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Project: ATLAS Higgs results — matter-antimatter asymmetry
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matter-antimatter asymmetry

Cosmic rays: p/p = 10~
= no ambient antiprotons (p)

BIG DEAL!

Lorentz invariance
+

Hermitian Hamiltonian (physical observables are real)

matter-antimatter symmetry (CPT) is conserved!

True in SM and any BSM!!!!
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Baryogenesis (matter-antimatter asymmetry)

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

Sakharov conditions:

e Baryon number violation

e |oss of thermal equilibrium
e Break C and CP symmetries

BARYOGENESIS

James M. Cline

MultiHiggs production and EWSB 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 (matter-antimatter asymmetry)

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

Sakharov conditions:

e Baryon number violation

e Loss of thermal equilibrium
e Break C and CP symmetries

BARYOGENESIS

James M. Cline

MultiHiggs production and EWSB 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

Electroweak Baryogenesis

Baryon number violation

In SM: left handed B+L violated!
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Fig. 8. Energy of gauge field configurations as a function of Chern-Simons number.

v is the Higgs VEV
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Electroweak Baryogenesis

Baryon number violation

In SM: left handed B+L violated!
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Fig. 4. The sphaleron. Fig. 8. Energy of gauge field configurations as a function of Chern-Simons number.

v is the Higgs VEV
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Electroweak Baryogenesis

Baryon number violation

Rate of tunnelling to another vacuum:

Fsph(T) ~ o ol T 0 v/IT

Map withn =1
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Fig. 4. The sphaleron. Fig. 8. Energy of gauge field configurations as a function of Chern-Simons number.

v is the Higgs VEV
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Electroweak Baryogenesis
Baryon number violation /

Rate of tunnelling to another vacuum:

Fsph(T) ~ o ol T 0 v/IT

hn(¢)7

Re(¢)

AB = AL = +3 (2.2)
If EW symmetry is restored (VEV=0)
Q Sphalerons everywhere!
Le E STV
L \>\ % A Eph ~ ——
H Esph Ew
[ ——= |
w VAVANVAVAVAVEN
Q3 2 -1 0 1 > 3 Cs

Fig. 4. The sphaleron. Fig. 8. Energy of gauge field configurations as a function of Chern-Simons number.

v is the Higgs VEV
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Electroweak Baryogenesis

Out of thermal equilibrium

In thermal equilibrium:
any process that generates some extra B

X—>Y+B
comes with the inverse process at the same rate
Y4+B - X

- m
Out of thermal equilibrium if for example 1" < my Energy: X I
—my/ T

Y+ B — X surpassed by ¢
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Electroweak Baryogenesis

Out of thermal equilibrium

( V(¢)

% My

Energy:
“’) m@) & T

N ! S /
Electroweak symmetry breaking (EWSB) is a phase transition! O i”:?i

It can cause loss of thermal equilibrium if it is a First Order Phase Transition (FOPT) \/_”1 \/
v

\ iEE] ef MultiHiggs production and EWSB Osama Karkout


https://cds.cern.ch/record/2012465/plots
https://arxiv.org/pdf/hep-ph/0609145.pdf

Electroweak Baryogenesis

Charge and Charge+Parity symmetries (C and CP violation)

C: qL—qL
CP: qL—(qr
Under C conservation:
X —> Y+ BcomeswithX - Y+ B

F(X—)Y—FB) =I'(X —-Y + B)
The net rate of baryon production goes like the difference of these rates,

dB _ — -

CP violation is a longer story but also needed
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Electroweak Baryogenesis

Charge and Charge+Parity symmetries (C and CP violation)

C: qL—4qrL
CP: qrL—qr

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

C —S1C —S1S
Vud Vus Vub L 179 ‘ 179
Ci1C2C C1C2S8

Vekm = | Vea Ves Voo | = s1c2| 9205 | Sops
Viae Vis Vi c182¢C C2828

5152 | tezsse® | —cacde
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Electroweak Baryogenesis

Charge and Charge+Parity symmetries (C and CP violation)

/

V(¢)

Im(¢)r

.Kw ‘
C —S1C —S1S
Vud Vus Vub - 17 ‘ 1o
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Electroweak Baryogenesis

\ N 7
- - o - CP asymmetry
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0 O Gy :
YN A broken
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_ \ o / J\ > 7
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First Order Phase Transition (FOPT) Fig. 13. The CP asymmetry which develops near the bubble wall.
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Electroweak Baryogenesis

(¢) =0

\\ -
- Segregation of particles
‘@ Sphaleron
Nucleated bubble

Eventually saved into
the moving bubble
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Electroweak Phase Transition: Thermal QFT

Before symmetry breaking, Higgs potential is:

1 1 o
V(H) — = E,MZHz + Z/II{4 | V(H) = — 2H? + 1H

V(H)
o
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Electroweak Phase Transition: Thermal QFT

Before symmetry breaking, Higgs potential is:

V(H) = - l//tsz + l/II{4 V(H) = — 2H? + 1H*
2 4 ol
In Feynman diagrams:
2_
N /-
VIH) = $ S + \>'f: 1}
"Lzl"‘z //__>_\' - _
4 § 0
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Electroweak Phase Transition

Before symmetry breaking, Higgs potential is:

1 1
V(H) = — —u’H?* + —\H*
(H) > H 2

In Feynman diagrams:

V(H) = H H

Higgs field is coupled to a thermal bath of fields.

at LO, this looks like:

MultiHiggs production and EWSB

- Thermal QFT

Osama Karkout



Electroweak Phase Transition

Before symmetry breaking, Higgs potential is:

1 1
V(H) = — —u’H?* + —\H*
(H) > H 2

In Feynman diagrams:

V(H): H H = .

Higgs field is coupled to a thermal bath of fields.

at LO, this looks like:

MultiHiggs production and EWSB

- Thermal QFT

V(H)

A

Osama Karkout

T> TL‘

T=T,

I<T.

1=0



https://indico.in2p3.fr/event/19252/contributions/72633/attachments/54437/71264/EWPT_Writeup.pdf

Electroweak Phase Transition

at NLO, the effective potential gets a cubic term

1 1
Vo (H,T) = 5(— w? + aT?H? — BT(—u? + yH?)”? + Z/IH“

- 1>T.
V&H)
- 1=1,
The values of (a, [, y) depend on your theory
| . o 1 1T=T <T.
If you’re lucky, you can get a barrier between two minima
at some critical temperature 7. [ T<T,
(29
Then at some random point in space, the VEV tunnels - T=0
a bubble forms around it and expands! H
L

I', = temperature of bubble nucleation

Niklhet MultiHiggs production and EWSB Osama Karkout




Electroweak Phase Transition

V T>T Vv T>T _
‘ c ‘ c Veff(H’ T)l_ Q + {@-F@}-I‘l...
~ 5(—m2 + aT?)H? — pTH’ + Z/”LH4
T=T,
D T=T,
w{; Y WE WANT TO BE FIRST!!!
- H - H
first order phase transition second order phase transition
P SOPT

FOPT
(or crossover)
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Electroweak Phase Transition: SM

v

A

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

| 1
~ —( m? + aT>)H?* — fTH’ + Z/IH4

— WE WANT TO BE FIRST!!

w But we're not...
- 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

|dea: _ l 2172 l 4
| | | V(H) = wH +—AH" + V(H, S)
1. add a scalar field S which couples to the Higgs. 2 4

2. This scalar field also has a phase transition! Going to a VEV for S

AN (H. S) MN(H,S)

Ve
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Electroweak Phase Transition: BSM

. 1 1
dea. | | | V(H) = — —p*H* + —AH" + V(H, S)
1. add a scalar field S which couples to the Higgs. 2 4

2. This scalar field also has a phase transition! Going to a VEV for S

3. Form a potential barrier between the VEV of S and the VEV of H

4. Tunnel to the VEV of H: This is FOPT

AN
AN(H. S) AN(H. S) N,8)
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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
al +4h -I-zuss +4 s+4us -|—4 S —|—I_],13—|—3/1,33 O |
- ! ! ;
Vh gh T(Soa (PS;T) — VO(SOa (PS) + 5(211”,02 +§'25¢§)T2 100 L U ]
-200 -
-300 1 l ] 1 l
-100 0 100

ps [GeV]
o

i -300 -200 200 300
-_S ‘ ¢ [GeV]
T =T =99.8 GeV
300
200
100
S
L
= 0
2]
S.
-100
-200
= -300
H -300 -200 -100 0 100 200 300
¢ [GeV]

Cheng-Wei Chiang,*?3 % * Michael J. Ramsey-Musolf,> % T and Eibun Senaha®>":?

\ ]'_EE] ef MultiHiggs production and EWSB Osama Karkout

ps [GeV]

ps [GeV]

300

200

100

-100

-200

-300

300

200

100

-100

-200

-300

T=Tc+5 GeV



https://arxiv.org/pdf/1707.09960.pdf
https://arxiv.org/pdf/1107.5441.pdf
https://arxiv.org/pdf/1707.09960.pdf

ATLAS Higgs results — Higgs phase transition

ATLAS —— Observed limit (95% CL) AN (H S)
Vs =13 TeV, 126—139 fb- Expected limit (95% CL) '
............ ~0 hypothesis)
O'SM HH =32.7+2.1 fb (:uHH
ogr+ver(1H) w72 [ Expected limit £10 Bawrw
1 Expected limit +20 " befug,
E== Theory prediction
Obs. Exp
bbyyl } 130 180
bbr+T | { 140 110
bbbbl- * 160 240 ??
Combined- * 73 85
|||||§|I l | I I R A |
20 50 100 200 500 1000 2000 P N 4
OggF +vBr(HH) [fo] . __ —~
o 77 mEO) V4 %/:
9 0999999999999 ) H N A P . ] P
A - =-==- ~ - o
O /T \
> AN V
g 0999999999999~ T

explored for one added scalar, answer will come
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ATLAS Higgs results — Higgs phase transition

Maybe we will see enhancement of HHH production!
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How to enhance HHH

Simplified BSM model predicting large HHH: TRSM.

SM + two singlets coupling to the Higgs.

V= p20'® + Ao (®1®)” + 4252 + AsS* + p2 X2 + Ax X*
+ AP DS? + Apx PTOX2 + Ao S2X2.
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How to enhance HHH

Simplified BSM model predicting large HHH: TRSM.

SM + two singlets coupling to the Higgs.

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

Scalars get VEVs! — Mixing:

q)z(o), S:¢S+US, X:¢X+,UX

hq Pn
hg — R qb S
h3 Ox

h1 can be our scalar particle of 125 GeV

Tania Robens,»* Tim Stefaniak,® ' and Jonas Wittbrodt?*
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How to enhance HHH

Simplified BSM model predicting large HHH: TRSM.

SM + two singlets coupling to the Higgs.

V= p20'® + Ao (®1®)” + 4252 + AsS* + p2 X2 + Ax X*
+ Aos®TD®S? + Ao x PTPX2 + Ao S2X2.

Scalars get VEVs! — Mixing:

@:(0)7 S=¢S+/US, X=¢X+,UX

hq P
hz — R ¢ S
h3 Ox

h1 can be our scalar particle of 125 GeV

Tania Robens,»* Tim Stefaniak,® ' and Jonas Wittbrodt?*

Nik|hetf MultiHiggs production and EWSB

Remember:
Mixing requires nonzero VEV
For added scalars

Osama Karkout



How to enhance HHH

Simplified BSM model predicting large HHH: TRSM.

HHH production is enhanced through resonance

SM + two singlets coupling to the Higgs. xsec ~ 30 fb (~ HH production in SM)
V = p30'® + Xo(®1®)" + u3S + AsS* + pi X + Ax X' g ; b
+ Apg® ®S? + Apx ®TOX2 + Ao S2X?2. )/
/
ho /"_" hi
Scalars get VEVs! —» Mixing: K g _____ o« A2
A3 h3 5\123\\\
b = 0 S:¢S+US X:¢X+UX o
@\L/gv ) \/§ ? \/5 9 h hq
hy b We updated this conclusion using
_R better theoretical bounds (perturbativity)
hy | = Ps and newest experimental bounds!
h’3 ¢X Osama Karkout,! Andreas Papaefstathiou,” Marieke Postma,' Gilberto

Tetlalmatzi-Xolocotzi,*® Jorinde van de Vis,® Tristan du Pree'
https://arxiv.org/pdf/2404.12425

h1 can be our scalar particle of 125 GeV

Tania Robens,»* Tim Stefaniak,® ' and Jonas Wittbrodt?*
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How to enhance HHH ;

hy &-~ M
Simplified BSM model predicting large HHH: TRSM. __h.-_.( A1z
A 3 5\123\\
SM + two singlets coupling to the Higgs. ? S
9 Viable points with 0> 100 X osuy(gg - hhh)@13.6 TeV
V =200 + \o(®T®) + 4252 + AsS* + p2 X% 4+ Ax X* . -
+ AP DS? + Apx PTOX2 + Ao S2X2.
550 -
Scalars get VEVs! — Mixing:
>
0 s + vs Ox + vx & 500 -
(I) — " ; S — ; X — *—ﬂ;
450 -
hi P
hoy | = R Ps 200 -
h3 Px

" 260 280 300 320 340 360 380 400
M2 [GGV]

Osama Karkout,! Andreas Papaefstathiou,” Marieke Postma,' Gilberto
h1 can be our scalar particle of 125 GeV Tetlalmatzi-Xolocotzi,*® Jorinde van de Vis,® Tristan du Pree!

. 1% o . 1 o , > https://arxiv.org/pdf/2404.12425
Tania Robens,»* Tim Stefaniak,> ' and Jonas Wittbrodt? *
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Electroweak Phase Transition: TRSM

V = 12010 + Ao (®1®)" + 252 + Mg St + p2 X% + Ax X*
+ Aos®TPS? + A\ x PTPX? + Mgy S2X2.

Mixing:
hq On
D 95t ug _ ¢x +vx B
¢ = (%> 9 S = \/5 ) X = \/5 h2 - R ¢S
hs Ox

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

M, =125 GeV, v =246 GeV

Can we have First-Order Phase Transition (FOPT)?
For which parameters?
Does it come with HHH enhancement?
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TRSM: HHH production and Higgs FOPT

nonzero VEV
For added scalars

\ ]'_EE] ef MultiHiggs production and EWSB Osama Karkout


https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/hep-ph/0609145.pdf
https://arxiv.org/pdf/2404.12425

PT in TRSM: start with thermal QFT

At LO: only masses get T contribution

H . “
V(H) = . !
I 2 5 // .
_,.E,M - __>_\_' -~
H L ’
+-2-0-7
9
~T
T2
mi(T) = —pi + m (397 + 995 + 2(6y; + 12X1 + A12 + A13)) |
T2
mi(T) = —p2 + o (4X12 + Aoz + 62),
2 2 T2
m3(T) = —p3 + o (413 + A23 + 6)3),

resulting in an effective finite-temperature potential:

Vei,Lo (94, T') = % Z m2(T)¢? + % > Xijdids

i<
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PT in TRSM: start with thermal QFT

At LO: only masses get T contribution

H . “
V(H) = . .
I 2 5 // .
_,.E,M - —Z\# -~
H L ’
P HoO b
9
~T
T2
mi(T) = —ps + m (397 + 995 + 2(6y7 + 12X1 + A12 + A13)) ,
T2
mi(T) = —p2 + o (4X12 + A2z + 6)\2),
2 2 T2
m3(T) = —p3 + o (413 + A23 + 6)3),

resulting in an effective finite-temperature potential:

NiE@ef

1 1
Vet,Lo(¢:, T') = §Zmzz(T)¢? + 7

Z Xij 93 b3.

i<

MultiHiggs production and EWSB

Started using Mathematica to numerically solve RGEs

(differential equations as a function of T)
We tried points with large HHH xsec: No FOPT!

Intuition: | don’t think there will be FOPT...
Can we prove it?

Value of the field in the global minimum of the potential

100F
80 - = Vp
60 -
a0l —

20 F

I I 1 i 1 1 1 I I 1 A A i A 1
0 100 200 300

Osama Karkout

400
T (GeV)



Osama Karkout,! Andreas Papaefstathiou,” Marieke Postma,' Gilberto

PT in TRS M : Sta rt With On Iy One Scalar Tetlalmatzi-Xolocotzi,* Jorinde van de Vis,® Tristan du Pree’

https://arxiv.org/pdf/2404.12425

1 1 1 1 1
Ve Em2(T)H2 + Z/IH“ + Emg(T)Sz + Zzss‘* + E,1},515@52 Extrema at: 0,V =0, o5V =0

Case 1: A, — A7 <0

S t Takeaway: Since there is a barrier between the two axes (fields)
There is a barrier between two minima: You cannot put a minimum there!
(0,v¢) and (v,0) So the field S must end up with a zero VEV
Therefor: No Mixing! No resonant HHH production!

FOPT

Final minimum at (v;,0)

| g

Continuous transition H
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Osama Karkout,! Andreas Papaefstathiou,” Marieke Postma,' Gilberto

PT In TRS M : Sta rt Wlth on Iy one Scalar Tetlalmatzi-Xolocotzi,* Jorinde van de Vis,® Tristan du Pree’

https://arxiv.org/pdf/2404.12425

1 1 1 1 1
Ve —m*T)H*+ —1H* + —m(T)S* + —A¢S* + — Ay H:S? Extrema at: dgV' =0, 05V =0
2 4 2 4 2
Case 1. A4, — /1135 <0 Case 2: A4, — /1[35 > ()
S 4 S 4+ Each extrema ‘comes out’ of a previous one:
There is a barrier between two minima: only one minimum at a time, no barriers
(0,v¢) and (v,0)

Final minimum at (v, v)

FOPT —

Continuous transitions

Final minimum at (v,0)

. o . > >
Continuous|transition H H

Case 1: Yes FOPT! No resonant HHH production! Case 2: NO FOPT! Yes resonant HHH production!
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Osama Karkout,! Andreas Papaefstathiou,” Marieke Postma,' Gilberto

PT In TRS M : Wlth both Scalars Tetlalmatzi-Xolocotzi,* Jorinde van de Vis,® Tristan du Pree’

https://arxiv.org/pdf/2404.12425

Call the fields x; . .
V(:E1,272,:E3) = 522377222333 + ZZZJ:CZszzm§?

Find all extrema by taking d;V = 0
e Origin: x¢ = (0,0,0). x3 O

e Axial extremum x; = (x1,0,0) with

T1 = \/—m%/cu.

e Planar extremum x15 = (z1,x2,0) with

...
-~
~ -
..
..
..
..
-~

e Bulk extremum xj23 = (21, 2, z3) with

T1 V/(c53 — caac33)m3 + (c1a¢33 — C1323)M3 + (C13C22 — C12C23)m3 Xy
N >
VD ’
-,BZ — \/(612633 - 613623)m% + (6%3 i 011033)m% + (011623 — 612613)m§ "
VD ’
— +/(c13¢c22 — c12¢23)m? + (c11c23 — c12¢13)m3 + (¢35 — c11¢02)M3
3 D |
where

9 9 9
D = cy1¢99¢33 + 2c12€13C23 — €3C22 — €11C53 — C12C33,

is the determinant of c;;.
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The extremum is a minimum if the eigenvalues of the Hessian of the potential hy, i.e.
the mass matrix, evaluated at the extremum are all positive, with

hii (21, T2, T3) = 0, 0,V (21, T2,73) = (M} + 2 CikZs )0kt + 2¢K TRy (4.16)

= curve = Simplify[Eigenvalues[Simplify[hessian /. Solutions[16]]11]]

\ :4 '-2¢cl2 chl ch2 - cl1 ch2? - c12% chh - c22 fchl2 - cl1l chh| | Root c22% ch1® ch23 J=-{c22 chil? - 2 c12 chl ch2 - c11 ch2? + c12% chh - c11 c22 chh| 2 m15 -
7 c12 c223 ch1’ ch2* J=-{C22 ch1? -2 c12 chl ch2 - c11 ch2? - c12% chh - c11 c22 chh| Z m1%. .11 &, 1 : '-1-2cl2chlch2+cll ch2? + c124 chh - c22 fchl2 - cl11 chh] :2 : 3 2,
4 (-2 €12 chl ch2; 'c22 Root [c22* ch1® ch2® _ |- (c22ch1®-2c12 chich2ic11ch241c124 chh-c11c22 chh|4 m1®-7c12 223 ch1” cha? | < m®, . . m1Z 3, 2|
[= 2'3/2 ’
4 |-2cl12 chl ch2+cl1 ch2? + c124 chh - c22 fchl2 - cl1l1 chh|| Root c22% ch1® ch23 J=-1€c22 ch1? - 2 c12 chl ch2 - c11 ch2? - c124 chh - c11 c22 chh| 2 m1° -
7 c12 c223 ch1” ch2* J=-1€c22 chi? -2 c12 chl ch2 - c11 ch2? - c12% chh - c11 ¢22 chh| Z m1%. . 113 &, 3| '-1-2cl2chlch2+cll ch2? - c12% chh - c22 fc:hl2 - cl11 chh] :2 j /2
Full expression not avallable (original memory size: 5.8 MB)

Not even mathematica could help... insight needed.
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V( _1 2 2 1 2 2
T1, T2, T3) = 5 24 M T + 1 24 CisTi T
U 1,J

Insights:

o Z,symmetry: (x — — x) does not change the potential! | can focus on the positive x; and generalise.

e The shape of the potential (whether an extremum is minimum) does not change if | scale the axes: x> = X

S _ 1
Now the Hessian is simple: hi (21, To, T3) = 04, 05, V (1, T2, T3) = 5kl

o
~ -
~ -
-
~ -
-
~ -
~ -
-~ -
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V(z1,z2,3) Z m2:1:2 = Z cwxzm

Insights:

o Z,symmetry: (x — — x) does not change the potential! | can focus on the positive x; and generalise.

e The shape of the potential (whether an extremum is minimum) does not change if | scale the axes: x> = X
L. _ 1

Now the Hessian is simple: hit (21, T2, 23) = 0x, 0z, V (21, T2, T3) = 5 Chi-

For resonant HHH: X3 @

We demand that xj93 is today’s vacuum. The eigenvalues of the rescaled Hessian should [ ®

then be positive. Sylvester’s criterion, stating that a square Hermitian matrix is positive
definite if and only if all the leading principal minors are positive, then gives

Cii > O, & Cij = C4iCjj — C?j > 0, & D> O, (4.18)

where
2 2 2
D = cy1c92¢33 + 2¢12013C23 — €{3C22 — €11C53 — C19C33,

is the determinant of c;;.
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1 1
V(z1,z2,x3) = 5277’&333? + ZZC@'.’B?.’B?,
2 1,

& D >0,

Cii>0a

Case 20 A, — Afe >0

S 4+ Each extrema ‘comes out’ of a previous one:
only one minimum at a time, no barriers

Final minimum at (v, v)

"

Continuous transitions

>

H

Case 2: NO FOPT! Yes resonant HHH production!
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1 1
V(z1,z2,x3) = 5277’&333? + ZZC@'.’B?.’E?,
2 1,

X12
X 19 Each extrema ‘comes out’ of a previous one:
only one minimum at a time, no barriers
X1
L2 Final minimum at (v, vg, v,)
X, T Continuous transitions
L3

Case 2: NO FOPT! Yes resonant HHH production!
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1 1
V(z1,z2,x3) = 5277’&333? + ZZC@'.’B?.’B?,
2 1,

ci >0, & CijECiiij_szj>O: & IX),

Final minimum at (vy, v,0)

Case 1: Yes FOPT! No resonant HHH production!
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1 1
V(z1,z2,x3) = 5277’&223322 + ZZC@'.’BZZ:U?,
2 1,

ci >0, & Cz‘jECiiij_szj>Oa & IX),

Final minimum at (vy, v,0)

Nightmare!
If we want FOPT,
we cannot detect it with HHH 2

Case 1: Yes FOPT! No resonant HHH production!

Niklhet MultiHiggs production and EWSB Osama Karkout


https://arxiv.org/pdf/2404.12425

Osama Karkout,! Andreas Papaefstathiou,” Marieke Postma,' Gilberto

PT In TRS M : Wlth bOth Scal ars Tetlalmatzi-Xolocotzi,*® Jorinde van de Vis,® Tristan du Pree'

https://arxiv.org/pdf/2404.12425

1 1
V(z1,z2,x3) = 5277’&333? + ZZC@'.’B?.’B?,
2 1,

ci >0, & CijECiiij_szj>O: & IX),

Final minimum at (vy, v,0)

Silver lining:

Final minimum at (v, v,0) = resonant HH production!!

g
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TRSM can accommodate both HH enhancement and FOPT!

I I I I I I I I

= l I I - Fi | . i O
S 10°C ATLAS — ggF HHx 400  — inal minimum at (vy, v,0)
P = —— VBFHH x 400 =
c ~ {s=13TeV, 140 b’ ¢ Data ]
51— B HH (n=2.2) —
o 10 = TiopThag SLT, 2 b-tags Top-quark S
— ggF SR, m_ > 350 GeV Jet -1, . fakes
104 ._.—"‘fq °Q""2 z + (bb,bC,CC) _——
= T en Il Other =
- : Single Higgs .
3L et Uncertainty ) .
10 = fa@ey e Pre-fit background =
E :JA.AJ. ) |_I_E
102 L ll‘ll: _
rgprr §
54'41 E
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A > {/ ?
S .
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Impossible for only one added scalar
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TRSM can accommodate both HH enhancement and FOPT!

Final minimum at (v, v,0)
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Impossible for only one added scalar
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e /, symmetric TRSM can enhance HHH if both scalars have nonzero VEVs at zero temperature (today)

o /, symmetric TRSM can accommodate First Order Phase Transitions (desired for matter-antimatter asymmetry)

e /, symmetric TRSM cannot accommodate both at the same time! Zero scalar VEV required for FOPT
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e /, symmetric TRSM can enhance HHH if both scalars have nonzero VEVs at zero temperature (today)

o /, symmetric TRSM can accommodate First Order Phase Transitions (desired for matter-antimatter asymmetry)

e /, symmetric TRSM cannot accommodate both at the same time! Zero scalar VEV required for FOPT

|deas to achieve both FOPT and HHH:

e Add terms that break Z, symmetry
 Add yet another scalar ;)
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e /, symmetric TRSM can enhance HHH if both scalars have nonzero VEVs at zero temperature (today)

o /, symmetric TRSM can accommodate First Order Phase Transitions (desired for matter-antimatter asymmetry)

e /, symmetric TRSM cannot accommodate both at the same time! Zero scalar VEV required for FOPT

|deas to achieve both FOPT and HHH:
e Add terms that break Z, symmetry

250 .
200:-
 Add yet another scalar ;) ~ 150

100

50

| presented analytic analysis for LO effective thermal potential.
Going to NLO numerically showed us the same conclusion

Figure 5: Evolution of the field expectation values in the minimum of the potential for

the third BM point in Table 2. The Higgs field is represented by gray solid, ¢2 by dashed
pink, and ¢3 by dotted cyan.
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For the actual scan we have generated 530,000 random points over the phase space
defined by My, M3, v, v3, 012,013, 023. The ranges considered are as follows:

M, € [255,700] GeV, M3 € [350,900] GeV,
V9 € [0, 1000] GeV, V3 € [50, 1000] GeV. (3.1)

For the mixing angles 612, 613, 023 we impose the following limits on the scaling factors |38,
68| of eq. (2.4):

0.99 < k1 <1.00, 0.0< Ko <0.25, 0.0<k3 <0.25. (3.2)
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BaCkU p Viable points with 0> 10 x osq(g9g —>hhh)@13.6 TeV stan du Pree’

(gg - hhh)@13.6 TeV

o
Osm

OiO' | 'of2' | 'of4' | 'Oj6l | 'Of8l | '1j0'
fraction from resonant: pp - hs - h>h; - h1h1h;

Figure 2: Enhancement of the triple Higgs boson production cross section o(pp — hihihq)
at 13.6 TeV, given in terms of multiples of the SM value, and the resonant fraction con-
tribution from pp — hg — hghi — hihihi. Only points with a factor 10 enhancement or
greater are shown. The density of points increases from the dark blue to yellow shade.
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Benchmark points for enhanced triple Higgs production
M M3 (% U3 912 913 923 agM Res. Frac. Hpert Zizz
259.0 | 495.0 | 215.8 | 180.8 | 6.191 | 0.163 | 5.691 | 306.025 0.955 2.7 x10% | 7.3
270.6 | 444.7 | 122.4 | 847.2 | 0.268 | 0.030 | 0.522 | 302.361 0.929 1.8 x10% | 7.3
2068.6 | 452.7 | 137.8 | 784.8 | 0.263 | 0.023 | 0.645 | 275.616 0.954 2.4x10% | 7.3
272.6 | 480.7 | 928.3 | 143.7 | 3.098 | 2.9 | 2.375 | 267.245 0.948 1.4 x10% | 7.2
269.0 | 409.8 | 138.0 | 999.4 | 0.244 | 0.004 | 0.773 | 266.439 0.976 2.4 x 10% | 7.2
269.1 | 486.9 | 227.5 | 307.9 | 0.074 | 6.149 | 2.631 | 157.583 0.956 4.3 x 10° | 8.0
259.2 | 577.0 | 289.0 | 275.6 | 0.137 | 6.148 | 2.324 | 145.470 0.781 1.2 x 10* | 7.2
283.7 | 575.0 | 259.4 | 330.4 | 0.137 | 6.152 | 2.299 | 122.546 0.779 3.0 x10% | 7.2
264.3 | 469.3 | 207.3 | 3959.5 | 0.285 | 6.277 | 0.692 | 119.121 0.999 5.4 x10% | 7.3
266.5 | 461.9 | 653.1 | 229.0 | 2.889 | 3.046 | 1.015 | 112.794 0.863 5.3 x10* | 8.0
259.2 | 399.7 | 444.5 | 217.0 | 2.917 | 3.046 | 1.047 | 103.717 0.973 1.2 x10° | 8.0
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The one-loop TRSM eftective potential at finite temperature is:

VT(¢27 T) — V(¢z) VCW(¢’L) ‘/ct(qbz) VT, 1—loop (¢z7 T)a (42)

with ¢; the field values defined in eq. (2.2) (with ¢; = v; in the vacuum today). V (¢;) is
the tree-level potential of eq. (2.1), Vow the standard zero-temperature one-loop ‘Coleman-
Weinberg’ potential and V. ;. the corresponding counterterms. The temperature-corrections

are captured by V7 1_100p, Which is given by

4
Vi@ T) = 55 | D) nadslmd(6)/T2 + nue[mi(@)/T7]|.  (43)
a=®; W,Z
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At temperatures large compared to the mass, the functions Jp r can be expanded in
mg,(¢i)/T* as

4 2 2 3 4 2
1 m m 3
J 2 /T?) = 7T | T Ma T @ (] 2 L 9
Bma/T7) = — e+ 5072 “ 13 3271 18 Tgm2rz 2 T 20E)
Tt 7w m? 1 m? m? 3
Jp(m? /T?) = a a (] a F2vg ) -, 4.5
Fma/T%) = 360 = 2412 ~ 32 704 (Og 7272 2 7E) (4:5)
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A.3 RGEs
The one-loop RGEs for the quartic couplings are

bY: A2 3 9 3
(471-)2/3&1 24)‘11 | 2 | 2 | _gil + _gg + _g%gg - 6%1 — 4)‘117<I>17

2 2 8 8 4

)\2
(47'(')2,8)\22 = 18)\32 + 2)\%2 I 223,

/\2
(47)2 B,y = 18A2; + 222, A 223,
(47)%Br,, = 4A]5 + 12X12A11 + 61222 + A13A23 — 2X 1278,
(47)%Bx,, = 4A13 + 1221311 + 61333 + A12d23 — 2X1378, ,
(471')2,3)\23 = 4)\%3 + 69399 + 69333 + 41913, (A5)

2

2
with 8y = uoA/0u and v, = (Sil | 932 Syf). The running of the gauge couplings and

the top quark is as in the SM

(477')2/3% = bf,;g?,
9 2

(47)" By, = Su; — yt(ggf +993) — VYo, (A.6)

with b; = (41/6,—-19/6,—7) for ¢ = 1,2, 3.
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Baryogenesis (matter-antimatter asymmetry)

Sakharov is mostly known for his political activism for
iIndividual freedom, human rights, civil liberties
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