HIGGSOV SEKTOR MSSM-a |
SIMETRIJA PECCEI-QUINN

PRIRODNOST | SUPERSIMETRIJA
2HD uz Peccel-Quinninu simetriju



Motivacija za dodatni HD

= Nakon otkri¢a Higgsovog bozona
mozemo ocekivati dodatne skalare

= U supersimetriji

m Uz Peccei-Quinnovu
simetriju

= U modelima bariogeneze

= U modelima tamne tvari
- od inertnog dubleta
do skotogenickih modela
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PROBLEM HIJERARHIJE
¢lana mase dim 2

SuSy & MSSM kao orijentiri

= Izjalovljena = Teorijska SuSy
ocekivanja kao uspjesna prica
MSSM-a (M.Shifman/1211.

(M.Mangano, ICTP  0004) — M. Luty
2015) ICTP Lects on SuSy
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eUntil few yrs ago, we had a benchmark model, MSSM, expected to
deliver the following:

®|ow-mass Higgs h? no heavier than ~130 GeV

®~TeV scale squarks and gluinos, to be seen rapidly at the LHC

® = solution to the naturalness problem

eextra Higgses (A% /H® /H*) observed at the LHC
e candidate for DM, confirmed by direct detection
einteresting flavour phenomenology

® explanation of (g-2),
® sizable deviations from SM in B(Bs— ™ ")

® LI —eY observed at MEG, consistent with SUSY neutrino masses induced at the
GUT scale

® CPV in the Higgs or squark/gluino sector; to explain BAU

® electric dipole moments (e, n) measured, consistent with previous point



® None of the above happened.

® Thus a radical change in attitude in BSM model building is taking place,
focusing on schemes that address individual issues or anomalies, leaving

for later the understanding of the “grand picture”

® The above scenario may still happen, with a few-year delay, perhaps
stretching a bit the “naturalness”.

® This expectation is still high, and well justified

® The observation of the Higgs where the SM predicted it would be, its
SM-like properties, and the lack of BSM phenomena up to the TeV
scale, make the naturalness issue more puzzling than ever
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FEC 1997, pogl.7: Znakovi
nepotpunosti SM-a

Kao prvo, tri mnozitelja bazdarne grupe SU (3) x SU(2) x U (1) povlace posto-
janje triju nezavisnih jakosti vezanja. Nadalje, jedan od mnozitelja, SU(2) grupa,
posjeduje neobicno razlikovanje izmedu lijevih i desnih fermionskih stanja.

Sektor lomljenja elektroslabe simetrije druga je slaba tocka standardne teorije.
Osim Sto zahtijeva joS nepotvrdenu Higgsovu cCesticu, tom sektoru je imenentan
1 tzv. problem hijerarhije. S teorijskog motrista, problem hijerarhije je naznaka
nove fizike koja bi trebala nastupiti na energijskoj ljestvici od TeV-a.



“KVADRATICNO DIVERGENTNI
DOPRINOSI MAST HIGGSOVOG
BOZONA

SN2 S dk 2
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Nasuprot “neprirodnom lijeCenju” ovog problema finim podeSavanjem para-
metara, red po red u teoriji smetnje, suprasimetrija nudi elegantno rjeSenje: bo-
zonskim petljama pridruzene su fermionske petlje koje imaju suprotni predznak
te poniStavaju kvadraticnu divergenciju

— A?

bozonski

M3 ~ A < 1TeV?. (7.149)

fermionski
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Quant. Fluct. destabilise Higgs
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fine-tuning keeps the Higgs light

tree loops
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Supersymmetry
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Cestica

suprasimetricni spin Ime
partner partnera
y o 1/2 fotino
er er 0 selektron
U U p 0 u skvark
q qg 1/2 ogluino
v, 0 sneutrino

Tablica 7.2: Suprasimetricha stanja
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Kracenje bazdarne anomalije
kao razlog za dodatni HD

= Jedan dodatni kiralni fermion dao bi
nekompenzirani doprinos anomaliji

spin 1/2 spin 0 spin 1 | spin 1/2

Qr.us.dS | Qr.us. ds B B
Ly.eS Lp.é5 | W= WO | W= Wwo
ET 1 Ef 2 H 1 Ho g q

Multipleti MSSM modela: kiralni u prva dva stupca
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SuSy transtormation
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Names spin 1/2 | spin1 | SU(3)¢, SU(2)1, U(1)y
gluino, gluon g g : (8,1,0)
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the squarks ¢ and the sleptons /, spin-0 partners

Similarly, Wino W, Bino B and Higgsinos H’E’j are the spin-1/2 superpartners
. . . . i . ,_,U . ~4
mix to give EWKinos decomposed in 4 neutralinos X134 and 4 charginos X715

colored gluinos g and the gravitino G are the partners of the gluon and graviton
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Implikacije SuSy za Higgsovo polje
One-loop corrections to the Higgs field mass term in the Standard Model
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depend quadratically on the ultraviolet cutoft.
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Obecavajuca indikacija za
moguca otkrica

a rough way to estimate the masses of new particles
to cancel the quadratic divergences i the diagrams

of mass less than 2 1eV to cancel the
top quark loop correction.

of mass less than 3 TeV to cancel the
Higos loop correction.,

of mass less than 5 TeV to cancel the

W and Z loop corrections.
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Minimalno dva skalarna polja
u SuSy-prosirenju SM-a

a scalar field for each left- or right-handed fermion
two Higes fields. H, and H,. are needed

T'he only allowed mass term 1s one involving the two Higes fields H,,

i (|Hul” + | Hal)

Pokazuje se da samo jedno skalarno polje,
Hu, poprima VEV

a potential energy function with a negative (mass)* for the H,
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U realisticnom modelu -
(spontano) slomljena SuSy

a model of EWSDB along the following lines:

Spontaneous breaking of supersymmetry
o1ves mass to some new particles at very short distances.

and this i turn gives mass to partners of SM particles.
= Model s 3 skalarna polja u interakciji s

Yukavinim vezanjem t-kvarka
t; and tp, and the Higes field H,,
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Racun 1-petljenih korekcija
masama skalara

A diagram by which the supersymmetry-breaking mass terms
of t7,, tr renormalize the mass term of the Higgs field H,,

' Yt
U
L, tR
mZ(t)
All three fields receive mass from supersymmetry

All three (mass)? terms receive these negative contributions,

but the correction to the Higegs mass 1s largest
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Specifically, this can work as follows: Three scalar fields are coupled by the top
quark Yukawa coupling—the scalar partners of the left- and right-handed top quarks,
t; and tp, and the Higgs field H,. All three fields receive mass from supersymmetry
breaking. Arrange that these (mass)? terms are all positive. approximatey equal. and
of TeV size. Then compute the 1-loop corrections to these mass terms, which come
from diagrams of the form of Fig. 5. This correction is negative by explicit calcula-
tion [50,51,52]. All three (mass)? terms receive these negative contributions, but the
correction to the Higgs mass 1s largest., because of the factor of 3 from QCD color
flowing around the loop. (The t; and fz mass terms also receive positive corrections
from diagrams involving the supersymmetric partner of the gluon.) This calculation
creates a potential energy function with a negative (mass)? for the H,. It explains
why this scalar field—and no other—obtains a vacuum expectation value.

Ultimately, this model of electroweak symmetry breaking is testable. The masses
of the top quark partners and the Higgs boson spii -% partners should not be too far
above the 1 TeV mass scale. The Higgs partners, which are very difficult to discover
at the LHC, could still be as light as 100 GeV [53.54]. If we could discover these
particles and measure their masses and decay products, 1t will be possible to extract
all of the parameters that enter the calculation of the Higgs potential [55]. If all of
the pieces fit together, we could then claim to understand EWSB at the same level
at which we understand the appearance of superconductivity in metals.



natomija MSSM-a

Yukawa couplings = Superpotential:

W =013 = &by = (d100)% ..., (V112) o3

NB: part of scalar potential from gauge kinetic terms (light Higgs)

MSSM superpotential

Wissm = Y “uCQH, + Y QHg+ Y LHy + nHyHy
Ilgnorance about SUSY breaking shows up as “soft-breaking terms”:
Gaugino and sparticle masses, trilinear scalar potential terms

1 problem: EWSB demands ;o ~ O(100GeV — 1 TeV)

Additional SUSY degrees of freedom modify vacuum polarization
= Unification of gauge couplings possible



" N
Klizna vezanja

9. _ 9a_p SM' B, = (15. — 5 —7)
dlogp  16m2 ¢ MSSM B, = (2,1, -3)
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"“SKala bazdarnog ujedinjenja
u usporedbi s "njihalicom”
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Peccei-Quinnina
simetrija i aksioni
- Pecvcei -Quinnina simetrija
m FEC str.390

= Aksioni - ICTP'15 Lects, S. Rajendran



#-VAKUUMI, JAKO C'P NARUSENJE I AKSIONI

<& U(1) 4 problem (problem velike mase 7/ Cestice, s kraja odjeljka ??) rjeSava
se uvodenjem bogatije strukture QCD vakuuma, #-vakuumom:;

& O-parametar koji rjeSava /(1) problem stvara problemati¢no narusenje
C'P simetrije u jakom medudjelovanju;

¢ Cinjenica da ©-parametar mora biti fino podeSen na vrlo malu vrijednost,
upucuje na postojanje tzv. Peccei-Quinn (PQ) simetrije;

< Potreba da PQ simetrija bude spontano slomljena rezultira lakom pseudo-
skalarnom Cesticom aksionom, Goldstoneovim bozonom PQ simetrije.



d-vakuumi

Pokazuje se da je vakuum u Cisto] YM bazdarnoj teoriji bez polja materije bes-
konacno degeneriran, s neiSCezavajucim amplitudama prijelaza izmedu bazdarno
rotiranih vakuuma [?],[?]. To znaci da pravo vakuumsko stanje u Hilbertovom
prostoru moze biti napisano u obliku

o0

lvac), = Z 'Y lvac), . (7.88)

n=—oo

odje n oznaCava tzv. klasu homotopije. Taj je vakuum oznacen nekom vrijednoScu
A, a koeficijenti ¢’ osiguravaju invarijantnost (do na fazni faktor) stanja [vac)s na
bazdarne transformacije /;. Naime, vakuumska stanja |vac),, se na Uy mijenjaju
na nacin:

vac), £ vac) 41 (7.89)



1 zbog toga
-
lvac) 4, e?i"”’9|-t,ract>n 1
n=—oco
50
= W Z e vac), = e |vacy . (7.90)
n=—oo

Bazdarne transformacije tipa U,, = (U7)", koje mijenjaju klasu homotopije, po-
nekad se nazivaju velike transformacije. S druge strane, one transtormacije koje
su kontinuirano deformabilne u identitet 1 stoga ne mijenjaju klasu homotopije,
nazivaju se malim bazZdarnim transformacijama. Vakuumi tipa (7.88) nazivaju se
f-vakuumi. S njima u vezi, u elektroslabom sektoru su sfaleroni, na koje ¢emo
se vratiti u odjeljku 7.3.2. Vaznost #-vakuuma pokazala se pri rjeSavanju U(1)
problema u QCD-u, spomenutog u odjeljku ?? [?]. No tada istovremeno 1skrsava
problem naruSenja C' P simetrije u jakom medudjelovanju.



©-Clan i jako C' P narusSenje

Unatoc¢ tome Sto je vakuum QCD-a neinvarijantan na velike bazdarne transtor-
macije, pokazuje se da je moguce raditi s uobi¢ajenim bazdarno invarijantnim
vakuumom. U pristupu integrala po putovima pokazuje se da se vakuumsko sta-
nje moZe uciniti invarijatnim na sve bazdarne transformacije ukoliko se u funkciju
djelovanja doda ¢lan proporcionalan topoloSkom naboju, odnosno ako QCD la-
grangianu (??) pribrojimo ¢lan proporcionalan gluonskoj anomaliji (?7?) :

~

2
Og ] f”
L(O)=06 G =04 . 791
( ) 32W2 0 (1 ‘/4 ( - )




Lako se uvjerimo da je QCD lagrangian za bezmasene kvarkove Lyocp(m =
0) kiralno invarijantan — simetri¢an na globalne kiralne rotacije (o € R)

) — Y b — e (7.92)
Zalijeva i desna polja ¢ 1 = %(1 + ~x5 )1 te transformacije imaju oblik
U — e "y p — "“UYp (7.93)

i pri tome biljezimo promjenu 0L = —2a A, dakle

EQCD — ﬁQGD(TR = O) -+ [:(@ — QO() . (7.94)



Dakle, za m = 0 i jedan okus, © ¢lan se moZe odrotirati /(1) transformacijom s
a=0/2,

Ista se ideja moZe primijeniti i za realisticni slucaj kvarkova s masama i Np
okusa. U tom slucaju vrsi se nezavisna kiralna rotacija za svaki okus, Sto daje

1 _
Al al E , L (i AN
ﬁQCD — 46,(.',126(1 + Wy ( ’ a’P‘fD ) W

-
— Z’gﬁ'_ﬁj-'mj e + (O — Z 20j) A . (7.95)
J J

Odavde moZemo izdvojiti C'P ¢uvajuci dio Locp(© = 0) od C'P naruSavajuceg
0Lcp
L = ﬁQ(;D(G) — O m # U) + (Sﬁcp . (796)



Pritom treba imati u vidu da matrice masa kvarkova dobivene spontanim lomlje-
njem simetrije nisu hermitske niti dijagonalne. Transformacija u bazu kvarkov-

skih okusa, gdje su matrice mase realne 1 dijagonalne, ukljucuje dodatnu kiralnu
/(1) 4 rotaciju oblika (7.93) s

o =Opw /2Ny , Opw = argdet M = arg (det MY det MP ) . (7.97)

gdje su MY 1 M* matrice mase gornjih i donjih kvarkova. Dakle, ukljucivanjem
mase pribraja se originalnom QCD parametru © ¢ p elektroslabi parametar © gy

O = G)QC-'D — @ = G)QCD + @En . (798)



PQ simetrija i aksion

Malena veliCina u fizici naznacuje prisutnost odredene simetrije. Za bezmasene
kvarkove smo vidjeli da se parametar © moze ukloniti /(1) kiralnom rotacijom.
Za masivne kvarkove prepreka takvom odrotiranju dolazi od neinvarijantnosti Cla-
nav>1). Peccei i Quinn [?] su primjetili da se ideja kiralne rotacije moZe primijeniti
1 na takav ¢lan. U pristupu generiranja masa spontanim lomljenjem simetrije rijec
je o Yukawinom ¢lanu ¢0¢)® koji se moZe uéiniti kiralno invarijantnim ako odgo-
varajuca U(1)pg simetrija istovremeno rotira i Higgsova polja! Pokazuje se da je
za to potrebno imati dva dubleta (¢, do) Higgsovih polja. Tada ukupni lagrangian
posjeduje dodatnu simetriju U (1) p, kojom se © moZe odrotirati!



Buduc¢i da Higgsov potencijal V' (¢1, o) mora biti SU (2)w x U(1)y xU(1)pg
invarijantan, dodatna simetrija ¢e takoder doZivjeti spontano lomljenje na U(1),,,
putem vakuumskih oCekivajucih vrijednosti

O — O+ ;. 1 =1,2 (7.104)

| 1 0
() = 7 ( Ul) (7.105)

1[0
(o) = \@(Ug). (7.106)

Stoga umjesto U (1) po ocekujemo postojanje Goldstoneovog bozona pridruzenog
toj simetriji - aksiona [?], [?]. U najjednostavnijoj slici, gdje je skala () simetrije

Apo ~ v =1/v? + 02 ~ 250 GeV = Agrp. (7.107)

~ 100 eV . (7.108)

oCekuje se [?]




