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Standard Model
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Standard Model
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Standard Model

e Quantum Field Theory
— Most general Lagrangian consistent with gauge symmetry
— Chiral gauge theory 1Ty,
YirR™= 5
— No V; =VersVur1 ViR (Why?)

74

« Accidental global symmetries
— Baryon number B
— Lepton number L
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Standard Model
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Standard Model
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Standard Model
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Standard Model

 All masses proportional to v
— Explains why masses << Mg..cio MguT

e Fermion masses
— Dirac mass My vy +heC.

e Massless neutrinos
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SM: Quark mixing
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SM: Quark mixing

— 1 14 1~ Auves A 1 A A
L=-1F"F, —-1G»G) —1w*W?" Gauge

+iQ'DQ, +iu Duy, +id Dd; +iL; DL, +ig}De; Matter

J i, j IA] TP - ‘
—M;, 0 u; —Mg,d d, —M_ € e, +h.c. Fermion masse:
+M,, W W4 +£M °Z 72" —lm h +... Boson masses

W > A Ao AL Mo, = A, M,A,
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W,U

CKM matrix
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CKM matrix

; X . —id
C12€13 S12€13 S13€
V= | =800 —Ci080uS..69 ¢ _coo—8 . 5..85..¢9 s ¢
S12%23 7~ “12723°13¢ 12923 7712723713 23413
. . . . 1 e . o . T
5125937 C19€23513€ C12593 7 512C93513€ Ca3C13

where s;; = sin#;;, ¢;; = costy

Four parameters: &,,6,;,6,5,6
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Neutrino masses

e Dirac masses
— Add v =Ver VuriVer [0 the SM
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Standard Model + v;
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Standard Model + v;,

v Auves A
L=—1F"F, —-1G¥ G, —tW"*W Gauge
+iQ,'DQ, +iu:bul, +id.Dd;, +iL; DL, +ie.De;, Matter
~IQ/eg'u) —TQ,gd) —TL, ge! —TL; £¢"v] + h.c.Yukawa

+(D“g) D,p+ 1249 A (4'0) Higgs
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i

Standard Model + vy
L=—1F“F, —1GMGA —1WAWA Gauge
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Quark and lepton mixing

_ _ 1w 10 Auve A 1 Au A
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Quark and lepton mixing

— _lgcwuv 1~ Auves A 1 Au A
L=—3F"F, -GG, —sW™W Gauge
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1 1
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MNS matrix

“12¢13 | S12¢13 _

U =1 —s,,60a—Cn 5558 e . —8. . 8,,8,,6"
S12%23 7 “12723°13¢ 12%3 771223713

- - g I’ T T 5 .E

8125237 C12C93513€ 19593 7 519C93513¢€

where s;; = sin#;;, ¢;; = costy

Four parameters: &,,6,;,6,5,6
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Neutrino masses

 Dirac masses

— Add v =Ver VuriVer [0 the SM
 Mass eigenstates v; with masses m.
L conserved
* No explanation of why m. <« m;, m; : mfJ
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Neutrino masses

 Dirac masses

— Add v =Ver VuriVer [0 the SM
* Mass eigenstates v; with masses m.
L conserved
* No explanation of why m, <« m;, m; , mliJ
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Neutrino masses

 Dirac masses
— Add v =Ver VuriVer [0 The SM
 Mass eigenstates v; with masses m.
* L conserved
« No explanation of why m. < m_, m;, m!
e Majorana masses
— Add dim 5 operator to the SM

Scott Willenbrock - INSS@FNAL
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SM: Dimensional Analysis

_ 1wy 1~ Auves A 1 A A
L=-1F"F, —-1G»G) —1w*W/ Gauge

+iQ,/'DQ| +iuibul +id.Dd}, +iL DL, +ie.De}, Matter

~T)Q/eg’ul —TJQ/¢gd) —TVL, e} +hec. Yukawa
T 2 _

+(D"g) D,g+u’¢'¢-2(¢'9) Higgs

dim A" =1

dimy zg All terms dim 4 or less
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Standard Model + dim 5

N =72 _lAwve A 1\ Aunpg A
L=—+F FW 4G GW W V\NW

+iQ,'DQ! +iuibul +id:Dd! +iL DL, +ie: Del,

~T)Q/eg"ul —T{Q'gdd —TJL ge} +hec.
+(D“g) D¢+ 1’49 2(4'9)

1) _ :
+CW(L'LT<9¢)C(¢T5L‘L)+h.C.+ﬁdim6+...
dim A" =1
dimt//=§ Violates L

2
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Standard Model + dim 5

— 1 14 1M~ Auves A 1 A A
L=—4F"F, —2G™"G,, —sW™™W,, Gauge
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Standard Model + dim 5

o All Dirac masses proportional to v
— Explains why Dirac masses << Mg oo Mgut

* Neutrino Majorana masses proportional to v4/M

— Tiny neutrino masses if v<<M
* This is the most general statement of the Seesaw Mechanism

Scott Willenbrock - INSS@FNAL
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Dirac and Majorana masses

e Fermion masses
— Dirac mass . My Wi +N.C.
— Majorana mass > M w!Cy, +hc.

Scott Willenbrock - INSS@FNAL
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Dirac and Majorana masses

e Fermion masses
— Dirac mass . m.w, v, +h.c.
— Majorana mass > M w!Cy, +hc.

e Neutrino masses
— Dirac mass . myv, vy +h.C. Conserves L
— Majorana mass = M v/ Cv, +hc. Violates L

Scott Willenbrock - INSS@FNAL
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SM + dim 5: Lepton mixing

— 1 4 1~ Auve/es A 1 A A
L=-1F*F, -1G* G - iW*W?A Gauge

+iQ'DQ, +iu Duy, +id Dd; +iL; DL, +ig}De; Matter

~-M! G'ul —M?J d'd) -MJg'e) +he. Fermion masse

MW WA M2z 70—t menz g Boson masses
1. . . . :

+§ M‘I/JVILT Cv/ +hc. Neutrino masse

eL > AE v > AV

. L Field redefinitions
i j Al
€ AeR Cr

Scott Willenbrock - INSS@FNAL 33



SM + dim 5: Lepton mixing

— 1 4 1~ Auves A 1 A A
L=-1F"F, —-1G»G) —1w*W?" Gauge

+iQ'DQ, +iu Duy, +id Dd; +iL; DL, +ig}De; Matter

~M! G'ul —MD d'd-M]g'el +he. Fermion masse
+|\/IW2Wﬂ+W”_%MZZZﬂZ“—%mh2h2+... Boson masses
+% M gvViLT CvLj +hec. Neutrino masse
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W,U

MNS matrix
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U =

MNS matrix

. p : —id
“12¢13 5 S12¢13 . S13¢
. o A 1 ) e e e i )
5120237 C12523513¢  C12C93712523513¢ S23C3
. . . 2 \ . \ ]
S12523 7 C12%23513€ —C12%237512023513¢  C23C13

X diag(eml/gﬁ e’ &'2"{2? 1)

where s;; = sin#;;, c;; = costy;
SIX parameters: 6,.6,.,6,,,0,a,,a,
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Neutrino masses

 Dirac masses

— Add Vg =Ve,V,pVer 10 the SM
 Mass eigenstates v, with masses m,
* L conserved
 No explanation of why m, < mé, mf]I : mfl

e Majorana masses

— Add dim 5 operator to the SM

e L violated
e Neutrino = Antineutrino
e Explains why m. < m_, my,m;

Scott Willenbrock - INSS@FNAL
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Neutrino masses

e Majorana masses

— Add dim 5 operator to the SM

e L violated
e Neutrino = Antineutrino
 Explains why m. <« m;,m;I , mfJ

| 4 > | 24
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Neutrino masses

 Dirac masses
— Add Vg =V VeV tothe SM: TUL g™V
 Mass eigenstates v; with masses m,
* L conserved -
» No explanation of why m. < m;, m,,m,
* Majorana masses ij
— Add dim 5 operator to the SM: CW(L‘LT¢9¢)C(¢T5L"L)
* L violated

e Neutrino = Antineutrino
e Explains why m. < m_, my,m;
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Standard Model + v;,

v Auves A
L=—1F"F, —-1G¥ G, —tW"*W Gauge
+iQ,'DQ, +iu:bul, +id.Dd;, +iL; DL, +ie.De;, Matter
~IQ/eg'u) —TQ,gd) —TL, ge! —TL; £¢"v] + h.c.Yukawa

+(D“g) D,g+ 1249 A(¢'0) Higgs
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Standard Model + v;

Lz—%F”VFW—%GA“VG:?V—%WA”VW; Gauge
+iQ,/DQ, +iuiDu}, +id Dd}, +iL| DL, +ie:Del, Matter
IQ eg'ul ~TIQ! gd) —TIL ge) —I'L &4"v} +h.c. Yukawa
1

o _
——M v, Cvi +he. Majorana mass

+(D"9) D,g+u'¢'9-2(4'p) Higos

Majorana mass for v/,
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Neutrino masses

 Majorana mass for v,
— Violates L

—~ M} is unrelated to V
 vanishes if L isimposed —>» Dirac neutrinos
e might be as large as the GUT scale

Scott Willenbrock - INSS@FNAL
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Neutrino masses
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Dirac

Type | Seesaw

Majorana

Majorana
Mg >V
Ve = Ng
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Dirac

Type | Seesaw

Maj.

Maj.

M, ~V
Ve =V
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Mg >V

Ve = Npg
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Neutrinos and the LHC

Atre, Han, Pascoli, Zhang 09
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Neutrinos and the LHC

 Dirac masses
— Add Vg =V.V,eiVer tothe SM: TUL g™
 Mass eigenstates v; with masses m,
* L conserved -
» No explanation of why m. < m;, m,,m,
* Majorana masses ij
— Add dim 5 operator to the SM: CW(L‘LT¢9¢)C(¢T5L"L)
* L violated

e Neutrino = Antineutrino
e Explains why m. < m_, my,m;

Scott Willenbrock - INSS@FNAL
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Questions

 |In the SM, lepton number conservation
— Is accidental
— IS Imposed
— follows from baryon number conservation

Scott Willenbrock - INSS@FNAL
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Questions

* The mass of the muon neutrino Is
— Zero
— Nonzero
— Undefined
— Oscillatory

Scott Willenbrock - INSS@FNAL
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Questions

e The MNS matrix relates

— Charged lepton mass eigenstates to neutrino
flavor eigenstates

— Charged lepton mass eigenstates to neutrino
mass eigenstates

— Neutrino flavor eigenstates to neutrino mass
eigenstates

Scott Willenbrock - INSS@FNAL
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Questions

o Assume that neutrinos are Majorana.
Antineutrino beams produced at Fermilab

— don’t exist
— contain mostly positive helicity neutrinos
— have positive chirality

Scott Willenbrock - INSS@FNAL
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Questions

e There are no dim 5 operators in the SM

oy definition
pecause they are nonrenormalizable

pecause they yield divergences in loop
diagrams

Scott Willenbrock - INSS@FNAL
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Questions

e The cross on the internal fermion line represents
— a Majorana mass term
— a L violating interaction
— a helicity flip operator

Scott Willenbrock - INSS@FNAL
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