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The	 Standard	 Model(SM)



The	 SM:	 gauge	 group
·• The	 SM	 interaction	 follows	 from	 SU(3)xSU(2)xU(1)	 gauge	 

symmetry	 
!
!
!
!
!
!
!

·• The	 particle	 contents
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The	 SM:	 Lagrangian
·• The	 SM	 Lagrangian:	 gauge	 +	 Yukawa	 +Higgs
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SUSY?	 Neutrino	 Masses?



The	 SM:	 Lagrangian
·• There	 are	 no	 mass	 terms:

·• All	 particles	 are	 “massless”
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The	 SM:	 Higgs	 mechanism
·• After	 the	 Higgs	 boson	 gets	 vev	 

!

the	 SM	 particles	 become	 massive.
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The	 Standard	 Model(SM)
·• No	 flavor-changing	 neutral	 current	 
!
·• Flavor-changing	 charged	 current:	 CKM	 

·• Arbitrary	 complex	 matrix	 can	 be	 diagonalized	 by	 bi-unitary	 
transf.

uL = V u
L u0

L, uR = V u
Ru0

R, etc.



Why	 no	 tree	 FCNC?
·• Coupling	 is	 proportional	 to	 unit	 matrix	 in	 flavor	 space:	 flavor	 

universal	 

·• eg:	 strong	 int.,	 Z(γ)-mediated	 neutral	 coupling	 	 

·• Coupling	 is	 flavor	 diagonal	 

·• eg:	 h-f-f	 coupling

(cf)	 Z’-mediated	 FCNC	 at	 tree-level?



Flavor	 Physics
·• In	 the	 mass	 basis,	 we	 have	 FC	 charged	 current	 

!

·• No	 tree-level	 FCNCs	 in	 the	 SM.	 First	 appears	 at	 loop-level.	 
Sensitive	 to	 NP	 at	 ⇤ � E

exp.
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·• Standard	 parametrization	 of	 CKM	 matrix

·• Wolfenstein	 parametrization	 of	 CKM	 matrix

� ⇡ 0.22

·• The	 SM	 flavor	 puzzle:	 
·• Why	 the	 off-diagonal	 components	 are	 small	 and	 

	 	 	 the	 CKM	 matrix	 is	 hierarchical?	 
·• Why	 are	 the	 CKM	 and	 MNS	 matrix	 so	 different?	 

·• In	 the	 SM,	 CPV	 occurs	 at	 V13,	 and	 therefore	 it	 is	 related	 to	 	 
flavor	 violating	 processes.	 	 



Improvement	 of	 Wolfenstein	 parameterization:



Counting	 the	 #	 of	 parameters	 in	 the	 SM:	 
revisit	 to	 C.	 Yu’s	 lecture

·• Gauge	 sector:	 3-gauge	 couplings	 

·• Higgs	 sector:	 2	 

·• Without	 flavor	 sector:	 approximate	 [U(3)]5	 global	 symmetry.	 We	 
can	 use	 this	 symmetry	 to	 remove	 unphysical	 parameters	 in	 
Yukawas	 

·• quark	 sector:	 [U(3)]3→U(1):	 2(9,9)-3(3,6)+(0,1)=(9,1)	 

·• lepton	 sector:	 [U(3)]2→[U(1)]3:(9,9)-2(3,6)+3(0,1)=(3,0)	 

·• total	 =18+1(QCD	 θ)=19



The	 SM:	 P	 &	 C
·• P,	 C	 transformation	 (20.3	 of	 Peskin)	 

·• Parity	 

!

!

·• Charge	 conjugation



The	 SM:	 P	 &	 C



CP	 transformation

The	 SM	 violates	 C,	 P	 maximally

transformed	 into	 h.c.	 after	 CP	 

Or	 effectively,



New	 Physics	 beyond	 the	 SM



Gauge	 hierarchy	 problem

Correction	 to	 scalar	 mass	 is	 quadratic	 divergent.	 Fine	 tuning	 
is	 required	 to	 explain	 the	 observed	 Higgs	 mass.	 →Unnatural.



Dark	 Matter



Dark	 Matter
·•Dark	 matter(s)	 should	 be	 
stable,	 i.e.,	 the	 lifetime	 
should	 be	 much	 longer	 than	 
the	 age	 of	 universe.	 

·•Should	 be	 electrically	 
neutral.	 

!
·•No	 SM	 particle	 can	 be	 

dominant	 component	 of	 DM



Neutrino	 oscillation



Mass	 difference	 is	 required	 for	 neutrino	 oscillation.



	 	 	 	 	 	 	 	 :reminder



Neutrinos	 are	 massive	 as	 opposed	 to	 the	 SM.

Neutrino	 oscillation	 parameters



Baryogenesis
⌘ =

nB
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Baryogenesis
• To	 explain	 matter-antimatter	 asymmetry	 of	 the	 universe	 (baryogenesis),	 
we	 need	 3	 Sakharov	 conditions	 
– B-violation	 
– C	 and	 CP	 violation	 
– Out	 of	 thermal	 equilibrium	 condition	 

·• The	 conservation	 of	 baryon	 number	 should	 be	 violated:	 obvious	 
·• If	 C	 or	 CP	 conserved,	 we	 get	 

!
!
!

·• 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	 In	 thermal	 equilibrium,

nb = nb̄



Baryogenesis
• The	 SM	 satisfies	 all	 the	 three	 conditions	 	 

– B:	 violated	 by	 the	 anomaly	 ->	 very	 small,	 but	 can	 be	 large	 at	 finite	 T	 
(sphaleron)	 

– C:	 maximally	 violated,	 CP:	 violated	 by	 a	 complex	 phase	 in	 the	 CKM	 matrix	 of	 
quark	 mixing	 

– out	 of	 thermal	 equilibrium:	 electroweak	 phase	 transition	 

!
•But	 the	 CP	 violation	 in	 the	 SM	 is	 too	 small	 
	 	 
•	 The	 strong	 first	 order	 phase	 transition	 needed	 to	 explain	 the	 current	 
baryon	 asymmetry	 requires	 Higgs	 mass	 <	 40	 GeV	 
!

• We	 need	 new	 physics	 beyond	 the	 SM	 with	 new	 sources	 of	 CPV





New	 Physics	 in	 Flavor	 
·• No	 signal	 of	 new	 physics	 in	 B-decays	 

·• Why	 bother?	 

·• Can	 probe	 NP	 scale	 much	 higher	 than	 LHC	 

·• New	 physics	 in	 other	 sector	 may	 also	 affect	 quark	 sector:	 B-
physics	 can	 give	 strong	 constraint	 	 

·• Precision	 measurements	 at	 LHC	 and	 Belle	 2	 

·• There	 can	 be	 interplay	 between	 flavor	 physics	 and	 other	 
sector,	 e.g.,	 dark	 matter



Supersymmetry



Supersymmetry
·• Solves	 gauge	 hierarchy	 problem	 

·• Gauge	 coupling	 unification	 

·• Provides	 dark	 matter	 candidate	 

·• Radiative	 electroweak	 symmetry	 breaking



Quantum	 correction	 to	 mF,	 mV

In	 the	 mF→0,	 the	 Lagrangian	 in	 invariant	 under	 the	 chiral	 transf.

The	 Yukawa	 int.	 breaks	 this	 sym.	 and	 the	 correction	 should	 be	 
proportional	 to	 mF.	 Fermion	 masses	 are	 natural.



Quantum	 correction	 to	 mF,	 mV
·• Similarly,	 the	 gauge	 boson	 masses	 are	 protected	 by	 gauge	 

symmetry.	 

·• Gauge	 boson	 masses	 are	 natural.



Gauge	 hierarchy	 problem

Correction	 to	 scalar	 mass	 is	 quadratic	 divergent.	 Fine	 tuning	 
is	 required	 to	 explain	 the	 observed	 Higgs	 mass.	 →Unnatural.



Supersymmetry
·• Solves	 gauge	 hierarchy	 problem

·• Fermion	 and	 boson	 contributions	 have	 different	 sign.



Supersymmetry
·• If	 	 	 	 	 	 	 	 	 	 	 	 (true	 in	 SUSY)	 the	 quadratic	 divergences	 cancel	 

each	 other.	 	 

·• 	 	 

·• For	 small	 fermion	 and	 scalar	 mass	 difference,	 

!

·• The	 scalar	 masses	 become	 natural	 for	 small	 mass	 difference.	 	 



Supersymmetry
·• Suggests	 gauge	 coupling	 unification:	 supports	 GUT	 



MSSM

·• Gauge	 hierarchy	 problem	 

·• Gauge	 coupling	 unification	 

·• Dark	 matter

Higgs	 sector:	 Type	 II	 two	 Higgs	 doublet	 model.



Supersymmetric	 Lagrangian
·• Write	 superpotential	 with	 d<4	 

!

·• SUSY	 Lagrangian	 is	 given	 by

holomorphic	 function:	 
no	 φ*

(�, ), (�, A)Superpartners:
Majorana	 fermion	 (mass?	 charge?)



MSSM	 superpotential
·• 	 	 

!

·• No	 SUSY	 particle	 has	 been	 found→SUSY	 must	 be	 broken	 

·• SUSY	 breaking	 soft	 terms	 

eg) QHu = ✏ijQiHj
u ! ✏ijU ikU jlQkH l

u = det(U)✏klQkH l
u

When	 mass	 parameters→0,	 SUSY	 
is	 recovered.	 Scalar	 masses	 become	 
natural.



MSSM	 mass	 (squark)
F-term	 contribution

(Super-CKM	 basis)



MSSM	 mass	 (squark)
D-term	 contribution



MSSM	 mass	 (squark)

·• 6x6	 mass	 matrix:	 LL,	 LR	 (RL),	 RR	 3x3	 submatrices	 
!

·• In	 general,	 sizes	 of	 off-diagonal	 terms	 in	 LL,	 LR,	 RL	 matrices	 are	 of	 
the	 same	 order	 with	 the	 diagonal	 terms.	 When	 squarks	 couple	 to	 
gluino,	 these	 lead	 to	 SUSY	 flavor	 problem.	 

!
·• Many	 complex	 phases	 (SUSY	 CP	 problem)

(euL, euR)·• In	 terms	 of	 	 	 	 	 	 	 	 	 	 	 	 	 (SuperCKM	 basis)



MSSM	 mass	 (squark,	 sneutrino,	 slepton)



MSSM	 mass	 (chargino)

Gaugino-Higgsino	 mixing	 after	 EW	 sym.	 br.



MSSM	 mass	 (neutralino)



MSSM	 interaction

Mixing	 in	 the	 squark	 generates	 
gluino	 mediated	 FCNC.

See	 Dreiner,	 et.al,	 0812.1594	 for	 2	 comp.	 spinor



MSSM	 interaction
·• chargino-quark-squark





MSSM	 interaction



MSSM	 interaction



MSSM	 searches	 at	 collider



MSSM	 RGE
Coupling	 constants	 are	 not	 “constants”.	 	 
They	 run	 as	 energy	 changes.



Supersymmetry
·• Gauge	 coupling	 unification



RGEs	 for	 gaugino	 mass	 parameters,	 mu-term,	 and	 Yukawa	 couplings.







Counting	 #	 of	 MSSM	 parameters



MSSM	 parameters
·• mSUGRA	 model



Radiative	 EW	 sym.	 br.
·• Why	 is	 	 	 	 	 	 	 	 	 	 ?	 	 

·• SUSY	 provides	 an	 answer.	 

!

!

!

·• Gaugino	 interactions	 increase	 the	 masses.	 Yukawa	 interactions	 
decrease	 the	 masses.	 

·• Higgs	 mass	 becomes	 negative	 at	 EW	 scale!!

M2
h = m2
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increases

decreases



MSSM	 parameters
Off-diagonal	 components	 are	 generated	 by	 RGE	 even	 starting	 with	 flavor	 
diagonal	 universal	 b.c.	 at	 high	 energy	 scale	 as	 in	 the	 case	 of	 mSUGRA.



gluino-mediated	 FCNC	 
·• In	 the	 mass	 basis,	 the	 flavor	 change	 and	 CPV	 occurs	 at	 the	 

vertex:	 SUSY	 flavor/CP	 problem	 

·• Approximately,	 we	 can	 think	 gluino	 vertex	 preserves	 flavor,	 but	 
the	 flavor	 change	 and	 CPV	 occurs	 at	 the	 propagator	 (mass	 
insertion	 approximation)

⇡


