem: for gauge bosons, a bare mass term breaks gauge symmetry.

| |
L = — Z(F W)Z + — jAﬂAﬂ + Fermions

2
1 , Q1
A (x) = A (x) — zaﬂa(x) » AZL = my( Y ;A J,a)
Gauge transformation Gauge sym. Broken

Notice: fermion fields transform to preserve gauge sym!
ldea: introduce a gauge field to give mass and preserve gauge sym.
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HHH production (theoretical POV)

Starting with a problem: for gauge bosons, a bare mass term breaks gauge symmetry.

1 .
P = — Z(FW)2 + \Dﬂ¢ \2 + Fermions

D,=0,+ieA,
Gauge transformation 1
AL) = A0 = —0,a(x) AL =0
¢(x) N ei“(x)¢(x) » Gauge sym. Perserved
< Px)>=v » | D¢ © = ezvaﬂA/" + ...
vacuum expectation value Mass term for gauge boson!
vev
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HHH production (theoretical POV)

Notice: no Higgs potential mentioned!
Unsatisfied with a non-zero vev? Introduce a Higgs sector.

Minimal needed: scalar field with renormalizable potential leading to a vev: d(x) = %[O, v+ h(x)]
2

1 21,2 3 1 4
7 V(h)=5mhh + Avh +Z/1h
ZLy=1Dp|" = V(')

Vi¢'$) = —u"dp"¢p + A" ¢)°

V(¢)

g 700080 _- 9 0000000 f
A7
t, bl & - Y O e . .......... h
~
~ S
™~ 9 0000000 h

g "006000"

o
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HHH production (theoretical POV)

Peskin and Schroeder:

However, there are many other quantum field theories that break SU(2)
spontaneously while leaving another global SU(2) symmetry unbroken.

The question of the nature of the Higgs sector and the explicit mechanism

of SU(2) x U(1) breaking is probably[the most pressing open problem)in the

theory of elementary particles.

Since then, one scalar d.o.f found .
Still much more to know! V(h,?7) = Em’”‘h +...7

Many possible Higgs sectors (composite Higgs, Susy, scalar extensions, etc)
Why? Many reasons (naturalness, hierarchy, my favourite: why not)
My second favourite: baryogenesis.
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Baryogenesis

Problem: more matter than antimatter + CPT conservation in QF T!
=> need for dynamical mechanism to generate matter-antimatter asymmetry.

Sakharov conditions:
, _ AB = AL = +3 (2.2)
1. Baryon number violation

Q
In SM: triangle anomaly
Onlbiii, = gpma e Ve W L,—>—¢ 2
T
= Q
A 3
E S ph Fig. 4. The sphaleron.
-2 -1 0 1 2 3 STV
Fig. 8. Energy of gauge field configurations as a function of Chern-Simons number. E Sp h ~N— = ()

& before sym. breaking
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Electroweak Phase Transition
bubble

\' T \'% T>T, Well
A A
Ly =0 ddp =V
T=T,
7N T=T,
first order phase transition second ordeSrOpggrse transition =
FOPT (or crossover) '6, : -~
5 1
&--(-} *‘ LM Nt
0 T2/ ¢@9: —~

NPy VR e
\% *:ji i > 179
- oo NA -
SN ¢ Also g R > g(bar) R
so no B violation yet.
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Electroweak Phase Transition
bubble

\' T \'% T>T, Well
A A
Ly =0 ddp =V
T=T,
7 N T=T,
first order phase transition second ordeSrOpggrse transition =
FOPT (or crossover) '6, : -~
+ +
& () , L qu i&z ‘?L
0 T O - —~

N e
A0y 2 1
é\ o | o /\ g L L

Question: CP violation is not r&stored behind the wall!
Can we measure this now?
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