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Motivation: Matter-Antimatter Asymmetry

b

The SM does not explain the matter-antimatter asymmetry in the universe n =2~ 6-10"1°

RxSM. SFOEWPT
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Proposal: Electroweak Baryogenesis

Sakharov conditions: Process out of
termal equilibrium

Strong First Order ElectroWeak
Phase Transition (SFOEWPT)

RxSM Model, a BSM model where:
SM + a new Higgs singlet, i. e., a new
Higgs boson, H



Goals

« Study of the RxSM model with a SFOEWPT

« Analysis of e*e™ channels with Triple Higgs
Couplings (THC’s) in future e*e™ colliders at
Vs =1 TeV, e.g. International Linear Collider
(ILC), ILC1000:

« ete” > Zhh
« ete” > vwhh

 Corrections at one loop (1L) will be considered
 Behaviour of the THC'’s iy

* Implementing other models: the CxSM model ---mmmo Q\\ = —itvnl A,



RxSM model, addition of a real singlet

Apart from the existent SM Higgs doublet, H, we add a real singlet, S,

1 V2Gt
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The Higgs potential is modified,

As
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SM-like

Mass basis: h is the 125 GeV Higgs boson and H is a heavier Higgs boson with my > 2m,,

() =) = () (&)

2 2
my, My, &, UV, Vs, ks, KSH

Mass parameter basis:

h-------- Q = —1vn! Appn,
Triple Higgs Couplings (THC's): .

)\hhha )\hhﬂa )\hHH) )\HHH \\hj



Di-Higgs production

« Two channels:
e et+te-ete” - Zhh
e ete” - vwhh

« We obtain histograms of the
cross sections as function of
my,;, at /s =1 TeV including 1L
corrections.

« RxSM
e H

 We obtain a statistical
significance of the RxSM
differential cross section with
respect to the SM at a
luminosity of L = 8 ab™1
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Benchmark Plane. Cross-section a(ete™ —» Zhh)

We use a benchmark plane defined to maximise the
strength of the SFOEWPT, which is given by:

cosa = 0.98,
kg = —300 GeV
Vg = 280 GeV .
Free parameters:
Rsg, My

We define 4 BP where we study the cross-sections in
ete” in this plane

BP my |cosa Vg Kg KsH nf\o) KJE\l) )\EL(QH )A\SH)H
[GeV| [GeV] [GeV] | [GeV] [GeV]  [GeV]

1 800 | 0.98 280 —300 |—1601 ) 1.8 1.7 721 386
2 646 | 0.98 280 —300 [—1429 | 1.7 1.6 1439 129.8
3 558 | 0.98 280 300 |—1204 | 1.6 1.5 145.0 1374
4 700 | 098 280 —300 |—1301 |16 15 61.5 400
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Cross-sections in et e~ colliders

. Cutsin e*e~ colliders (ILC1000) [1]:

ete” - Zhh - Zbbbb
Ey, > 20 GeV, |nz| < 2.5, || < 2.5, yw > 0.001

ete” - vvhh — vvbbbb
Ey, > 20 GeV, EZ"™ > 30 GeV, || <25, 1y > 0.001

N/ cuts (ee* — hhvv), (s = 1 TeV
. A nce: A — o — hhwv), Vs =
ccepta Ce A NW/O Cuts B 5 rri | rTri I rrri | rrri I rrrrjyprrrryprrrryrrrryrrrrjpnrita IT_
£ 45 P3, m = 558 GeV gosm Oy grasu O
b . w/ pol\" Tijk hhvv,w/o pol'"“ijk ]
i . 5 =16« =15 O e (g 1 SRS )
« Efficiency of b-tagged jets: ¢, = 0.85[1] o 4, o y ., :
hopn = 145.0, A, . =137.4 vyt pol | Ohhvv.wio pol n
3.5 .
_ 3 =
* Smearing: 5%][1] .
2.5 I
r_,"-l,.;-"l.l .
2 ‘ Lo g, =
* Polarization: 1 BEZ I e ' "’ﬁl,“]..
Zhh channel vwhh channel 1 ' E
Opot = 14760 npo1[1] ||Madgraph5 aMC v3.5.9—> ~1.5 — 2.5 .
0.5 H
_ IARY N P T T TR PUTTE PUTE FUTTE PO P
+ [Nap = Npp X (BR(h — bb)) X A X & %100 200 300 400 500 600 700 800 900 1000

m,, [GeV
[1]2505.02947 n [GeV



my,, distributions in e*e™ - Zhh — Zbbbb

Cross section / 10.0 [fb / GeV]
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my,, distributions in e*e™ - Zhh — Zbbbb

c(e et — Zhh — Zbbbb), Vs = 1 TeV
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my,, distributions in et e~ — vwhh —» vvbbbb

c(e et — vvhh — vvbbbb), Vs = 1 TeV c(e’e* — vvhh — vvbbbb), Vs = 1 TeV
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my,, distributions in et e~ — vwhh —» vvbbbb

c(e"e* — vvhh — vvbbbb), /s = 1 TeV
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Significance of the RxSM differential cross-section

Statistical significance of the RxSM with respect to the SM, called Z [1]:

With| Ny, = Npp x (BR(h — bb))* x A x ¢,

atL =8ab !

(0)

Points o5M(AD)) [b] BN (]| Z9)  Zoh| Agw x e AG) x &
BP1 0.0480 0.0457 759 6.33| 63.4% 63.2%
BP2 0.0480 0.0460 764 625| 63.2% 63.2%
BP3 0.0488 0.0469 0.49 8.81] 63.4% 63.6%
BP4 0.0444 0.0426 553 4.29| 63.2% 63.2%

Points o050 ()\S);)g) [fb] o ()\Ejll)g) [fb] Z,E?/)hh Z;S/)hh "41(/0u)hh X €p -A;(jj)hh X €p
BP1 0.0298 0.0275 6.44 594 | 52.4% 51.3%
BP2 0.0336 0.0312 9.78 877 | 51.7% 51.3%
BP3 0.0469 0.0441 21.49 20.33| 52.2% 51.8%
BP4 0.0266 0.0256 555 523 | 50.7% 49.8%

[112505.02947




THC's in the RxSM

RxSM, OSnew, BP3, vg = 280 GeV, cos(a) = 0.98, kg = —1204 GeV, kg = —300 GeV
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THC's in the RxSM

RxSM, OSnew, BP3, My = 558 GeV, vg = 280 GeV, kgy = —1204 GeV, kg
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THC's in the RxSM

RxSM, OSnew, BP3, My = 558 GeV, cos(a) = 0.98, kgy = —1204 GeV, vg = 280 GeV
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Other singlet extensions: The CxSM model
In the CxSM model a complex singlet, S, is added, apart from the SM Higgs doublet, H

1 V2 Gt 1 _

We consider a model with a global U(1) symmetry in S softly broken and a Z, symmetry in A

2 A 0 b d b
V(®,9) = — 0'd+ 2 (010)" + 2010 512+ 2[S)> + 2|S|* + | 25% + a1 + c.c.
w2 4 , 2 2 4 4
SMilike
Mixing between the ¢ and S fields:
hi\  (ca —Sa) [
ha)  \s, cCqo s hi
Mass parameter basis: ,
m%w m%[? m?éb o, U, Vg, a1 h-------- Q = —1vn! Appn,
Triple Higgs Couplings (THC’s):
h

Ahhhy ARhH, ARHH; NHHH; AhAA, AHAA,
SFOEWPT? A as DM?...

An implementation of this model was made in SARAH (use in programs like anyBSM)



Other singlet extensions: The other CxXSM model

However... due to technical problems, in these results another version of the CxSM model

was used:
1 V2GH 1 .
b =— , : S =— A),
\/ﬁ(v+¢+z(}’0) \/§(S+z )
We consider a model with a Z, symmetry in S
2 A 0 b d
V(®,8) = = &1+ 2 (10) + 2010 |92 + 2|82+ 2|S|*,
2 ' 4 ) 2 2 4
SM-like

There is no mixing between the fields: S* and S~ are particle and antiparticle and are charged

: hi
Mass parameter basis: o

2 2
mhu m v, d?a 52

S8

. . . ho-------- Q = =iV Aphsh,
Triple Higgs Couplings (THC’s):

Ahhhs AnS+s— h;



1L corrections to Ay, in the CxSM model

CxSM, My = 100.0 GeV, dy = 10.0, §, = 1.0
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1L corrections to Ay, in the CxSM model

CxSM: kx(d2, Mg)

400 /!
" " ,
Increase if the 1L corrections of A, /
350
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through other Feynman diagrams -
> 250
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« 200
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Conclusions

 We have introduced the RxSM model where a SFOEWPT takes place, a
step to explain the matter-antimatter asymmetry in the universe

« We have analyse the main channel in Di-Higgs production in e*e™ channels
in future colliders, ILC1000

* We have obtained a theoretical significance, Z, of the model with respect to
the SM

» Conclusion for the future, keeps working on the CxSM model



Extra
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Motivation: Matter-Antimatter Asymmetry

The SM does not explain the matter-antimatter asymmetry in the universe n = n?b ~6-10710

Proposal: Electroweak Baryogenesis:

* The three Shakarov conditions[1] must be fulfilled:

1) Baryon Number Violation 2) C and CP Violations 3) Out of equilibrium
Y
X Y \% Yy Y
?, X +X X +
% B B B B



Benchmark plane. SFOEWPT

We define &, = v(TTn) = 1, where T,, is the temperatura of nucleation, as the conditions for SFOEWPT

n

Different kind of EWPT
—1000 2501 250 = =
50 2507 ——— i@ N
200+ 200 200 * vg
v
—1200 = 1501 = 150 2 \
&) S) S R T
= 100 5100 ~ 100 v
50 '
= 50 50
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from Di-Higgs researches
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Cross-sections in et e~ colliders

« Cutsine*e™ colliders (ILC1000):

e"e” - Zhh — Zbbbb e"e~ — vwhh —» vvbbbb
Ey > 20 GeV, |nz] <2.5, |m| <2.5, yw >0.001] | B, > 20 GeV, EX™ > 30 GeV, |[n] < 2.5, i > 0.001
NW/ cuts o(e’e’ — hhvv), s =1 TeV
. Acceptance.A:W B P e R —
b% 4 5; P3, m = 558 GeV O o) | O ) B
Y H =16k =15 S () OB B
® EfﬂCiency Of b_tagged jets: eb — 0-85 b 45;\,:10:“:1450, ;\’::I:H=1374 : Gﬁmrv,wlpollcﬁmv,w/opol é
3.5F =
° 1 . 0 n -
Smearing: 5%] 2.55— l‘f“ ; D‘H‘-J:IHE::.]lh [|hn 3
q gEZhhchamnel | .h 1803
« Polarization: F 146 I _| .
Zhh channel vvhh channel 1_ 3
Opor = 14760, p0i[1]| |Madgraph5 aMC v3.5.9 0.5F E
0'||||||||||||||||||||||||||||||||||||||||||||| :
— TN\ 2 0 100 200 300 400 500 600 700 800 900 1000
e [Ny = Npp X (BR(h — bb))” x A X ¢ m,, [GeV]
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Smearing

The smearing is an uncertainty due to the uncertainty in the experimental reconstruction of my,,

« Each value of my,,
as a Gaussian
centered in its
value with a
FWHM given by a
percentage p of

Mpp

« \We consider the
value p = 5% [6]
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Significance of the resonance and sentisivity to A,y

Statistical significance of the resonance of H, called Z[6]:

« With [Ny, = Npp x (BR(h — bb))? x A X ¢

. . ) S = Nz',w74b — Ng,pzlb S
* Obtain the next variables per bin, e , Zo=14/2 ((si + b;) log (1 + b—") — si)
i = AV vpdb o i

1

\ \7C
(N?;,,,,;élbin RxSM at 1L and N?;,,,Mb in SM)

. X 0 x| 1 0 1 0 1
Points oS M(A0)) [b]  oSSMOG)) [l Z5),  Zoh | ADh x e AS) x e

* Statistical significance BP1 0.0480 0.0457 759 633 | 634%  63.2%
BP2 0.0480 0.0460 764 625| 632%  63.2%
7 _ \/Z (Z,)? BP3 0.0488 00469  [949 881]| 634%  63.6%
: BP4 0.0444 0.0426 553 429 | 632%  63.2%
Points  a,05M ()\5?%) [fb] o ()\Sf)c) [fb] Zﬁ?z)hh Zirlz)hh A:(z?/)hh X €p Ar(zlu)hh X €p
BP1 0.0298 0.0275 644 591 | 524% 51.3%
BP2 0.0336 0.0312 078 877 | 51.7% 51.3%
BP3 0.0469 00441 2149 2033]| 52.2% 51.8%
BP4 0.0266 0.0256 555 523 | 50.7% 19.8%

Carlos Pulido Boatella Deutsches Elektronen-Synchrotron DESY
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