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Standard Model of Elementary Particles

three generations of matter

(fermions)
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19894F- 20094F [4:8]
« BIATE20005 K1, RBARAFEFEN (LEP) FIKESIARIE, MEEEEFHRE FREIZEN4.4 GeV, BEEKFS%,

XENS GeVHHE, UNE—LBHMEM, XESHRAMUBKIERAREANN5 GeV (HHAT FRELERE) NEFEH, JEET
EHRER. FiEMEie. 2

20104F [ 448 ]

« 2010F7H, ZF9TMIEBEFREFNZESS (Tevatron) B9 COFINIZRS DOMUNIZRSEIRIEIE, HEBRF FRIBRETE158—175 GeVIAA,
2(=/kTF95%, [314]

20114F (48]

- 4248, FMEAGAEEEHAN. P5AsH, MUEERERTRE. PEMXEBSHARTONEE, MRREEER. RELER
KRENER, BRI TEMEMETIWEN, FeEEUNE, U

« 78248, DITBIEINEE (ATLAS) MISCIRMIE, HEMREREE FRREE155-190 GeVR, BfEKT5%; BIR MK S FLHE
(CMS) BEIMETINER, HIRFEETE149-206 GeVIAA, BfEKTFI5%, PBHENBZIRAMERRESERR, LHCAEESHUNE
ZFHIB, FEERARES120—140 GeV, UNZIBHEMS, ANBIERMEREE2.8MuEE, [0

- 7827H, CDF/D@XERHAAERER, EHISCRIHBREHZE156-177 GeV, BIE/KF95%; B, TEEFH125-155 GeVN, KI/DFiB
MEMH (RIMREE) , [

- 1A18A, BREMNBSCMSIRBIBNSGEITH—S )\ FEFRENSIHER R 114—141 Gev.[12113]

«12A13H, BUYENSFSCMSIRBEDHIRT, BERFEFE, HREDHIRHIEEE115—130 Gev (BHFEINZE)

115—127 GeV (CMS) A, EfEKF95%. B, 7125 GeVHHil (BHENEE) 5124 GeVHHiE (CMS) TUNEIMBEEML, e
FFEENTS, EHRFEESHENS, ERIEMUE (look-elsewhere effect) EIEfE, ESITEEM DR N2.3mEZE (BIF
EiXER) SETF2.0iEE (CMS) , (48] 3
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20124F [4E]

«3H7H, CDF/DQLIGFIRART, TETevatronfIEIEURE, UNRIFTABOIANEHE FRBIEH, BEE115-135 GeVial, fmEERN
2.2, SR FAIRERAITENSARE50 21, XASBHENERSCMSHIIRBNER, [hixERHREFREME147-179 GeV
M, BfE/KF95%, [18]

- 7H2H, DOSCDFZRHANEF R, H—L o EMMIEMERED. BIIHBRE FHRRE7100-103 GeV, 147-180 GeVIUA, BfsKF
95%, EEEE115—140 GeV2Z BIXE, BHBEHNEZMHERUEETEN2.9MINEE, XN TFESS0REHH, E—REHRFET
SR . XERDIBRESATISMIES, ETRaeasERe, [19120]

- 7820, BRENERTRHEPARR20NETIRHBIEDHT, HEERFHFHREE1.4-116.6 GeV. 119.4-122.1 GeV. 129.2-541 GeVIUMA,
B{5/KTF95%, RIEFRR126 CeVHHTIGN L BIEH, inEER2.921]

- 7848, BMZFHREALR (CERN) STEMTIEEE5HELHAE®, BHRENRRNAEN126.5CeVHFIKREF, MEER
4.6, [22123lcMS RHIFEH125.3 0.6 GeVIIFIIKEF, MiEEHR4.9; RSN FIRGHEF, EXREEMESLEH—S DR
ERREM MR F R ERETF, [26]

«7B31H, CERNMICMS/MAFIBIRENE/MASD BIRR T HMTIA RIS, XM A RETIRE F IR FHRERERCMSH
125.3 GeV/c2 (FitiRE: 0.4, RAIRE: +05. WERE: 5.8) R7NBIRENEE126.0 GeV/c2 (HiHRE: 0.4, RARE:
+0.4, FiEERE: 5.9) (28],

FIEHLHE (19644, 34H6A) EIUURIZ(20135F, 2A)
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B W — ) = exp [—ia(z)]
matEREn Ly — L) = Ly + 0y,0(0"a)
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MARGE, ESHEANESEH, et RN

| , 1
D,=0,+1A, A,—A,=A,+ gﬁua

R ERE A EERRAT
Ly = V(@ P—ed)—m]
. Ny 1 .
= Pexp(+ia) {z d—e (A +- @a) — m-‘ exp(—ia)y
— /:1/)
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X

SIMAEAbel BB R, RIRFENpsi, FELITBEER

Y — ' =0 ) =exp [t T (z)]
XETaZ B HIERTT
B ANESE, IIARES

By =6, —4g1" A,
(EEMESEHELL TR

Dy — Q (D)
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R TR R ATHAA RS
QA ~1—1T% "(x)
NFLBFZAUTER (FRRUMNAEZI A RAE)
AV = AS — é@uaa + Cope " AS,

A LUIIARGEZRIEIRET, i EFRmBiE X BIRU(1)RETRL

1
La=—7F8F ™

Fo = §,A% — 8,A% + g Copo AL A
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Big—NEiREE, BALTEEER
L=0,0"0"p -V (p"0)
SIERBEERTIUS AL Tt
V(g™ ¢) = 1’ (9" @) + A" ¢)’
MARIFE— A BRU(FEE ¢ — exp(—if)o
L— L = (0a¢')(0¢") - V(¢"¢')

= [0a(e”9)][0°(e”9)] — V(4" 9)
=L
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SAEAILUE— NS5 pi 1 3L

iy 1
o= & y ) [ = > (0410”61 + Bund63) — V (61, 65)

EARRIFRIEMRARFIE
P1 cos) —sin0 o
P2 — 7\ sinf  cosd 0

For ;12 > 0 the vacuum is at ¢; = ¢ =0

°1

L= 5 (8u¢i5”¢z’ — M%?)

=1

FER N RE/IMURYLE
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In the case of ;12 < 0

< g >= (<¢1>2+<¢2>2):—MQEU_2
2 2\ 2

BETFRERR, IEHEETHEE
o1 = U ¢,1 = ¢1— U,
¢2 = 0 Qb/Q . (/bz -

1 1 1 : :
L=3 PO P — 5(—2u2) A §8Mq§’28“qb’2 + interaction terms

—MERE, — N TRENNTF, FJIBERERMFELX

"= o900,

¢'=}
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BAINGAMFERY, BREATIIRE, XFEHRG, AISUN)EESON)
1
L = 5(0,)(0"®) - V(®)
ERHIET, PhiRIEh 00 = —i o T° ®

EETHT, NEARRE, N

oV (P oV (P
sv(@) = T8 5, i T e (1,6, = 0
B V(D) (T%)ij 5 =0
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X ENHXKREEE

02V (D) oV ()

9606 0% T g (k=0
BRaNgEERKEEPhi0AAEBphi0ARH0, —XkEH0, NB
02‘/((1)) a 0
8¢k8¢z (I):(I)()( )J¢j

2l M, (T*)i ¢ =0
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BREIEngNMERTTTaHE, XA TTARM 7 GRI—1NFEEg,
(1) gb?:() for a=1,--- ,n, < Ng
RANBNG-ngMERTTTai#E
(T%);; ¢? #£0 for a=ny+1,--,Ng
M; (T")i; 65 =0
N&SHING-ngNMNERENIF, FRAgoldstonefiiF

—hRin, BEGEARIKIRAETQ, WWESRIBQIRINESIEINTZAAX
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MRINRGEYD, BESREHA
* a 1 Q *
L= (Dy¢)" (D*¢) — 1 g F — V(6" 9)

V(¢'¢) = —u*¢"¢ + M¢"9)* D, =0, +iqA,

L SRR — MBI (1) Z A
¢ —expliga(z)l¢ A, =A,—0.,a)

BEEX(ERTE |phi|=v/sqrt(2)%t, TTLUEphisE{Lak

¢_ﬂp(i>w§;0
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1 1 1 L g2
L = ) 910" ¢y — 5(_2,“2) QQ_ZFMVFM +TA:LAM,
1 A
450 (6 4+ 20) G ALAR = 264% (6] + )

FRERIphi2iHKT, MEEIXE TRE! ! |

Initial £ Final £
»*) charged scalar : 2 @] neutral scalar: 1
A, massless vector : 2 A}, massive vector : 3

4 4
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XITAERI I/RAESEE7, NAMPhi

L= (Dad)" (D°9) ~ {FasF™" ~ V(')

V(®'®) = 12 o0+ A (df®)2 D, =0, —igl"B;,
IERIIFRIEERRER, BEETERR, SEEREREphioLt
BN MERTUHERESAE, WREG-> g

a 10 __ _
7_;]¢]_O7 fOI' a—l,"‘,ng
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Phir] LIEESEULRK

b= (3+v) exp ( gb‘éjTa)

T* are the (Ng — n,) broken generators
Before SSB After SSB
¢ massless scalar : N, ¢ massive scalar : Ny — (Ng — n,)

B;, massless vector : 2 N¢  Bj massive vector : 3 (Ng — ny)
B;, massless vector : 2 n,
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FREERIEEE SU(3). x SU(2)r x U(1)y

L= (D,®)"(D"®) - V(®T®)

/

Dy =0, +i g5 W, +i| S B, IR, ARAM1/2

V(OT®) = p? Td + )\ (OTD)?

+
HBFRSURES, B Y=1 &= < ?bo )
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Mu”2<0, JIFRIERZER, NBRERERTE

0
<> ( ) i v
PONERTT ERETIIA N0, EREIIRESIRER?

1
Q<(I)>0 = <T3+§Y><(I)>0

36 5) Gl Gone) =

S E— MERTTEREEAZE, NXFREFZR/IU(T)

SU2)L @ U(l)y — U(1)em
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1 1 1
(D,®)" (D*) = §(Bﬂh)(8“h)+ ggz(v+h)2(wj —iW2) (W +iW )+~ (v+h)? (—g B, + gW?)’

8

Wi—iWi o Wit iW;

Wt = i _
I3 \/5 n \/§

1
L D (v +hP (W} — iW2) (W™ 4 i)

3
1 J—
Z g*(v+ h)2W:W #
g° 2
? I WiW = 4+ Sh W W + bW W
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1 1 1
(D,®)" (D*®) = 5(8Mh)(8“’h)+ §g2(v+h)2(W/} —iW2) (WH i)+ g(v+h)2 (—9'B, + gW;j’)2

g g
(W =9B) = V&t g2 (WW BN B“)
= g2 + g/2 (waj — SwBu)

= Vg +9?% 2,

/

g

(Swwj + CwB'u) — AN Sin QW =
Vg +g°
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1 1 . 1
(D)1 (D4®) = - (0,h)(0h) + Sg* (v R (W2 —iW2) (W H4+iW ™)+~ (0+h)* (=g B, + gW)’

2 /12 2 /12




HR Lt

3
oR




| TSR

v = (\/iGF> 2 ~ 246 GeV

s2, = sin® Oy ~ 0.22

31
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Ly =—V(D)=p20Td — \(PT®)?

1
OTP = 5(h+v)2

Lv = —\°h? — \vh? —

—\v? = —m3 /2

A
1

h4

const.
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2
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ur, 49
QL = ( ) ur dr Lp = ( ) eR
dr, €L

Hypercharge/2 1/6 2/3 —-1/3 —1/2 —1
Color triplet triplet triplet singlet singlet

Q="T3+Y/2
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ﬁYukawa I — {yeéRq)TLL 0 yZEL(I)GR]

‘I’:(<v+2>/ﬂ)’

+ h v v+ h
‘ ( vz )\e )~ VvEt

1
Lyukawa O —yeﬁ [(U + h)éReL + (U + h)éLeR]
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ﬁYukawa D [deR(I)TQL o y;@Lq)dR}

tr. _ v+h><uL>:v+h
(I)QL (0, \/5 dL ﬂdlj‘

Yqu
»C ukawa 3 - dd - _hdd
e ( \/§> V2
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Standard Model of Elementary Particles

three generations of matter

mass = =2.2 MeV/c?

charge %

sn 1w U
up

=4.7 MeV/c?
. @
down

=0.511 MeV/c?
-1

r (B

electron

<1.0 eVic?
0

. Ve

electron
neutrino

(fermions)

=1.28 GeV/c?

charm

=96 MeV/c?
=4
Y2

strange

=105.66 MeV/c?
=il

- @

muon

<0.17 MeV/c?
0

» (G

muon
neutrino

=173.1 GeV/c?
s

»
top
=4,18 GeV/c?
. b
bottom

=1.7768 GeVic?
=i,

|

tau

<18.2 MeV/c?
0

. VI

tau
neutrino

interactions / force carriers
(bosons)

0 =124.97 GeV/c?
0

g/oH

gluon ' higgs

"

photon '

=91.19 GeVic?
0

-

Z boson '

=80.39 GeV/c?
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Decay channel Branching ratio

Rel. uncertainty

H — vy 2.27 x 1073
H— 77 2.62 x 1072
H— WtWw- 2.14 x 1071
H— 1t~ 6.27 x1072
H —bb 5.82 x 1071
H — cc 2.89 x 1072
H — Z~ 1.53 x 1073

H— ptp~ 2.18 x 10~

2.1%
+1.5%
+1.5%

+1.6%

+1.2%
—-1.3%

+5.5%
—2.0%

+5.8%
+1.7%
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9 00000 q—s — 4
H W,Z
fp > o ___H
g /! W7Z i
DOO000 9 . q
(a) (b)
q W, Z g .t
W, Z
\ ___H
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TEXIEYL LRI E

Vs (TeV) Production cross section (in pb) for myg = 125 GeV
ggF VBF WH ZH ttH total
1.96 0.9517%  0.065752  0.13%5%  0.07975%  0.004710% 1.23
+4.4% +2.1% +2.2% +3.1% +5.6%
7 16.977 0 1.24721%  0.58722%  0.34130%  0.09155%  19.1
+4.4% +2.3% +2.1% +3.4% +5.9%
8 21475k 1.60123% 0.70123%  0.42155%  0.13159% 242
+4.6% +2.2% +2.6% +4.1% +6.8%
13 48.6155% 3.78122% 1.37126% o.88tile  0.50188% 551
+4.6% +2.2% +1.9% +4.1% +6.9%
14 54.7155%  4.28122% 151129%  0.99151%  0.60759%  62.1
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I|III|III|III|III|III|III|IIIIIIIIIIIlIII
ATLAS Preliminary —e—Total Stat. [ Syst. SM
Vs=13TeV, 24.5- 139 fb’
m,, =125.09 GeV, |y | <2.5
Py = 86% Total Stat. Syst.
|
agF H=e=H 1.00 +0.07( 005, +005)
+0.18 +0.12
VBF - 115 Zg47( 013, Zgyp)
wH ——— 120 (N, )
ZH : %T : 0.98 32 ( so16, '313)
tHetH 110 0% ( Zoiss Zota)
|
I|III|III|III|III|III|III|III|III|III|III

06 08 1 12 14 16 18 2 22 24 26
Cross-section normalized to SM value



Events / GeV

Data-Background
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- ATLAS Preliminary ¢ Data
< Vs=13TeV, 139" — Fit
----- Background

by
-
-
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TTTTTT T Illlllllllllllllllll

110 120 130 140 150 160
m,, [GeV]

CMS Preliminary 2016 + 2017 + 2018 137.1 fo™' (13 TeV)

_|'|I||I|I||||I||I||l|||II|I||I|||I|||||||||I|||||"_

¢ Data
[TH(125)
[Jaa—2z, zy*
M gg—22, Zy*
B zZ+X

rrrrrryrrryrrrrrryrrrrrry rrrrT T Ty T T T T T T T T
| | [ | | | | | | | |

llD—.—HIIII|IIIIlllllIIIIIll[lllllllllllllllll

80 100 120 140 160
m,, (GeV)
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SHT RN 2

N L A
ATLAS Preiminaly —Toial st = Syst. = su
m,;=125.09 GeV, ly, | <25
Py =87% Total Stat. Syst.
ggF vy et 1.03 zoa1( =xo00s, 35%)
goF 2z ul-| 094 *310( o010, x004)
ggF ww |E|E| 1.08 *313( +o11, =015)
KR N R (0= T
ggF comb. . 1.00 +007( +005, +005)
VBF vy = 131 0% ( 3%, oF)
VBF 2z —=— 125 030( 0k, 0w)
VBF WW =i 060 0% ( 0%, =xoar)
VBF 1t Hemee 115 £330 ( 152, 10a%)
VBF bb Se 303 Ig( 1%, 0%)
| VBF comb. b= 115 U8 igq3, 012y
VH yy == 132 100 ( 0%, 10m)
VH 2Z == 153 ‘552 ( ‘o0, ‘o)
| vHbep = 0 | T
VH comb. = 110 2338 ( zomt, I515)
ttH+tH vy e 090 3% ( *0%, *0%)
tHatH v | = 172 (0% o, o)
ttH+tH Tt o— 120 ‘g ( 0%, 108)
| fHetH Db === 079 Iog( soe, Io%)
ttH+tH comb. = 110 *0% ( ois. Zods)

oo v b by by

o X B normalized to SM
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