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Standard Model

| Siirekli Simetri | Korunumlu Nicelik | |
Zamanda Oteleme Enerji Uzayzaman (Kinematics)
Uzayda Oteleme Lineer Momentum Uzayzaman (Kinematics)
Rotasyon Agisal Momentum Uzayzaman (Kinematics)
U(1)em Ayar Donisimii | Elektrik Yiiki Elektromagnetik Etkilesim
U(1)y Ayar Doniisimii | Hiperyiik Hiperyiik Etkilesim
SU(2) Ayar Dénlisiimii | Zayif Isospin Zayif Etkilesim
SU(3)¢ Ayar Dontisimii | Renk Yiikii Gii¢lu Etkilesim (QCD)
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The Standard Model: Group Teori & QFT

SM: Grup Teori + Relativistik Alan Teorisi
Gs|\/| = SU(3)C X SU(Q)L X U(l)y

Group Teori & Etkilesimler Kuantum Alan Theorisi (QFT)
SU(3)c (QCD): Non-Abelian Ayar vakum etrafinda perturbasyon

Simetrisi — 8 gluon . Simetrik Lagrangian

SU(2) x U(1)y (EW): Electrozayif

etkilesimler — W+, 70 ~.
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Standard Model Parcacik Representasyonlari & Quantum Sayilari

Sector / Field Symbol  Chiral Hypercharge (Y) lsospin (73) Charge (Q)
Fermions (Quarks)
Left-handed Quarks Q (;ﬁ) +1/3 +1/2,-1/2  +2/3, -1/3
L
Right-handed Up Quark UR ur +4/3 0 +2/3
Right-handed Down Quark  dg dr -2/3 0 -1/3
Fermions (Leptons)
Left-handed Leptons L (:L) -1 +1/2, —-1/2 0, -1
L
Right-handed Electron er er -2 0 -1
Right-handed Neutrino* VR VR 0 0 0
Gauge Bosons
Gluons (Strong) G2 — 0 0 0
Weak Isospin WL — 0 +1,0,-1 +1,0, -1
Weak Hypercharge B, — 0 0 0
Scalar Field
At
Higgs Doublet o (i") +1 +1/2, -1/2 41,0

*Note: Sag-elli notrinolarin tim kuantum sayilan sifirdir.

Eelktrik Yiki: Q = T3 + %
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The Standard Model Lagrangian

1 - _
Loy = —ZF;‘VF"“”+ vy Dy +|Du®)? — V() — (y;0idy; + h.c.)
N —

Gauge Sector Fermion Sector Higgs Sector Yukawa Sector
1. Gauge Sector (Lgauge) 3. Higgs Sector (LHiggs)
Ayar bozonlarinin dinamigi Skaler potensiyel: V(®) = —p20Td + \(dTd)2.
2. Fermion Sector (Lfermion) Kendiliginden Simetri Kirilmasi
Fermiyonlar - Ayar bozonlari etkilesimleri 4. Yukawa Sector (Lyukawa)
Dy =0,—igsT?G] — igrb Wlf —ig' YB,. Ayar-invaryant skaler-fermion etkilesimleri.
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The Higgs Mekanizmasi: Ayar Bozon Kitleleri

SU2)1 x Uy 25 U(1)em

1. The Higgs Alam & VEV 2. Gauge Boson Mass Formulas
Kompleks skaler dublet: |D,®|:
S = \% ( Oh ) 1
v + h(x) My = 5gv (=~ 80.4 GeV)

Vakum Beklenen Deger (VEV)

1
1 0 _Mz My = E\/gz —|—g’2 v (% 91.2 GeV)
<¢>o=<>, v=\/Tx246Gev

M, =0 (Unbroken U(1)gm)
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The Higgs Mekanizmasi: Fermiyon Kiitleleri

Lyukawa = —Yd QLPdr — yuQ Pug — yeL; eg + h.c.

0 2. Key Physical Consequences
®(x) = % : Hiyerarsik Yukawa: my o yf
v + h(x) '
ﬂ

- - Higgs Etkilesimleri: gnr =
»CYukawa > _%@Z)fwf - \%h%ﬂ/}f

Flavor karisimlari

(CKM and PMNS matrisleri)

Kutle:

mg =

yev
V2
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Higgs Bozon Uretim & Bozunum Kanallari

Uretim Kanallari (\/E =13 Te\/) Bozunum Kanallari (mh ~ 125 GeV)

Gluon Fusion (ggF): ~ 85% (o ~ 48.6 pb) h® — bb (58.2%): Dominant, high QCD bkg.
Vector Boson Fusion (VBF): ~ 7% (3.8 pb) h® — WW* (21.4%): Broad width.
Associated VH (W /ZH): ~ 4% (2.3 pb) h® — 7777 (6.3%): Leptonic mode.
Associated ttH: ~ 1% (0.5 pb) h® — ZZ* — 4 (2.6%): " Golden Channel”.

h® — 47 (0.23%): Discovery peak at LHC!

Gluon Fusion (gg — h°)
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Deneysel Gozlemler

Hassasiyet:

Anomal magnetik moment
W, Z ve Higgs bozon kiitleleri, bozunum genislikleri, etkilesim sabitleri

charm, top ve gli¢lu etkilesim sabiti
Nadir B—mezon bozunumlan: B; — uu, B — Xsvy

Flavor Kansimlan: CKM matris, yiiklu lepton flavor ihlalleri



Hierarsi Problemi

H
N/ d*k 1 R INTYE
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/\2
Sy~ 1o (324 g~ 6y?)
2

Bozonik Katkilar (+):

m?, 4+ 2m?, + m% = (125)? +2(80.4)% 4 (91.2)? ~ 3.69 x 10* GeV?
Fermiyonik Katki (—) :

4m? ~ 4(173.1)? ~ 1.20 x 10° GeV?

N\ ~7

Cem Salih Un (Bursa Uludag Universitesi) 1. Biricik Bilim Yiiksek Enerji Fizigi Yaz Okulu August 27, 2026 13



Standart Model'in Temel Eksiklikleri ve Sinirlari

Notrino Kiitleleri & Salhimimlan: SM nétrinolan kiitlesiz ongoriir, ancak salinim
gozlemleri notrinolarin kitleli oldugunu kanitlamistir.

Karanlik Madde ve Karanhk Enerji: Evrenin %95'ini olusturan karanhk bilesenleri
aciklayacak kararl bir SM parcacigi veya mekanizmasi yoktur.

Madde - Anti-Madde Asimetrisi: SM CKM matrisindeki CP ihlali, evrendeki baryon
asimetrisini aciklamak icin son derece yetersizdir.

Flavor Hiyerarsisi: Fermiyon kiitleleri arasindaki devasa mertebe farklari (elektron ile top
kuark arasi 10° kat) agiklanamaz.

Giiclii CP Problemi: QCD Lagrangian'indaki CP ihlali parametresinin (6qcp) deneysel
olarak neden sifira yakin oldugu bilinmemektedir.

Kuantum Kiitlegekimi: Kiitlegekim kuvveti SU(3)¢ x SU(2), x U(1)y ayar grubuna ve
renormalize edilebilir QFT yapisina dahil edilemez.
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Stipersimetri: Fermiyon <— Bozon
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Wess-Zumino Model: Serbest Alanlar

ﬁskaler = _a,u¢*8#¢
&= /d4X(£Skaler + ﬁfermiyon) : Efermiyon = ina-M@Hw
Eserbest = —8”¢*8H¢ + i'Lﬁ&”({?‘u@/J
Alan Spin  On-Shell Off-Shell
Karmasik Skaler (¢) 0 2 2
Weyl Spinérii (1) 1/2 2 4
Yardimer Alan (F) 0 0 2

Eserbest = _8H¢*8u¢ + i¢T6#8u¢ + F*F
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Wess-Zumino Model: Serbest Alanlar

¢ — P ~op+00 op =ey
= =6 6Ya = —i(0tel)adud + €aF
F = F ~F+30F OF = —ieg"dup

[0cy, 0c )00 = —i(ela“eg — 620“61)(%(;5
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Wess-Zumino Model: Etkilesimli Alanlar

Ansatz: L, = <;W’jw;1/zj +WIF + c.c)

Siiperpotansiyel: W = W(¢;, ¢7) = M+ yikg, + Yikgr
02 .
w W w

j—= ' =
0¢;0¢; olon
1oWi 1 oWl
0Lint |ppr = 3 5o dpripinh; — 2500 dPin;

16Wi 1 6Wi

= =5 gy Oy = 5 (U
15\

=~ 54, (ORI =0

Holomorfi: W Skaler alanlarin kompleks esleniklerine bagh olamaz! (Y% = 0)
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Wess-Zumino Model: Yardimci Alanlar

Lr=F Fi4+WF=0Lr=F 4+W =0 F'=-W

* . - 1 ij * i *
£ ==0"9"0u6 + 15 D+ 5 (Wi + Wiwlu]) +Wiw;

Siipersimetrik modellerde skaler potansiyel: V/(¢;, ¢) = F;.F* = Wi

On shell: F =0= V(¢;,¢7) =0

Vakumun sifirdan farkh bir enerjiye sahip olmasi icin SUSY kinlmak zorunda!

1 . 1 .
W = EMU¢i¢i + 6}/Uk¢i¢j¢k
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MSSM

Siipercoklu SM Siiperes SU@3)c, SU(2). Y
Q qL. = (ULa dL)T gL = (’jl-a gL)T (372) +1/3
b uf, i (3,1) —4/3
d dt d; (3,1) +2/3
L /L = (VL, eL)T TL = (le, éL)T (1,2) -1
& el & (1,1) +2
H., (H& H)T (Hi, ADT (1,2) +1
Hy (Has Hy)'" (Ha, A7 )T (1,2) -1
G g g (8,1) 0
%% w*, we W*, we (1,3) 0
B B° B° (1,1) 0
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Proton Bozunumu

MSSM Yukawa ve p Terimleri

Wwssm = yuQHu i — )/dQHdCY — YelHq€ + pHy Hy

1 . , - : 1 k- 53
Wrpv = Ex\UkLiLjék + )\/UkLindk + " LiHy + EA//UkafdJ'dk

r N 6+
*
d %
+ £ - !/ *
PT Y\ w 112 112 u
0
[ u u }W
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Hem X (AL # 0) hem de \” (AB # 0) baglasimlari ayni anda sifirdan farkli olursa, skaler

kuark (squark) degisimi iizerinden hizli proton bozunumu (p* — e 7%) gerceklesir.
R parite:
PR — (_1)3(B—L)+25
Standart Model parcaciklari icin: Pgr = +1
Siiperpargaciklar (S-particles) icin: Pr = —1

Siiperparcaciklar carpistiricilarda daima **ciftler halinde** iretilir.

En Hafif Siiperpargacik (LSP): Karanlik Madde.

Cem Salih Un (Bursa Uludag Universitesi) Part Il: MSSM August 27, 2026 23



SUSY BREAKING

Hidden MSSM

Sector mediator

Gravity Mediated SUSY Breking (A 2 Mgur)

Gauge Mediated SUSY Breaking (O(TeV) < A < Mgur)

Anomaly Mediated SUSY Breaking (A = Mgur)
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SUSY Breaking

Lspsy = —3(MiBB + MbWW + M3gg) + h.c.
—m3, hyHy — m?, HiHg — (bHyHg + h.c.)
—mé@*@ — mf/NTIN— ml%ﬁ);ﬁR — mzcﬁ?&q — mgé};éR

—(AulirGHy + AgdrGHy + AcérlHy)

—(AuiirGH} + AdJRc"]Hj + AeéRfHL’j) <— Non-Holomorphy
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SM MSSM
u,c,t s q
s d s —i—x—i’— d
W+§ gw g g
d—— o~ ° d A s
Zayif Etkilesim (W*) Giiclii Etkilesim (& ve &)

GIM mekanizmasi ile bastirilir.

Cross: (0%,)ag =

Amy® = (3.484 £0.006) x 1071° GeV, |ex|®P = (2.228 £0.011) x 1073
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Nadir B Bozunumlari: B — X

SM MSSM (H* / ¥* Katkisi)

t 2 (t)wwrN

W= = (H)

BRsm ~ (3.36 4 0.23) x 10~*

Yiiklii Higgs (HT) ve Chargino (¥7F)
Skaler kuark Sol-Sag karisimi
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Nadir B Bozunumlar: Bs — pt ™

w- %+

Helisite Bastirmasi: o« m, BRuvssMm o tal\r;lﬁﬁ
FCNC bastirmasi
BRsw = (3.64 £ 0.12) x 107°
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Aa, =(28.6+8.0)x1071% (2006)
Aa, =(28.7+8.0)x1071% (2009)
Aa, =(25.1+5.9)x1071% (2021)
Aa, =(245+4.9)x 10710 (2024)

(2025)

Aa, =3.8(6.6) x 1010
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MSSM: Teorik Motivasyonlar

Temel Teorik Motivasyonlar

Hiyerarsi Problemi: Higgs kitlesindeki kuadratik sonsuzluklar ortadan kalkar ve
elektrozayif olgegi kararli kilar.

Ayar Birlesimi: g1, g», g3 ayar sabitlerini GUT skalasinda (~ 10 GeV) birlestirir.

Dogal Karanlik Madde: R-parite korunumu en hafif siiperparcacigi (LSP, genelde
Notralino )2(1)) kararh bir WIMP adayi yapar.

Radyatif EWSB: Radyatif katkilarla Elektrozayif Simetri Bozulmasini tetikler.
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125 GeV Higgs Kiitlesi

Direct Searches (mz, ms > 2 TeV)

Elektrozayif sektor ({0, ¥T) ve sikisik spectrum (compressed spectra) senaryolari

Karanhk Madde (LZ / XENONNT) Kisitlari

HL-LHC ve Gelecek Carpistiricilar (FCC/ILC)
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