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Ilnam nexmum

VVVYyVYVYVY

Yro takoe Crammaprras momens (CM)?
YHacrunet (moss) CM

[Ipunnuner CM, eé narpankuan

Koncrpyxkius siekrpociaaboro cekropa CM
CgoitictBa CM

[Tposepka CM nma BAK apyrux skcrnepumenTax
Craryc u npobaemsr CM
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Yro Takoe CramgapTHas MOIEIb?

CM sro:

— nanbosiee ycuerrHas Hu3UIECKasi MOIE/b U3 BCEX
— HallMCaHa Ha 93bIKe KBAHTOBOI TeOpUun I10JId

— OCHOBaHa Ha IIPUHIUIIAX CUMMETPUN

— MHHHUMAaJIbHa

vVvYVvyyvyy

— WMeeT OI'POMHYIO IIPECKA3aTEIbHYI0 CIIOCOOHOCTH

Ho mbr He monnmaem, modemy oHa paboTaer Tak XOPOIIIO. . .
Bormpocsr k CM:
» sisierca sim CM dyHaMenTabHOM Teopueii?

» FEcau Her, KakoBa 00/1aCTh €€ TPUMEHUMOCTH !

> dsasiorca u nos un B3anmogeiicreua CM
dyHIaMeHaATIBHBIME !

» Ecrb s aro-ro momumo CM (u rpasuranum)?
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YHacrune! (moss) CM

Standard Model of Elementary Particles

three generations of matter

interactions / force carriers

(fermions) (bosons)
| 1l 1l
B
mass | =22 MeV/c* =1.28 GeVic* =173.1 GeV/c* 0 =124.97 GeVic*
charge % % % 0 0
@@ |F® |f » H
l up [ charm l top gluon higgs
e
) (=47 Mevic: =96 MeVi/c =4.18 GeVic* (4
X % % % o
'@ '@ | @ |(f
<
=2 [ down strange l bottom photon
(e} J J .
ey
=0.511 MeVic* =105.66 MeV/c* =1.7768 GeVic* =91.19 GeV/c* 17}
-1 -1 -1 0 ‘ =2
% % % 1
-l Y ey o
[ electron [ muon [ tau Z boson 8 2
y J \ o
(2] —_— 0
Z <1.0 eVic* <0.17 MeV/c* <18.2 MeVic* =80.39 GeV/c* w o
O o 0 v 0 1 IT) $
el @ |+ @ | =1e
w l electron [ muon [ tau W boson < Q
| neutrino neutrino | neutrino o=

Courtesy to Wikipedia: "Standard Model of Elementary Particles"by MissMJ - Own work by

uploader, PBS NOVA [1], Fermilab, Office of Science, United States Department of Energy,

Particle Data Group.
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Bzanmoneiicrsua 8 CM (I)

Ckosbko (yHgaMenTabubIX B3auMoseiicteuit B [Ipupoge?
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Bzanmoneiicrsua 8 CM (I)

‘ CxkosbKo (byHIamMeHnTa IbHBIX B3auMoeiictsuit B [Ipupose?

Cxkosibko B3aumogeiicreuii 8 CrangapTHOi Moen?

st oTBeTa HA MOC/EIHUN BOIIPOC MTOCMOTPUM HA, JAarPaHKUuaH
CM.

B t % 4ok ¢@
RV - Mo» -

N.B. How many bugs are there in the mugs?
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JOH3KOWEOE OI€ My

:odnog oaoxrodos yosgoddumoed oroodn BOLOBI'AE HO O

T+

Exercise 1.1.1.1.1a: Given locality, causality, Lorentz invariance, and known
physical data since 1860, show that the Lagrangian describing all observed phys-
ical processes (sans gravity) can be written:

. —50,900,95 — 9.1 D,u92909% — 192 S b gL anal +
Ligk (@7 q7)gp + GOPGE + g [0 D,GOG g — DWW,
MWW, —350,20,2)) — 5ie M*Z,Z;) — 30, A 9,4, Ja Ha H—
%m,,H‘ 0,6" 07 — M26 6 — 10, 10°0,0° — 3 M9 — 5,24 +
BUH 4 L(H? + 6% + 267 ¢7)] + Ly, — ige,[0,Z0(WH W) —
W, W) = Z3(WEa, Wy = Wrd, W) + Z3W, 0,W, —

W, 0,W;)] = igsul0,Au (W, W, = W, W, ) = A,(W;a,W, —
W, 8,W,5) + A (W, a,W, — W, 8,W,))] - Lg*W,i W, WiW, +
LW W, WIW, + g2 (ZW,F Z5W; — ZSZSW, W) +
FL (AW AW, — AAWIW,) + P sucal A ZUW; W, —
W, W) = 24,ZW; W] — galH® + Ho'® + 2Hp 6] —
sPan[H'+(0°)'+4(6%0 ) +4(¢°)*¢* 0 +4H?G" 9 +2(¢°)*H? ~
gMW W H = g% Z0Z0H — 3igW,} (6°0,6™ — ¢70,0%) —
Wy (6°0,6" — 6+ 0,0%)| + LalW,! (HO, 6™ — 6™ 0, H) — W, (H,0* —

6 0uH)|+ 39 (Z2(HO, 00— 0°0,H) —ig = MZ(W,i 6~ =W, %) +
igsuMA, (W, ¢~ — Wi 6*) —ig; 2”wz"( *0,6™ — 670,0%) +
1950 A (6700 — 0 9, d;*) - EgZW FW, [H? + (6" + 2676 1 —
L F 2070 H + (6°)% +2(257, — 1)%% | - 3R 20O (W 6™ +
Wrot) - Lig sk ZSH(Wj 6™ — Wy ¢+) + L9 su A0 (W,Ho +
Wy ¢+)+ 319 swA,‘H( Wiem =W, a*) s (20, —1)ZpA, 0t 6™ —
1 s2 A, A,,d“ni) — &\ /0+ m, )e - "/[)u — (0 + m)u} —
rl,*("/tj +m)d) + igswA,‘[f(é*"/"e*) + 3(@yu) — sy d))] +
T Zl(P (1 + 7)) + @B (ds, =1 = 77)e) + (@ (557 =
Y)u) + (3" (1 = §s3, = PPV + G WP (1 + 7)) +
@ (14 7)Oed)] + FH W [@9H(L + 7)) + (@CLA" (1 +
P+ 55— 0*( A1 *”ﬁ)eA) +67 (1 +7)N)] -
L H(E) +id"(@7°e)] + "[=mf (@ Cx(1 — 7°)df) +
A Cr(14+7°) ]+ 7220 [ma(d CL(M Jup) —mi(d&)CH, (1
" s
;r“)u |- s @) - $RH@E) + 22 () -
%z%}&(d;"y”d;‘) +XH(02 - M)X+ + X(0° — M’)X’ + X0 —
)X +Y Y +ige, W, (3, X°X =8, X+ XO)+igs, W, (9,Y X~ —
0,X1Y) +igeaW, (9,X X°—9,X°X") +igsuW, (9, X Y —
0,V X) +ige, 230X X+ = 0,X X ) +igsuAu(9,X X+ =
9,XX7) = LgM[X*X*H + X~X~H + L X°X°H] +
B2ig MR+ X0+ = X X% |+ ;igM[X°X ¢+ — XOX+¢ ]+
igM s, [XOX 6" — XOX 7] + LigM[X* X +¢° — X~X~¢]

1

e

WD HeuxxHedaer WIGHIO]]

MIGHMKOID U UITHHUIT
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[Ipunanuner u cummerpun CM
Mpuanune: (momanm CM C KTII):

» coorBercTBus: KB. MeX., K9/, momenu Pepmu u 1.71.
» MUHIMATLHOCTH: TOJBKO HAOIOaeMble 1/ Ui HeOOXO.
» yuurapuocts: 0 < P <1 u P(Q) =1

P [1epEHOPMUPYEMOCTh: KOHEUHBIE MPE/ICKA3AHUS

P> Ka/JMOPOBOYHBIE B3AUMOIENCTBUS MEXKIAY (DepMUOHAME U
BEKTOPHBIMU IIOJIAMMA

» CUIMMETPUU

Cummerpun:
» Jlopenna, CPT
» ranubposoumnse: SU(3)c @ SU(2) @ U(1)y
» ~ O(4): B cekTope Xurrca (CIOHTAHHO HApYIIEHA)

» CKDBITBIE CHMMETPUHN (MEXK/y MOKOJTEHUSIMHE, JJIst

COKpAIIeHUsT aHOMAaJIHil, KOH(MOPMHAs etc.)
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Mogens @epmu (I)
s onucanus S-pacmaga N — P+ €7 + ve . Pepmu mpejioKuI B
1933 mozenn:
L/‘n[ = GWn'yP\I}p . Wy'Yp\IIe +hC
——— N——

S SOt

B 1957 R. Marshak & G. Sudarshan;
R. Feynman & M. Gell-Mann
eé MOmupUITIPOBAJIN:
Grermi
»CFermi = \/er§m1

_ 11— _q_
= Tty 2V, + Wy =220, + (V= Aluteons + hic.

Judf

V-A dopma crabbix B3anmaeiicrsuii 3uaunt 100% napymenue
gerHOCTH!

N.B. CP cummerpus mpu 9TOM COXPAHSAETCS
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Mogens @epmu (II)

Cospemennast Mogenb @epMu BKIIOYAET TPH MOKOJICHUST:

U
GFermi - Vel — = 7 t d;‘
EFermi = (eL M TL)rYP Vu,L : (UL CL tL) VU’YP Vd SL +..
V2 v b
T,L L
{q’'} — anponubie cOGCTBEHHBIE COCTOSHHS,
{q} — cnabbie cobCTBEHHBIE COCTOSTHUS.
Marpumst Vy , 3amator cMeny 6a3ucos:
d a + Vie Vus Vi
S | = Vyx s s Vu Vi = Veku = Vcd Vs Vcb
b o Vie Vis Vi

N.B.1. B CM marpuiipl CMEMWBAHUS YHUTAPHBIL: \/I-Jf Vi=1

N.B.2. Vckm umeer 4 He3aBucuMbIX napamerpa: 3 yria u 1 dasy
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Mogens ®epmu (I1I)

Mouenb @epmu OLUCLIBAET [S-paclajibl U PACIIal] MIOOHA
4 — €+ Vg + /), C BBICOKOI TOYHOCTBHIO

HO!
1. Ona nenepeHopMupyema

2. m HApYIIAeT YHUTAPHOCTH, g suepruit > 1000 I'sB moxens
abCOJTIOTHO HEIPUMEHMA,

3. Buaunr, 10 macmraba 1000 ['sB mposgsurcs npyras dbusnka
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JIEKTPOCIa0bIe KAJIUOPOBOUHBIE B3ANMOIEHCTBIS
DIeKTpocIabble KATHOPOBO € B3auMOJIeiic

Munnvansibiii crmocod BBeIeHUsT JTeKTPOMArHUTHBIX U C/TabbIX
B3aUMO/IEHCTBUI KAJTHOPOBOIHBIM OOPA30M — HCIOIL30BATH TPYIIITY

SU(2) ® U(1)

U(1) rakas ke kak B K9JT
= runepsapsa Y. U(1) maer kaaubGpoBoYHBIE B3anMOIEHCTBIS
bepMuonOB € 6€3MaACCOBBIM BEeKTPOHBIM B,

SU(2) raxas ke kak 1 mpeoOpa3oBanuii CiuHOB (hEPMHUOHOB =
caabwrit m3ocmun 1.
Tpu BeKTOPHBIX O€3MaCCOBBIX OO30HA: Wj, a=1,2,3.

N.B.1. Beemenne TpeTbero BEKTOPHOrO O030HA OBLIO HEN3OEIKHO, XOTSI
JIs OnrcaHus O6eTa-paciaioB OH He OBbLT Hy2KEH.

N.B.2. [Tonyunach nepeHopMupyeMasi yHUTAPHAS MOIETb, HO He
[PUTOAHAS JJIst OIUCAHUS PEATHLHOCTH. . .
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Mexanmsm Bpayra-Duriepa-Xurrca (I)

So, we need to generate masses for gauge bosons without explicit
breaking of the gauge symmetry

Let’s consider the simple abelian U(1) symmetry for interaction of a
charged scalar field ¢ with a vector field A,,:

L = 0,9 0up — V(p) — 4F5V + ie(p” — Oup )AL+ ezAMAMgo*ap
If V(o) = V(¢* - ¢), L is invariant with respect to local
transformations

o @Wp o e Mg AL AL+ Ouw(x)
In polar coordinates ¢ = o(x)€?® | o* = o(x)e X =

1 1
L =08,00,0+ %0? (A, + 30u0) (A + 20.0) =V(p"¢) - ZF,%,,

=B, =B,
N.B.1. It was just a change of variables, note that F,,(A) = F,.(B)
N.B.2. §(x) is completely swallowed by B,
QUESTION: But which set of variables is the true one?
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Mexanmsm Bpayra-Duriepa-Xurrca (II)
Brout & Englert, and Higgs (following Ginzburg & Landau) suggested
to take the scalar potential in the form
V(g™ p) = Me* o) + mPe*e
For A > 0 and m° < 0 we get the shape of a “Mexican hat”

Picture courtesy: E.P.S. Shellard, DAMTP, Cambridge. From

http://www.geocities.com/CapeCanaveral/ 2123/breaking.htm.
N.B. V(¢*p) = V(0?), while 6(x) corresponds to the rotational
symmetry of the potential.

%(;) =0 = there are two critical points: 0 = 0 (local maximum)

and og = \/—g is the global minimum
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Mexanmsm Bpayra-Duriepa-Xurrca (I1I)

We have to shift to the minimum: o(x) — h(x) + 0o =

1
L = 9d,hd,h+ énB,B, +26?00hB,B, + 03B, B, — V(h) — ZFﬁy
We see that field B,, got the mass:

2 m2
e’m
mg = 2608 = — >0

So, we generated a mass term for the vector field without putting it
into the Lagrangian by hand. That is the core of the
Brout-Englert-Higgs mechanism.

N.B. g9 = v is the vacuum expectation value of o(x),

v = (0[c|0), ve [ ox a(x)
Vo Jv,
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Mexanmsm Bpayra-Duriepa-Xurrca (IV)

Look now at the potential (keep in mind m? = —2\v?)

V(h) = A(h+v)* + mP(h+ v)?
= MA* 4 4AAvR® + 2 (BAVE 4+ mP) +h (43 + 2mPv) vt + mPv2

2m2=4xv? =0

So the scalar field h has a normal (m? > 0) mass term.

N.B.1. The number of degrees of freedom is conserved: 2+2 = 1+3
N.B.2. The field 6(x) is a Goldstone boson, my =0

N.B.3. Tachyons ¢ are not observable

N.B.4. The constant term Av* + m?v? doesn’t affect equations of
motion :), but contributes to the Universe energy density :(
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Sameuanus o MexanuzMme Bpayra-Duriepa-Xurrca

CuMMeTpus OTHOCHTEILHO IIO0AIBHBIX BPAIIEHUI 110 IPyIIIe
U(1) ~ O(2) B morermmane Xurrca HapymeHa CIOHTAHHO BBIOOPOM
OCH HYJIEBOTO yTJIa

Bamena B, (x) = Au(x) + 0,0(x)/e — gacrubtil ciygait
KaJIMOPOBOYHOIO Mpeobpa30BaHus

KanubpoBouynasi cumMerpus HapytieHa (hUKTUBHO: OHA MPOI0/IKAET
paboTaTh HO HETPUBUAJIHHBIM (HEJTMHEHHBIM) 00Pa30M, CM.
[JT. Danzgees et al. ’2008].

N.B. Crnonrannoe HapyieHne KaJIuOPOBOIHON CHMMETPUN — TOJBKO
YCTOSIBIUMICS TEPMUH, XOTd HUKaKas KajaubpoBouHas (JOKaJbHA)

CUMMeTpHUs BOODIIE HE MOKET ObITh HAPYLIEHA CIIOHTAHHO, CM.
reopemy by S. Elitzur [PRD ’1975]
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BET mechanism in the SM (I)

To generate masses for 3 vector bosons we need at least 3 goldstones.

The minimal possibility is to introduce one complex scalar doublet
field:

¢ * *
¢z(¢;), of = (7 o})
Then the following Lagrangian is SU(2) ® U(1) invariant

1
L= (D,®) (D,®) — mdTd — \(dTd)? — 2 Wju we, — 2B B

B. =0,B,—0,B,, W3 =09,W2—0,W?+ ge®™ WPW¢

D,®=09 d>+/gWa—d>+2gB o}

Again for m? < 0 there is a non-trivial minimum of the Higgs
potential and a non-zero vev of a component: (0|®,|0) = 7/v/2

In accord with the Goldstone theorem, three massless bosons appear.
The global O(4) symmetry of the Higgs sector is reduced to the
custodial O(3) symmetry
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EW bosons (I)
The gauge bosons of the SU(2) ® U(1) group can be represented as

W! + iw? W — iw?2
O

WO and B,, are both neutral and have the same quantum numbers =
they can mix. In a quantum world, “can” means “do”

Wg = cosfy Z, +sinfy A,

B, = —sinby Z, + cosby A,
where 6, is the weak mixing angle, introduced first by Glashow,
Oy is called also the Weinberg angle

Remind that we have to choose variables which correspond to
observables

N.B. Sheldon Glashow, Abdus Salam, and Steven Weinberg got the
Nobel Prize in 1979, before the discovery of Z and W bosons in 1983
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SU(2), group

We have chosen the SU(2) ® U(1) symmetry group. To account for
parity violation in weak decays, we assume different behavior of left
and right fermions under SU(2), transformations:

left doublets Ve ) | v + 2 generations
€ /L d/,

right singlets  eg, Ug, dr, (ve,r) -+ 2 generations

The fermion lagrangian is constructed with the help of covariant
derivatives:

| [— —
‘C(w) = Z |:§ <WL’YaDa\UL - DawL’YawL)
v;

| [— _
+§ <‘|’Fa%DaWH - DaWH%WH)]

DV, = 9,V + 92 WP, — igi B,

DawFl' = aawL - IQZBawL

N.B. All interactions of SM fermions with vector bosons are here. But

91,2 have to be fixed yet. 20 /54



Generation of fermion masses (I)

We observe massive fermions, but the SU(2); gauge symmetry forbids
fermion mass terms, since

myw = m(W1 275+W1 _275> (1 —;75\|/+1 _275\|l) = m(V Vg+VgV,)

while W, and Wg are transformed in different ways under SU(2),

The SM solution is to introduce Yukawa interactions:

- _ 0%
Ly=  —ys(U,a) ( :Z;J(: ) dr — yu(ULdy) ( _¢¢_ ) Ug
- _ (0F%
—yi(wil) < (Z; ) Ir =y (P0lL) ( _qbqb, ) Vg + h.c.

N.B.1. Ly is SU(2), invariant

N.B.2. Neutrino masses can be generated in the same way as the
up-quark ones

QUESTION: Why do we need “h.c.” in Ly?
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Generation of fermion masses (II)

Spontaneous breaking of the global O(4) symmetry in the Higgs
sector provides in £ mass terms for fermions and Yukawa interactions
of fermions with the Higgs boson:

H
Ly = e [yadd + yuau + yjll + y,ivv]
\/_
Yt
mys = "4
VA

NB.L y;~099 > y.~3-107% > y,(?)

N.B.2. Coupling of the Higgs boson to a fermion is proportional to m
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Yukawa matrixes

Quarks can mix and Yukawa interactions are not necessarily diagonal
neither in the basis of weak interaction eigenstates, nor in the basis of
the strong ones.

In the eigenstate basis of a given interaction for the case of three
generations, the Yukawa coupling constants are 3 x 3 matrixes:

3

Ly=-) {(EleajL) [(i;) y,k ) O + < ¢;* >y]k um]

J k=1

0
(VJLIJL) [(?;) I)/kR + ( d)gf) ) y/k l/kF{:| } + h.c.

where indexes j and k mark the generation number

N.B.1. Charged lepton mixing is formally allowed, but not (yet)
observed

N.B.2. PMNS mixing matrix for neutrinos can be embedded in the SM
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Jlarpamxkuan CM (#a dyrdoske)

[Tocmorpum cuoBa Ha Jjarpankuan CraugapTHON Mojen
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Axial anomaly (I)
There are vector and axial-vector currents in the SM,

JZ‘ = W’yu’)g\lf

Unbroken symmetry (via the Noether theorem) leads to
conservation of currents: d,,J,, = 0.
For massive fermions 8uJﬁ‘ = 2imVU~s WV

But loop corrections give

A P (&% ~ ~ o 1
6‘“‘J1U4 = 2Im\|f’y5\|f + ZF'UVF‘UJM F:uV = EEMVaﬁFaﬁ

That is known as axial or chiral or triangular anomaly
So at the quantum level the classical symmetry is lost

QUESTION: Is it a problem?
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Axial anomaly (II)

But in the SM the axial anomalies apparently cancel out:

1) (WW W) and (W W B) — automatically since left leptons
and quarks are doublets

2) (BWW) — since Qe +2Q,+ Qy =0
3) (BBB) —since Qe =1, Q, =0, Q, =%, Qy=—
4) (Bg g) — automatically (g = gluon)

W=

5) (Bgrgr) — the same as “3)” (gr = graviton)
Here B and W are the primary U(1) and SU(2), gauge bosons

N.B.0. Anomalies cancel out in the complete SM:

SU(3)c ® SU(2)L @ U(1)

N.B.1. Anomalies cancel out in each generation separately
N.B.2. Point “2)” means that the hydrogen atom is neutral
QUESTION: Where is 75 in (BB B)?
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[Tapamerper CM

[Tocunraewm:
» + 3 KaaubpoBOUHBIX KOHCTAHTHI (J1, G2, Js)
> -+ 2 mapamerpa B MOTEHIUAE XUITCA
> -+ 9 JOKaBCKUX KOHCTAHT [T 3aPS’KEHHBIX (DEPMUOHOB
» -+ 4 mapamerpa B MaTPHIE CMEIINBAHUSI KBAPKOB

T.o. kanounveckoit CM 18 cB0oOOIHBIX HTAPAMETPOB

+ 1 mapamerp cuiasaoro CP-wapymienus 6gop, HO OH HE B
kanoumgeckoit CM

+ 4 (uaum 67) mapaMeTpoB B MATPHUIE CMEIIUBAHUI HEATPUHO

+ 3 TOKaBCKUX KOHCTAHTHI JJIs HEHTPUHO

N.B. Ecrb 10/IbKO OjivH [MEepBUYHBIN pA3MEPHBIN TapaMeTp B

CM.
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Branmogeitcreua 8 CM

Kaxk ux momcunrarn?
— YNCI0 PA3INIHBIX Bepinnd B mpaBmiax Peitnvana?
— YHCJI0 YACTHI] IePEHOCIINX B3ANMOIEHCTBAA !

— YHCJIO KOHCTAHT CBA3UT

Kot — #a0 yaecTb CHMMETPHN. . .

[Tocunraem B3ammopeiicreus B CM:
» + 3 kamGposounsrx: U(1) x SU(2) x SU(3)
> -+ camojeiicTBHe B IIOTEHIHA e XUITCA,

> -+ rokaBckuE B3ammojeiicTBufl 3apsKeHHBIX (DEPMUOHOB
T.o., CM comepKuT 5 TUIIOB B3aUMOIeCTBI
N.B. M&I HE MOXKeM CKa3aTbh, YTO OJTHU U3 3TUX B3aUMOJIECTBU

6ostee pyHmaAMEHTAIBHBIE, YEM JPYTHUE 28 /54



Bxonubie mapamerper CM

8= 1 1 1 1 1 9 4 |
neppuuanble: g g  gs Mo A Y Yik Ocp
nconmb3dyem: o My  as  Gremi My my Veku

1
— as(Mz),  as(Q@®) = BoIn(@2/Aqcp)

1 GFermi - T
\/éc;Fermi7 \/§ B 25in2 9W Mﬁ/

Mw Ay ¥
m, MH— 2A V, mf—ﬁv

gs
47

Qg =

1
M = = M =
w ZQV’ z

N.B. CoornomreHust TpOCTHI TOJIHKO B HU3IIEM IPUDJIMKEHUN,

KBaHTOBbIE 3D dEKThl (Pa/MAIUMOHHbIE HOIPABKY) JIEJIAI0T UX
CJIO?KHBIMU.
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Bxoauble mapaMeTpbl: S9KCIePUMEeHTAIbHbIE 3HAUEHUS
[Particle Data Group]

— The fine structure constant:
a‘1(0) = 137.035999084(21) from (g — 2)e etc.

— The SM predicts My = Mz cosb, = My < Mz
Mz =91.1876(21) GeV from LEP1/SLC
My = 80.377(12) GeV from LEP2/Tevatron/LHC

— The Fermi coupling constant:
Grermi = 1.1663787(6) - 1075 GeV~2 from muon decay

— The top quark mass:
my = 172.69(30) GeV from Tevatron/LHC

— The Higgs boson mass:
My =125.25(17) GeV from ATLAS & CMS

QUESTION: What is the least known parameter of the (canonical)
SM now?
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AnoMaIbHBII MACHUTHBIA MOMEHT 9JIEKTPOHA

Vpasuenne /lupaka maer rupoOMarHuTHOE OTHOIIEeHUE G = 2 i
MarHATHBIX MOMEHTOB (PepMUOHOB

_ e =
M=gi—
ngme

Onnonernesass K9JI moupaska (J. Schwinger "1948) naer
AHOMAJILHBIH MATHUTHBI MOMEHT

g—2 «
==——~—=0.001161 ...
ar 5 o 0.001 16

Okcnepument (Harvard):
ay® =1 159 652 180.73 (28) - 10~ "2 [0.24ppb]
CM (T. Kinoshita et al.):
aM =1 159 652 181.606(11)10tm(12) Ew- had.(229)s54 - 10712

N.B.1. @ # 0 — ancro kBaurossiii (KTII) abdexr

N.B.2. &® = o~ 1(0) = 137.0359991496(13)(14)(330)
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agep(0): mocseame gocTUKeHNST

Wash. 1987 {  p———=@— a.
Stanford 2002 A him(*33Cs) | O {
i 87
LKB 2011 h/m(*Rb) 1@ : ° Ihim(¥7Rb)
Harvard 2008 | Secl—0—
RIKEN 2019 2 e
h/m(*33Cs) —e—
Berkeley 2018 - h/m(*33Cs) @
him(®7Rb)He4
LKB 2020 | 87 : ; . !
(This work) him*’R)® g g 9.0 9.1 9.2
8 9 10 11 12

(a™1—137.035990) x 10°

32 /54



AHOMAJILHBIN MATHUTHBINA MOMEHT MIOOHA (IPOIILIOE)
E821 experiment at BNL (2006):

&P =116 592 091 (54)(33) - 10~ [0.5ppm]
a™ =116 591 830 (1)(40)(26) - 10~ [0.5ppm]
Aa, =& — &," =261 (63)(48) - 107" [~ 3.30]

Theory (the SM): a,, = a,(QED) + a,(hadronic) + a,(weak)
a,(QED) = 116 584 718.92(0.03) - 10~ "' [5 loops]
a,,(hadronic) = a, (had. vac.pol.) 4+ a,(had. 1.b.1)

= 6939 (39)(7)- 10" +19 (26) - 10~
a,(weak) = 153.6(1.0)-10~""  [2 loops]

N.B.1. Ag, ~ 2 x a,(weak), how can it come from new physics?
N.B.2. Here “weak” = EW - “pure QED”

N.B.3. Results of new (g — 2),, experiment at Fermilab are coming!
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Anomanbuelit MarauTHBI MOMeHT MiooHa (2021)

New experiment vs. SM

Aay -~ aEXP - aim - 251 (59) % 10-—11

IJ.
BNL
2008
—_——
Fermilab
2021
——
< 4.20 . >
Standard Mode! Experimental
White Paper 2020 Average 2021
— —
| | |

| | | | | |
-50 0 50 100 150 200 250 300 350
a, x10"- 116591810
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Anomanbuelit MarauTHBI MOMeHT MiooHa (2023)

before Clj\o‘ID2
cMD2
SND
KLOE comb
BABAR
BES
CLEO
SND2k
CMD3

!

360 365 370 375 380 385 390
aT™ (0.6 </s<0.88 GeV),10™°
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AnomasbHBI MAarHUTHBIN MOMeHT MiooHa (Oy/yImee)

J-Park g-2/EDM experiment

[
pavels
[ — BNL(2006)
Standard Mode!
@aze) FNAL (2021

INRRR RN FEEEE PR PR RN FREEE RS EE R R
" s n ws  w  wes  x  w;s oa 28 =

<l Muon anomalous magnetic moment a, X 10° - 1165300
AMeV 2 mev 45 MV 40 MoV 212 MoV
1 1

EmMittance (rmm « mesd) 1,000 1
intensity (per se¢) EnTy 10t a0 ot s
Spiral injection
beam transpart
[ ][ I ] non Storage

oy 3 magnet
| I[ I =

1 stage 2% stage 39 stage
. lssiiy PP Disk-And-Washes Disk-loaded
St o t decvege o0 IH-DTL structure structure
urface 310/sec
s Room temperature Muon LINAC
(H-line) muoen source
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Rk u Rp amomasuu B pacuanax B-me30HOB

u > u u > u
B+ ~ W ~ K+ B+ ~ ~ K+
b —= < s b s
u,c,f
1Z° £t
/- £

_ Br(B— D) ry)
"~ Br(B— D®[y)’

Rp

RO —RM|~3.0, |RY®—RM ~31.0

N.B. Bcnomauwm npaBuio H-curma
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Baraaka maccer W-6o30ma?

St o e 0L

HEAVYWEIGHT

SM
DO I 80478 + 83 —_——
CDF | 80432 + 79 —_—————
DELPHI 80336 + 67 —_——
L3 80270 £ 55 —o—
OPAL 80415 + 52 ——
ALEPH 80440 + 51 ——
Dol 80376 + 23 -
ATLAS 80370 + 19 —.—
CDF Il 80433 + 9 -
70000 Bo000B0100 80500 80800 0400 90800

W boson mass (MeV/c?)
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DxcrepumenTaibHas nposepka CM na LEP

Stanford 1999

Measurement Pull Pull
3210123
m,[GeV] 91.1871£0.0021 .08
r,[GeV]  2.4944+0.0024  -56 =
Oh (D] 41.544£0.037  1.75 f—

. 20.768+0.024  1.16 —
AL 0.01701+0.00095 .80 -
A, 0.1483 + 0.0051 21
A 0.1425+0.0044 -1.07 —
sing ! 0.2321+0.0010 .60 -

Ry 0.21642 +0.00073 .81 =
R, 0.1674+0.0038 -1.27 —
A 0.0988+0.0020 -2.20 m—
A 0.0692+0.0037 -1.23 —
A, 09110025  -95 -

. 0.630+0.026  -1.46 —
sin8  0.23099 +0.00026 -1.95 -
Sin26W 0.2255 + 0.0021 1.13 -
my[GeV]  80.448+0.062  1.02 -
m, [GeV] 174.3 5.1 22 '
Aa®(m,) 0.02804 +0.00065 -.05

3210123

Pulls for pseudo-observables. The pull is defined as the difference between the measurement
and the SM prediction calculated for the central values of the fitted SM IPS [a(M%) = 1/128.878,

aS(M§) = 0.1194, My = 91.1865 GeV, m; = 171.1 GeV] divided by the experimental error.
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Blue-band plot (2012)

_March 2012 my;, = 152 GeV
6 : : s
4 5) 3
5 Acf = =
L —0.02750£0.00033 g
1 "-,_ - 0.02749+0.00010
4 a| oL, | i
NH 3 ]
<]
2 -
1 -
J1LEP LHC
0 excluded excluded
40 100 200

m,, [GeV]
The indirect fit of the Higgs boson mass from LEP data. The yellow
regions are exluded bi direct searches at LEP and LHC (2012).
http://www.nobelprize.org/nobel prizes/physics/laureates/2013/advanced-
physicsprize2013.pdf 40/ 54



Measurement of the neutrino number at LEP

'g 2v
E
23| ALEPH
DELPHI
L3
OPAL
20
t average measurements,
error bars increased
by factor 10
10
0 1 | |

86 88 90 92 94
E,, [GeV]
Measured hadronic cross section around the Z resonance vs. the SM

prediction for different numbers of massless neutrino species.

QUESTION: How can one extract the ete~ — v cross section
value?
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Ucropus maccer Ton-kBapka (10 2006)

L L T

200 N

{ { XXX M—Y

S 150 .
) ¢ Tevatron

(.2. [ SM constraint
-~ 68% CL

=
100 1
Direct search lower limit (95% CL)

0 +— T T -
1990 1995 2000 2005
Year

[Ipsimble u HepsIMBbIe U3MepeHus My
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Ceuennsa mporeccos CM ma BAK (ATLAS public results) I

Standard Model Total Production Cross Section Measurements

SERT

10°

10t

Status: February 2022

ATLAS Preliminary

Theory
Vs=78,13 TeV
LHC pp V& =13 TeV
o Bl  Data 32-1300!
A O -
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ot oo
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Ceuenusa mporeccos CM ma BAK (ATLAS public results) 11

Standard Model Production Cross Section Measurements Status: February 2022
8 oo ATLAS Preliminary
b o 1 Theory
b - Vs=57813Tev
10° Ty LHC pp Vs =13 TeV
hqsw 0o 321396
5 o b
10 P10 GV

LHC pp V5 =8 TeV

10 oy B D 2022030
or 0‘7
3 I -4 LHC pp V5 =7 TeV
10 o o ag B2 0
B8 o Ov uu Data 4.5-491b
R
w | B2 3Gy Q| [
102 b (<] w21 L= P
o oA W .
g o _ o LHC pp 5 =5 TeV
B oG, &z K w0
1 Pl B o 8.904 B 0: 003036
10 AP
1 g
WH,ZV)* VW"
10! ﬁ
= g
10-2 2| v |
aby 8 ..
aln i
o
g .
10 : i -
o o :-i
PP Jets ¥ W Z o« ot Wy H Hi VA Vy dv dH wwv o V@ wyg

e awic
tty Vij tEeE W
ver ek
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Standard Model at the ElectroVVeak

State-of-art analysis

requires:

|. Three-loop evolution equations of all SM parameters N
Bednyakoyv, Pikelner, Velizhanin,

JHEP 1301 (2013), Phys.Lett. B722 (2013), Nucl.Phys. B875 (2013), Ii -
Nucl.Phys. B879 (2014), Phys.Lett. B737 (2014) (with flavor mixing) o6} T

and boundary values from

2. Relations between observables and the parameters:
Bednyakov, Phys.Lett. B741 (2015)
Kniehl, Pikelner,Veretin, NuclPhys. B896 (2015)

180

Instability ]
\a"‘\m

e

Absolute stability

125 130

Mh, GeV

135

140

and Planck Scales

Measured value of the Higgs boson mass indicates
that the SM can be extrapolated to a very high

(e.g. Planck) scale.
1.0

0.8

----------- : 10 -].2. 14 16 .1.N‘.\7,,:‘2[|
logyo(1/GeV')
* Higgs self-coupling A(z) > 0 tests the SM vacuum stability.
* Crucial dependence on physical masses of
Top-quark and Higgs boson - M and My

For a fixed value of My=125.7 GeV
absolute SM stability leads to a bound on the measured
crit __ —0.36
My < M = 171445038 GeV
theoretical uncertainty - decreased by 10-20 % due to 3 loops
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CBa3b MEKJY 3JIeKTPOCJAa0bIM U IIJIAHKOBCKUM MaclnTadaMu’

A

\.
-

M, €

13

171

0

Instability

[u]
%

[
0.
wen
’ i/ [
]’D'IDJ'-':,'.'
LA

Of 10t ‘

- - o -
B - . o
. o= - .
= == -
= o0 -
_———— 52 -
- -
Lo -
=o -
o= -
- -
-
-

iiiﬂﬁ
- - 33
108

130 135
My, GeV

140
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[Ipobsiema mHaTypajbHOCTH

Hawubosee cepresnas (Ha je/ie eIMHCTBEHHAS) TEOPETHIECKAS
npobsiema B CM — 510 npob/ieMa HaTypPaJbHOCTH — TOYHO
[IOJICOHKY = HepapXuu

Bce maccer 8 CM kpowme 0j1HO#T reHepupyroTCs
B3aUMOJEHCTBUSIMU C [TOJIEM XUITCA W CIIOHTAHHBIM
HapyIIeHneM CUMMeTpUN B ero cekTope. Ho macca camoro moJis
Xurrca serasinena 8 CM pyxaviu (ITurepa Xurrca et al.). Dra
Macca Hapylaer MacuTabHy0 MHBAPUAHTHOCTD (KOH(OPMYTO
CHMMETDHIO) SBHBIM 00pa30M ¥ He 3aIlUIIeHa HIKAKO
cuMMeTpuell 0T OOJIBITNX KBAHTOBBIX ITOIMIPABOK:

3)\2

M2 = (MP)? + Iy MZ+-2M3+M5 — 4m?

Heecrecreenno (nenarypansio) nvers My < MY,

Jlyamum BapuanTom 66110 061 meTb A ~ My, T.e. Bcé Obl
OTIPEIEJTISIIIOCEH 3JIeKTpocaaboit mkajtoii suepruit ~ 100 ['3B.

Ho 310 ne nam ciayuqaii. . .
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[Ipobema sHEPTUN BaKyyMa
g “okaabHbIX’ 337124, €.8., B (DU3UKE YACTHI], MBI BCETIA MOYXKEM
caMu BBIOMpATh HAYAJIO OTCYETa ypOBHel suepruu. Ho mis
“r100asbHbIX” CIIYYaeB, €.g., Ajid KOCMOJIOIUU, HAM HAJI0 yIUTHIBATH
ILUIOTHOCTD SHEPIUN BAKYYMA.
Habmromaemast mioTHOCTh Heprun BeerenHo# ¢ XOpOoIei TOYHOCTHIO
paBHA KPUTHUYIECKON

3H? 26,2 kg
por =g~ 1.8878 x 10 hzm

Dopmasibao Mexanu3Mm bpayra-Duriiepa-Xurrca naer

PaEE ~ —(100GeV)* ~ —10>* g,

Veldo)

L)
Awnanornuanas npobiaema B KX/I: pQCCD ~ 1072GeV2 ~ 10% ),
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3&FEL,TLKI/I B OSMIIMPDUYIECCKUX COOTHOIICHUAX

Ha snekrpociaboit mkaje sMIupudIecKoe COOTHOIIEHNE MEXK Ty
BaKYyYMHBIM CPeIHHUM II0JIsI XHUrrca u Maccamu Beex dactur CM

_ 2 2 2 2 R
v_\/MH+MW+MZ+mt+mb+...

BbBIIIOJIHACTCA C TOYHOCTBIO 10 2-x CTaHIaPTHBIX OTKJIOHEHUT

246.22 ~ 245.6 £ 0.3 GeV

OueBH/IHO, €CTh KaKasi-TO CBfA3b MEXKJy MaccaM TOI-KBapKa W
6o3ona Xurrca (nim ss1eKTpocaaboii mKaioii):

>
my

o"h
mg

2
:1.05m1m2%5yt220.99
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Hocrouncrea CM

>

vVVvYvYyVvyy

vVVvYvYyVvyy

[IeperopuMpyeMOCTh U YHUTAPHOCTbL = KOHETHBIE
IIpeJCKa3aHusI

[Ipenckazanusi cOracyroTCs C JAHHBIMU OIBITOB
CummeTpun MIUPOKO UCIO/Ib30BAHBI

MuHIMATHEHOCTD

Bce gactumsr CM OTKpBITHI

CrpykTypa B3aumoseiicTBuii 3adukcupoBana (HO HE BCIOLY
IPOBEPEHa)

He Tak MHOro cBOOOIHBIX MapaMerpoB, Bce 3adUKCUPOBAHBI
Ecrb ucrounuk CP-mapyiinenus

Ha npeBecnom ypoBHE HET TOKOB C U3MEHEHHEM apoMaTa

JIerko ommcaTh MaCChl U CMEIINBAHIE HGfITpHHO
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[Ipobsiembr CM

II: me mouarTwie cBoiicTBa

vVvvyVvTVvVvyyypy

IIPOUCXOXKJECHUE UMEIOMUXCA CUMMETPHA

[IPOUCXOXK IeHre MacimTaboB SHepruu

[IPOUCXOKIEHN TPEX MOKOJIeHult (hepMUOHOB

UCTOYHUK MAaCC HEUTPUHO

orcyrcrBue CP-HapyIiiennst B CUJIbHBIX B3aUMOIEHCTBUSIX

1pobjiema HaTypaJbHOCTH

II: penomenosorus

>
>
>
>
>

OaprOHHAA ACHMMETPU
TEMHAsT SHEPTH
TEMHAasT MATEPHUS

sarajgxn Ay (py, (9 — 2),, Mw memuoro gero eme. . .
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Yro HaM Jieaarh?

Teopus & sKcrEpuUMEHT
» Ilouck obbsicaenus cpoiicts CM
» Ilouck rpaunur npumenumoctu CM
» Ilpenmsuonnast nposepka CM Ha Bcex macmrrabax
> CTpOI/ITb HOBbBIE IKCIIEPDUMEHTAJIbHBIE YCTAHOBKU
» CBs3b C KOCMOJIOTHEl, acTPOMUIUKON U T.]1.

>

ITonckaskn
» CM sasisiercst 9 dHEeKTUBHON MOJIETBIO
» FEe uccienoBanue BakKHee MOUCKA HOBOM (pusuku

» Hawm myxubr Hosble kosutaitaepst! (FCCee, CEPC, Super
Charm-Tau factory etc.)

>
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BaKkII0UInTeIbLHBIE 3aMETAHNST

KTII — dusuuecknii s3bIK (# MaTeM. sI3bIK)

CM mocrpoena Ha HEKOTOPBIX (DyHIaMEeHTATbHBIX (7)
PHUHIAIIAX, HO C CYIIECTBEHHBIM BKJIAJ0M (heHOMEHOJIOTUI

HawnbGosree Barknas 3a1ada — OMPEIEINTh PAHUILI €8
TPUMEHUMOCTH

JIz0boit Bua HOBOM (husnKM 00sI3aH COOIIONATH MTPUHITAT
coorBercrBusg CM

CM cojiepKuT MeXaHn3Mbl T€HEPAIUUT MACC BEKTOPHBIX OO30HOB
1 GpEepMUOHOB, HO HE 3HAET MCTOTHIKOB IMTPOUCXOXKIEHUS
MMEIOIIUXCS B HEll MacITabOB SHEPrUu

CM we “konern dusukn”’, Bam (HaM) €CTh eIe MHOTO 9ero
UCCJIEIOBATD.
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Crracu6o 3B BauMmanue!

Viaun!
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