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The Standard Model
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Figure 2: Diagrams in this model which lead to the effective Yukawa interactions, where 1,4’ = Q,u,d, L, e(neutrinos will be

treated separately) i,j = 1,2,3, k,l = 4, M is vectorlike mass and H = tooH* H=H, 4
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The seesaw mechanism

B—+BZ+4M?2 M? 2M?
_B-VB*+ %_JFO(B)

0 M 2 b
A= M B B + VB2 + 402 M2 2 M2
Ay = * 2+ %B—I—?—FO(B)
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5 V1R YaR V3R V4R Yar )
Vg 0 0 0 y&(f'[o) m&(qb)
MY Vo, 0 0 0 313)4(?[0) 3312%1(9"5)
B Var, 0 0 0 y;f’4<f[0> wéﬁ(@
E4L yaﬁ(ﬁ(}) yibQ(EO) :f?,( ) 0 MZ:L
\ Par | sh(8) zhh(e) als(e) MY 0o )

daniele.rizzo@ncbj.gov.pl



Type-ll next-to-2HDM

ME!

diag (O,m“,mT,ME‘i, ME:4)

M

diag (0, me, me, My, , M54)

Mdf — dlag (O: Mg, Mp, MD4:M54)

daniele.rizzo@ncbj.gov.pl
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5 (m'}l;hy . mgen)Q (AMI'/I“/hy . AM‘%en)Q (mThy _ mCen)2 (m;I_‘hy . mgen)2

+ H H

_|_

X (O 2T 2 + (SAMDeV)2 (5mBev)2 (§mDev)?
| (ot —afpw)® | (BEY — RS (Aag™ — Aag)?
(B )2 (6RDev)? (6Aalev)?

(AsThy _ AsCen)Z N (ATThy _ ATCen)Z N (AUThy o AUCen)Z
(§ASDev)2 (JATDev)2 (GATDv)?

H daniele.rizzo@ncbj.gov.pl
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5 (m'}l;hy . mgen)Q (AMI'/II‘/hy . AM‘%GH)Q (mThy _ mCen)2 (m;I_‘hy . mgen)2

X = ov + = +—* L+
(O 2T 2 (BAMBEY)? (5mBeV)2 (D 2o¥)2
| (ot —afpw)® | (BEY — RS (Aag™ — Aag)?
(B )2 (6RDev)? (6Aalev)?

(AsThy _ AsCen)Z N (ATThy _ ATCen)Z N (AUThy o AUCen)Z
([GASP=R (SATDev)2 (GATDvY?
Random walk algorithm
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5 (m'}l;hy . mgen)Q (AMI'/II‘/hy . AM%/en)Q (mThy _ mCen)2 (m;I_‘hy . mgen)2

X = ov + = +—* L+
(O 2T 2 (BAMBEY)? (5mBeV)2 (D 2o¥)2
| (ot —afpw)® | (BEY — RS (Aag™ — Aag)?
(B )2 (6RDev)? (6Aalev)?

(AsThy _ AsCen)Z N (ATThy _ ATCen)Z N (AUThy _ AUCen)Z
([GASP=R (SATDev)2 (GATDvY?
Random walk algorithm Genetic algorithm

&7

new generation
7 N

4 » bbb hhh

4 N\
/ \ l

AT/ ' g
a0 Tl
mutation evaluatibn of

: each ind:ividual

\

\
v ® .8
o X | U
reproduction selection

E daniele.rizzo@ncbj.gov.pl
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11 free parameters

V =1 2(H{H,) + p3(H Hy) + 13(6%9)

1 1

+ M HTHL? + S ha(HyHa)* + Ns(HH,) (H ) Ha) + Ns(HHa) (H}H.)

1 ; ] 1 * * *

5 As(ei HyH)6 + Hoe) + 526(079)% + M(070) (HL Hu) + As(67¢) (HyHa),

2

daniele.rizzo@ncbj.gov.pl
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¥ 11 free parameters
V = (3(HLH,) + p3(H Hy) + 13 (97 9) P

1 1
+ M HIHL)? + S (HiHa)® + As(HIH.) (HHa) + Na(H[Ha) (HH.)

2
b o Nale HLHIP + Hoe) + 0667 6) + Ae(60)(HLHL) + As(6° ) (HHa),

H+

1 0 0
ol 4 " H, — 75 (va + Re Hy + i Im Hy)
% \/—ﬁ(vu—i—ReHg—f—zImHg) ’ :

Hy

gb:%(vqé—i—Regb—i—éImgb).

V2
o 1 2 2 o _ L1y o 2 >
Hi= g (—A1vy — Agv3) iy = 5 (Asvi = Agvg — Agu3)
Asvivg 1 1
2 3V1Y2 2 2
- ~ Sag0R — S aged.

m daniele.rizzo@ncbj.gov.pl



Type-ll next-to-2HDM

¥ 11 free parameters
V = p3(HH,) + pd(HYHg) + 13(079) P

1 1
+ M HIHL)? + S (HiHa)® + As(HIH.) (HHa) + Na(H[Ha) (HH.)

2
1 i ] 1 * * *
+ oA (e Hy 0" + Hee) + 5 Ao(670)° + Ar(670) (HLH.) + As(670) (H ) Ha),
v 'U'2
’U%)\l — % i)\fj'b’% + v1U9 A3 %‘Ug ('UQ)\EJ' -+ 2@1)\7)
2
M%P-even — i)\g,v?% + v1U9 A3 ’U%)\g — U1$§2A5 %’Ug (’Ul A5 + 2“2/\8) 3
%’03 (v2 5 + 2u1 A7) %’Ug (V1 A5 + 2v2)8) ’U;":/\@

ﬂ daniele.rizzo@ncbj.gov.pl
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¥ 8 free parameters
V = (3(HLH,) + p3(H Hy) + 13 (97 9) ¥

1 1
+ M HIHL)? + S (HiHa)® + As(HIH.) (HHa) + Na(H[Ha) (HH.)

2
1 P 1 . ) )
+ oA (e Hy 0" + Hee) + 5 Ao(670)° + Ar(670) (HLH.) + As(670) (H ) Ha),
Mz 0 0
M%P-even — 0 )\31;% + U%)Q _%US (4U+§2A3 — 2”02)\8)
0 —%’Ug (41}1@%2)\3 — 2“2)\8) ’U%)\G
4v1v 9 202 M2 — 2\
Ay = — 5 A3, A7 = ——— A5 = —2)\3. A = H 5 2743
US 21,}1 ’[}3 ,Ul

E daniele.rizzo@ncbj.gov.pl
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¥ 6 free parameters
V = (3(HLH,) + p3(H Hy) + 13 (97 9) ¥

1 1
+ M HIHL)? + S (HiHa)® + As(HIH.) (HHa) + Na(H[Ha) (HH.)

2
1 . 1 i} ) )
5 As(ei HyH)6 + Hoe) + 526(079)% + M(070) (HL Hu) + As(67¢) (HyHa),
Mz 0 0
M%P-even — 0 )\SU% + U%)Q _%713 (4@+§2A3 — 2’02)\8)
0 —303 (41)%,%2)\3 — 2U2)\8) V3 X6
4v1v2 V9 203 M2 — 2\
As T 35 A3, A= —— X5 = —2,2)\3 A = H 5 273
US 21,}1 ’[}3 ,Ul
tan 6 () . 1 v t 6 -
\/1+tan25\/§ \/1+tan25\/§

E daniele.rizzo@ncbj.gov.pl
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V = u2(H H,) + p3(H Hy) + p2(6*¢)

1 1

+ M HIHL)? + Ao (HyHa)* + Ns(HH,) (H ) Ha) + Ns(H Ha) (H}H.)

1 ; ] 1 * * *

5 As (e HyH)6 + Hoe) + 5 26(670)% + M (07 0) (H Hu) + Ns(67 ) (HyHa),

2

daniele.rizzo@ncbj.gov.pl
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V = pi(HLH,) + i3 (HyHa) + 13(6°6)
1 1
+ M HIH)? + SA(HiHa)® + As(HI ) (HHa) + Na(H[Ha) (HH)

2
1 ] ) 1 * * *
5 As (e HyH)6 + Hoe) + 5 26(670)% + M (07 0) (H Hu) + Ns(67 ) (HyHa),
Equilibrium
o Potential Energy, U

i
/\ ;\ F/\ Stable Unstable
g \/ - D Position, x ? E

x Position (m) x Position (m)

E daniele.rizzo@ncbj.gov.pl
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V = pi(HLH,) + i3 (HyHa) + 13(6°6)
1 1
+ M HIH)? + SA(HiHa)® + As(HI ) (HHa) + Na(H[Ha) (HH)

2
o Nale HLHIP + Hoe) + 2667 6) + Ae(60)(HLHL) + As(6°6) (H}Ha),

-V Exp(-0)

daniele.rizzo@ncbj.gov.pl
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1 1
Vi = S\ (HH + She(HH)? + Ns(HLH,)(H]Hg) + Na(HLHa) (HYH,)

2HDM: G. Bhattacharyya and D. Das, Pramana 87, no.3, 40

daniele.rizzo@ncbj.gov.pl
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1 1
Vi = SN (H{HW)? + 5 0o (HyHa)? + Ns(H{ o) (H ) Ha) + Ma(H]Ha) (HiHy)

2
1 S
1 — T
a=H'H,, d = Re H, Hg,
; e = Im H} Hy,
= H_ Hy,

f =Ree;; HLH)¢?,
g =Ime;; H H ¢?,

m daniele.rizzo@ncbj.gov.pl
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! — H'H,
Vi= = (Ma® + 2X3ab + Aob?) + Ay (d* + €?) + a = HyH,,
° b= HHy,
+ (Redsf —TmAsg) + 5 (Aac® + 2Arca + 2\sch) c= "6,
d =ReH] H,,

e =Im H] Hy,
f =Ree; HLH) ¢,
g = Ime;; H. H)¢?,

daniele.rizzo@ncbj.gov.pl
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! — H'H,
Vi= = (Ma® + 2X3ab + Aob?) + Ay (d* + €?) + a = HyH,,
° b= HHy,
1 S
+(ReAsf —ImAsg) + 5 (N6c® + 2A7ca + 2)sch) c = ¢*,
d =ReH] H,,
e =Im H] Hy,

f =Ree; HLH) ¢,
g = Ime;; H. H)¢?,

Positivity conditions

ab > d? + €2,
abc® > f? + g% > 2fg.

daniele.rizzo@ncbj.gov.pl
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1 — H'H,
Vi = = (A1a? + 2X3ab + Aob?) + Ag (d2 + €?) + e
2 b= H'H,,
1 h
+ (ReAs f — TmAsg) + o (Aec” + 2Arca + 2Asch) c=¢"o,
d = Re H! Hy,
When a =0, thend=e=f=¢g=0 e =ImH Hy,

1 1 A2 1 (Agh)? — It g 42
V4(a=d=6=f=9:0):§)\gbz+§(x/Ae.ch\/i)\_(s) —5()8\6) >0 f=Ree;H,H;o",

_ ..HiHj 2
V4(a—d—e—f—g—0, b= j:t;C)—l A6C +()\8+\/)\2)\6)bc>0 g—II].’lEfU U dqb’
2

Positivity conditions

ab > d? + €2,
abc® > f2 4+ g% > 2f1g.

daniele.rizzo@ncbj.gov.pl
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1 — H'H
Vi = = (A1a? + 2X3ab + Aob?) + Ag (d2 + €?) + e
2 _ oyt
b= H'H,,
1 «
+ (ReAs f — TmAsg) + o (Aec” + 2Arca + 2Asch) c=¢"o,
d = Re H! Hy,
When a =0, thend=e=f=¢g=0 e =ImH Hy,
%(a:d:e:f:g:()):%)\QbQ—F%(\/)\_66-1—\)/\%)2—%()\)8\:)2>0 f:RGEin,ng(bz,
— It g 42
V4(a—d—e—f—g—0, b= j:zc) :M+(A8+\/)\2)\6)50>0 Q—Imeggﬂiné ’
When b=0,thend=e=f=9g=0 Positivity conditions
wrmimemrmrmo=bue (e ) 400 | sy 2

I/Zl(b—d—e—f—g—(], a—\/gc)—l VAre= Xse +()\7+\/)\1)\6)ac>0 ab622f2—|—g222fg,

daniele.rizzo@ncbj.gov.pl
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'

B(g)>0
g(E)

Landau pole

~ 4T L

daniele.rizzo@ncbj.gov.pl
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g(E)

~ 4T L

>

B(g)>0

Landau pole

>

qd
2.0
1.5
1of—" g3
........................ . . gy
8.0 8.5 9.0 9.5 10.0 10.5 11.
\ \ Log(E/GeV) \
2 TeV 10 TeV 60 TeV

daniele.rizzo@ncbj.gov.pl

Daniele Rizzo



Type-ll next-to-2HDM

B(g)>0 [

g(E) A [ 9
Landau pole 20
o [
~ 4 ¢ [
151

1.-::-3-—-""'"" g3

| e

; N Ia.lnl B Ia.lﬁl B IQ.I-:-I N Ig.lﬁl B I1c;.-:+ 1-:?;.5 11I. Y

\ \ Log(E/GeV) \
2 TeV 10 TeV 60 TeV
gd(2 TeV) =1 » 9d(10TeV)=137  » @gd(60TeV) =10.41

daniele.rizzo@ncbj.gov.pl
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L i,
: =
F : : ;

\ Log(E/GeV) \
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14}
i ___—28B
A6
-

x‘[
{ [ —a7
f-"f‘f A3

J M

};f ;’/_M
] — AB
- f,.% g3
-‘ > -
F 8.0 8.5 9.0 —

\ Log(E/GeV) \

2 TeV 10 TeVv
A (2TeV) =1 A1 (10 TeV) = 1.49
A2 (2TeV) = 1 X2(10 TeV) = 3.84
)\3(2 TGV) = 1 )\3(10 TeV) = 1.83
Ai(2TeV) =1 . M(10TeV) =1.06
As(2TeV) = 1 As(10 TeV) = 1.28
A7(2TeV) =1 A7(10 TeV) = 2.68
As(2TeV) = 8 As(10 TeV) = 16.43

niele.rizzo@ncbj.gov.pl
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¥ - / :
F ; , ] : : g
\ Log(E/GeV) \ \ Log(E/GeV) \

2 TeV 10 TeV 2 TeV 10 TeV
A (2TeV) =1 A1(10TeV) = 1.49 A (2TeV) = 0.26
A2(2TeV) = 1 A2(10TeV) = 3.84 X2(2 TeV) = 9.99
A3(2TeV) =1 A3(10 TeV) = 1.83 A3(2TeV) = 1.89
A1(2TeV) = 1 . Aa(10TeV) =1.06 As(2TeV) = 2.04
As(2TeV) = 1 A5(10 TeV) = 1.28 A5(2TeV) = 0.077
A6(2TeV) = 1 A6(10 TeV) = 9.49 A6(2TeV) = 2.11
A7(2TeV) = 1 A7(10 TeV) = 2.68 A7(2TeV) = 0.00077
( ) =8 Ag(10 TeV) = 16.43 As(2TeV) = 11.77

daniele.rizzo@ncbj.gov.pl
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¥ - / :
F ; , ] : : g
\ Log(E/GeV) \ \ Log(E/GeV) \

2 TeV 10 TeV 2 TeV 10 TeV

A (2TeV) =1 A1(10TeV) = 1.49 A (2TeV) = 0.26 A1 (10 TeV) = 1.45

A2(2TeV) = 1 A2(10TeV) = 3.84 X2(2 TeV) = 9.99 A2(10 TeV) = 49.47

A3(2TeV) =1 A3(10 TeV) = 1.83 A3(2TeV) = 1.89 A3(10 TeV) = 7.28

A (2TeV) = 1 . Aa(10TeV) =1.06 As(2TeV) = 2.04 A2(10 TeV) = 2.42

As(2TeV) = 1 A5(10 TeV) = 1.28 A5(2TeV) = 0.077 A5(10 TeV) = 0.21

A(2TeV) =1 A6(10 TeV) = 9.49 A6(2TeV) = 2.11 A6 (10 TeV) = 505.12

A7(2TeV) = 1 A7(10 TeV) = 2.68 A7(2TeV) = 0.00077 A7(10 TeV) = 15.65
( ) =8 Ag(10 TeV) = 16.43 As(2TeV) = 11.77 As(10 TeV) = 291.97

daniele.rizzo@ncbj.gov.pl
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¥ - / :
F _ . ; 8. : :
\ Log(E/GeV) \ \ \ Log(E/GeV) \

2 TeV 10 TeV 2 TeV 3 TeV 10 TeV
A (2TeV) =1 A1(10TeV) = 1.49 A (2TeV) = 0.26 A1 (10 TeV) = 1.45
A2(2TeV) = 1 A2(10TeV) = 3.84 X2(2 TeV) = 9.99 A2(10 TeV) = 49.47
A3(2TeV) =1 A3(10 TeV) = 1.83 A3(2TeV) = 1.89 A3(10 TeV) = 7.28
A(2TeV) = 1 . Aa(10TeV) =1.06 As(2TeV) = 2.04 A2(10 TeV) = 2.42
As(2TeV) = 1 A5(10 TeV) = 1.28 A5(2TeV) = 0.077 A5(10 TeV) = 0.21
A(2TeV) =1 A6(10 TeV) = 9.49 A6(2TeV) = 2.11 A6 (10 TeV) = 505.12
A7(2TeV) =1 A7(10 TeV) = 2.68 A7(2TeV) = 0.00077 A7(10 TeV) = 15.65
( ) =38 Ag(10 TeV) = 16.43 As(2TeV) = 11.77 As(10 TeV) = 291.97

daniele.rizzo@ncbj.gov.pl




Type-ll next-to-2HDM

Work in progress:

* Perform the minimization of the loss-function with multi-core random
walk to find the parameters for the models.

* Perform the same minimization with genetic algorithm, gradient descent
and other machine learning techniques.

 Perform the analysis of already existing bounds from LHC for the
production of the scalar particles, the VL-fermions and (in the local
model) of the Z".

Ideas for a next project:
» Study the quark sector of the model by taking into account new
observable than can set constraints on their parameter space.
 Repeat the entire analysis by adding a second family of VL-fermions, so
that we can also generate a mass for the first generation of leptons.

m daniele.rizzo@ncbj.gov.pl



Hoping you are still awake
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Thanks for the attention!
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ﬁgumwaJrMass =y Q;r Hyugr + o dtkLuin + Cﬁggflb@iLQkR + Yy Qrr Huuwir
+ y%.Qir Hadyr + 2sddirdir + v Qur Hadir
+ Myupurg + Mydipder + Mﬁ@kLQzR + h.c.

My,
I

QL B ! L B UjR QiL =2 ' ‘ > UjiR

UkR ulL Qrr Qi

M
QiL > : ' > dir Qir > : : b djr
dir dir Qkr QL

daniele.rizzo@ncbj.gov.pl




Type-ll next-to-2HDM

Yukawa-+M 70 z L oL L Ly H
£eu awa+Mass __ ykaiLHdekR + miiéekLeiR -+ .’,Bik.qﬁngLLkR =+ yliiLkLHdeiR

+ M{eirexr + MELLLLig + h.c.,

ﬁ;}(ukawa+l\/lass _ y;'/kLiLHquR + x:i[;gL‘iLHdD’kR + M]?l/[’l;lRVkR + h.c.

f; ¢ ¢ Hq

€iR

\
Y

€iR LiL
ekR el Lkr Luw

A 4
Y

LiL

My
Lir

\
A
b
=

ViR i'Ale

daniele.rizzo@ncbj.gov.pl
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E daniele.rizzo@ncbj.gov.pl

EYukawa—I—Mass
e

= oS Lir Haepp + v5,0erreir + T Li L + vy L Hyeir
+ M{eirexr + MELLLLig + h.c.,

f V1R V2R V3R (17 Yar
ElL 0 0 0 3111!)4<f[0) m&(ﬁb)
Var, 0 0 0 yss(H”)  z3,(9)
Ysr 0 0 0 s (H')  z3,(8)
Yar | v (H)  yla(H®) wyis(H) 0 M,

\ Pz | 2h(d)  alhh(e)  al(e) MY 0
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Analytical expression for the muonic g-2

mQ

By = VLT [(R)  (RE) 3, 18 (M) + (RD) 5 (RD) g 8 (M0,
4 (RD) gy (B) gy 1 (M oma ) + (RD) y (RD) gy 1 (M, ma, )|

M..,
x> (1:1::|: E4)
1" o

1
Mz= mpg| = dx
SP( Ey H) /
0 miz?+ (M%4 - mfb) z+mgp(l—2) g

Aa, = a,® —a)™ = (26.1 £8.0) x 107"

€4 €4

Put here the value from best-fit xi”™2

Y4
m daniele.rizzo@ncbj.gov.pl

Hig,A19 7€

42
Daniele Rizzo




Phenomenological problems of

The Standard Model

0.0496 < AMyy < 0.0624

Put here M_W from best-fit

Xi™2
AS = 0.06 £ 0.10.

Put here ST U from best-fit
AT =0.11 £0.12. Xi™2

AU = 0.13 = 0.09

daniele.rizzo@ncbj.gov.pl
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