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Standard Model: Major Problems

Gauge fields (interactions): vy, W*, Z, g
Three generations of matter: L = (¢t), eg; Q = (Zﬁ) dp, Ug

@ Describes
» all experiments dealing with electroweak and strong interactions
@ Does not describe (PHENO) (THEORY)

v

. I Dark energy (Q4)
» Neutrino oscillations

\{

Strong CP-problem
» Dark matter (Q2py)

v

Gauge hierarchy
» Baryon asymmetry (Q2p)

v

, Quantum gravity
» Inflationary stage

SUSY can explain all above in green
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If SUSY breaking scale is low. ..

Particles from the hidden sector may be light too

no SM superpartners at TeV scale. ..

Then we effectively have SM and Goldstino supermultiplet

Gravitino is R-odd (and LSP?), search for its pair production (missing energy)

Sgoldstinos are R-even, search for their single production and decays to SM
particles
Sgoldstinos couple to Higgs. They can
enrich its collider phenomenology
and even make EW phase transition of the first order
(a condition for the EW baryogenesis)

to be tested with GW interferometers
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Supersymmetric models
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Supersymmetric models

Supersymmetry is a symmetry of bosons and fermions

supercharge @susy
@ SUSY exhanges bosons and fermions:

@susy boson — fermion

Qsysy fermion — boson

they become superpartners
@ In supersymmetric theory

bosonic d.o.f. == fermionic d.o.f.

[©5U3Y7 ’:/} =0

superpartners
are of the same mass and exhibit the same interactions
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Supersymmetric models

How does it work?  Supersymmetric QED

@ the same number of d.o.f. in bosonic and fermionic sectors

Dirac fermion V :4 d.o.f. — complex scalars ¢ ,¢_
massless vector A, :2d.o.f. — Majorana fermion A

@ superpartners are of the same masses
miv —s nP9i o, +mPe e,  Ma=M, =0,
@ and exhibit the same interactions Zis a scalar !!
eA#\TJy“\IJ — je A* (¢+8u¢_’; — ¢_’;8ﬂ¢+) —je A4 (¢,8ﬂ¢i — ¢i8,1¢,)
eAu i Gty —eAy Gty — —ievV2(p A —¢_p A) +he.
total derivative — EPAAH 0L 04+ ?A ALY -

1
total derivative PR 5 ((P_Tr O — 0 ¢ ) 2
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Supersymmetric models

Most attractive features

@ Theory: bosonic loops cancel fermionic ones
only logarithmic divergences remain:

stability of the hierarchical structure of energy scales, e.g. My < Mgygy,
My < Mgyr, Mw < Mp;  are stable

@ Phenomenology: number of particles gets doubled !!

get new interactions but with the same coupling constants !!
@ Cosmology: 1) lightest superpartner is stable !!

Dark Matter candidate (if neutral: neutralino, gravitino)
2) scalar potentails typically exhibits typically flat directions !!

Natural implementation of the Affleck—Dine baryogenesis
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Supersymmetric models

SUSY: a couple is more stable and promising state
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Supersymmetric models

Supersymmetrizing the Standard Model MSSM

gluons, g — gluino, g
photon, vy — photino, ¥
weak gauge bosons, W*,Z  «+— winos, zino, W=*,Z
quarks, leptons, q,/ +— squarks, sleptons, ?:7,7
e.g.
r.h. electron, eg — r.h. selectron, ég
l.h. top, & — l.h. stop, &
neutrino, v — sneutrino, Vv
SM Higgs boson —> higgsino
to avoid the anomaly due to higgsino set
two Higgs doublets, h, H, A, H= <« neutral h, H and charged H*

or x{, and x* higgsinos
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Supersymmetric models

Problems of a supersymmetric extension

@ there are no superpartners of the same mass with the same
couplings

— SUSY must be spontaneously broken

@ Simple variants are not viable, as

Str= Y m- Y mP=0

bosons fermions

breaking must happen in a hidden sector

@ superpartners are heavy quarks and squarks are not aligned
Higgs makes SM particles (and superpartners) massive
handred new parameters <= mixing and FCNC
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Supersymmetric models

Natural conclusion: a big gap is between us
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Supersymmetric models

How heavy are superpartners?

@ Higgs mass gets corrections of the types
o< log(m /m?), and e (mf - m,z) 7

the superpartners must be not very far from the TeV-scale
@ lightest superpartner is stable (LSP)

R-parity and still can be thermal DM candidate (WIMPs)
@ Absence of rare processes, e.g. Bs — uTu~, would imply

Msuperpartners 2 102 TeV, but

@ There are several anomalies in particle physics (and closely related)
experiments:

(9-2),

Br(B— K*utu-),

F(B— DX tv)/r(B— DMIv),
MB— Kutu )/T(B— Kete™)
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Goldstino supermultiplet

Outline

e Goldstino supermultiplet
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Goldstino supermultiplet

Coupling to goldstino

SUSY is spontaneously broken

breaking of SUSY by (Fy) = F

Goldstone fermion: goldstino
couples to all fields

breaking of SU(2)y x U(1)y by the
(Hy=v
Goldstones bosons

couple to all massive fields
(Goldberger—Treiman formula like for pion)

1 opJb M
1 Ly~ = oy — ZHYsusy . Msoft
_ 4 SUSY“H
2=y su@y <y 2t F F F

Higgs mechanism: Super-Higgs mechanism:

three modes of H are eaten goldstino is eaten giving mass to gravitino
giving masses to Z, W* v — goldstino Y4 Jongitudinal

gravitino
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Goldstino supermultiplet
Coupling to sgoldstinos

Integrating out the hidden sector, except Goldstino multiplet

Physics of Goldstino supermultiplet: (boson ¢ (sgoldstino), fermion y (goldstino))

SUSY «— F=(Fp)#0 =9+ V20y+F,00 %(wqﬂ')zs
Lopoc Mot F o (SUSY scale)? i (p—9") =P
If SM superpartners are heavy... massless at tree level

naturally may be light...

@ gravitinos are R-odd, pair production is

suppressed @ sgoldstinos are R-even
1 1 1
Ao —x — A —
F F F
@ gravitinos are LSP, the only signature is @ clear signature:

o decay into a pair of SM particles
missing E
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Goldstino supermultiplet

Coupling to sgoldstinos

Integrating out the hidden sector, except Goldstino multiplet

Physics of Goldstino supermultiplet: (boson ¢ (sgoldstino), fermion y (goldstino))

SUSY «— F=(Fp)#0 ®=9+v20y+F,00 iz((p—&-(pj')ES
Lspo Mot F o (SUSY scale)? o (p—9") =P

massless at tree level

naturally may be light...

Mgo: MSSM soft terms and they are R-even
superpartner masses and trilinear couplings,
gauginos: squarks, sleptons:

My, My, E Aj Aj
MAL — == SFu R, == PR PR Apgia — 2 Shutiy;, 2 Phulinsy;
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Goldstino supermultiplet

Sgoldstino couplings with spurion technique i serosese

d=9+V2y0+F0O0, D= @+ V2 0+ Fi00,.. Wy =ide+...

>
y m .
Lk = x (1 N F12<d>'q>> o) e 1TVt Vs gy

)

06 66

1 M
the., = SMaAd+ fa(pFqu‘”

1 2M,
Loauge = ZZ<1 + a¢> Tr W, W
a 00

F

B\, AL oy
L =¢j ((u - Fq’) HpH], + <Y§b+ ;bcp) LLESHp+

+h.c, (1)
06

AD i . AU ) .
+ <Y§,+ If.’"cb) Q,DgHp + (Ya‘{,Jr ,f_bcb) ogug%)
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Goldstino supermultiplet

Sgoldstino interactions

goldstino — .2, o« LJ& o, du v ®=¢+V20y+F,00
sgoldstino — Zs p < @ Spurion technique. ..
M owew,de2 My AA

MosFuFry, MopF, Frv

2 oH,QUde? 2 AhGD,
EShuqu,  EPhuaiy
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Goldstino supermultiplet

Flavor blind couplings

mA . X1, Xgtg

F

Dmitry Gorbunov (INR)

Moo Xyy, Xgg, XZZ, XWHW~, XZy

~ M
G/J o< I%&ul{/

Physics with light Goldstino supermultiplet

r(X—g99)
rXSwW) =

T(X—fTf ) o
72
(X—>f+f ) m,j
(N2—1)
lv
r(X=ftf) A me
TX=VW) W2 m2
(X=WV) Mlv ms
rX=ftf) A me
r(X—GG) m2 m2
-~ M2
M(X=Ga) iy
TX=SW) & 72
X
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Goldstino supermultiplet

Flavor violating sgoldstino couplings

Parity conservation (left-right models...)
(LR)2 ~ (LR)2
(LR)2 15 _ m(LR)2 (D) _ Mp (U) _ My
Mool =Mown M= M=

Lpg=—P- (WD -divd+h" Ui u)
Lsq=-S-(N-ad+h" - tu)

Parity violation

(LR)2 ]T

[mD(U 1) #m D(U L — no difference between S & P
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Goldstino supermultiplet

Sgoldstino couplings when superpartners decoupled

=9+ V2y0+F60, Huo = hud+V2%ud0 + Fud0.,...
rr‘72+rr‘7'2 a2
= (oo "P (o7 2_57 T d3 4 o3
Zo ( grz (0°®) 127z * )

8, 8
~1 2 Hj Hy (o )2 - 9F2 S (oT)3 - 3F2H FHL (070 + 073 0)

: ; Suy Lt
5 (OT0% 4+ 0700) — 87‘__62@*2@4 +0™02) — 5 HiHu(®7 0% + 0720)

5F2
—%(cb*%? +12¢%) - %(¢T4¢+¢*¢4) - 5ﬁ(¢fz¢+¢f¢2)
6F2 4F2 2F2 _
0060
— (Fcb +h.c.) .
00
and we take the limit where only SM-like Higgs remains S.Demidov, D.G., E.Kriukova (211x.yyyyy)
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Scalar sector and the EW phase transition

Outline

e Scalar sector and the EW phase transition
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Scalar sector and the EW phase transition

Low energy limit: sgoldstinos and SM Higgs

tree-level potential S.Demidov, D.G., E.Kriukova (211x.yyyyy)
A A A A Ao A
Vo(h.s.p) = ht+ T IPS® 4+ TP IPpP 4 st P pt 4 TR PP

2
H12&3ﬂsp2_%2@2%2 3
+2sh+6s+ sp 2h+zs+2p+Cs.

to fix the minimum of zero-temperature potential Vy(h,s,p) at (h) = v =246GeV, (s) = (p) =0,

one sets
M2 = Aqv2, C®=—ujv?/2.

Mgott, TeV

A~0.3-0.8, mp/2<mg<mp, mp~400GeV .

Unitarity
iy Landau
limit

— add Coleman—Weinberg potential (and counterterms) pole
— add temperature corrections (free energy density of plasma)
— sum daisy diagrams

check for parameters i, my ~2-10 TeV and v/F =10-100 TeV

Excluded by
experiments

VF, TeV
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Scalar sector and the EW phase transition

Phase transitions of the | and Il orders

e

e [ )

Dmitry Gorbunov (INR)
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Scalar sector and the EW phase transition

Gravitational waves are produced at the transition
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Scalar sector and the EW phase transition

First order EW phase transition it neip of pnacerracer)
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Scalar sector and the EW phase transition

The bubbles must nucleate and collide it heip of = nazounce)

150
= 100
k= probability of nucleation
50 .
My Ss
0. | | | | — | P~ T4 exp(—T ,
0.000.050.100.150.200.250.300.35
P where S; is the Euclidean action calculated on
bounce solution,
300f oo N\ 2
So= [ 4mp?dp (veﬁ(r,h,s,p)+;z<f;‘") )
& 200} 0 A
(9%
ol and we need S3/T ~ 140  G.W. Anderson, L.J. Hall (1992)
122.0 122.5 123.0 123.5

T, GeV
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Scalar sector and the EW phase transition

GW production: formulas (I)

-
_ (9 72 Thue _ T dA Ve
“‘( 30 AVeti— 7 =57
nuc

AV is the potential value difference between a broken and an unbroken phases.
Parameter 3/H, characterizes the bubble nucleation rate

B _.d (S
E:Tﬁ<7>

)

nuc

gl/sﬁ 14+a 1+

2 3/2
H,
Qewh® =1.23.107° Viv He (sza) Seu(f), Qmh? =1.55.10-3 e ( Km® ) Sm(f),

9\°p
where vy, is the bubble wall velocity (we take 0.55),

11/5
Cs kakb 1
Ksw = , km=0.05ksy, Cs=—,
(0;1/5 - Vllv”s) Ko + Vi G *ka V3
6.9v%%a a?/®
Ka

= ¥ ky, =
1.36-0.037Va+a’ ° 0.017+(0.9997 + a)2/5’
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Scalar sector and the EW phase transition

GW production: formulas (II)

Ssw(f) and Sp(f) are the spectrum shapes,

50~ (22) (srstir)

(f/fm)°
Sm(f) =
D i (1+8)

where

- T g. \1/6
_ . 5 *
h, =165-10 HZ(1OOGeV)<1OO)

and peak frequencies are given by

. 1.65Bh,
VwH: ' = VwHe
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Qowh?

Scalar sector and the EW phase transition

GW signals for sets of model parameters

10—10

10712 1

1014 1

10716

10—18

10—20

1072

10—24 L

L’ " LISA - - -
. BBO —
L DECIGO

P Ultimate DECIGO ,’

1073

Dmitry Gorbunov (INR)

1072

107! 100 10
f, Hz
Physics with light Goldstino supermultiplet

13.10.2021, AQFT-7x70 31/32



Scalar sector and the EW phase transition

Conclusions:

@ SUSY is wonderful and we search for it

@ Light Sgoldstinos may be the first SUSY
particles we will observe

@ They can make EW phase transition of the
| order (and help to explain BAU?)

@ The explanation can be tested
@ gravitational interferometers
@ colliders. .. light sgoldstinos
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