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CtaHpgaptHaa Mopenb ’Sbg

Three Generations
of Matter (Fermions)
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CtaHgaptHas Moaenb

OCHOBHBbIE NMPUHLUUIMDbI

® Tpu nokanbHLIX cummeTpum SU(3)xSU(2)xU(1)

® CNOHTAHHOe HapylleHue 3neKTpocnabou cummeTpum ->
Xurrcosckum 6030H

> CMelVBaHUS apOMATOB B 3apaieHHbIX Tokax (matpuubl CKM m

PMNS)

CP HapyLweHWe 3a CYET Pa3oBbIX PAKTOPOB

Y AepxaHue KBApKOB U FNHOOHOB BHYTPU aAPOHOB

CoxpaHeHue 6apUOHHOIrO U NEenNTOHHOro Ynucen

CPT MHBAPUAHTHOCTbL -> CyLLeCTBOBAHME GHTUMATEPUU
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CtaHaaptHaga Moaenb




CrtaHgaptHasa Mogenb

JIAI PAHXXWUAH
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0, XX +)+igs, W, (0,X°Y — 8,V X*) +1ige, Z0(9,X T X+ —
0, X" X")+igs, A (0, XT X+ —
V 8, X" X")—1gM (X+X H+X X H+ % XOXOH)+—“-ng (X X% — X~ X°%")+
D sigh (X°X ¢+ — X0X+¢~ )+ngs (XOX-¢+ — XOX+¢) +
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KBaHTOBbLIE YuCna nonen matepun

SU(3) SU(2), Uy (1)

c oyonetol
> KBapku m
T
L (dOWI’l) \ 3 2 1/3

L 3 | 4/3

UR = UDp

DR = dOWﬂR V-A TOKM B 3 1

-2/3
cnab B3-Usax
> JlenToOHbI
Cnabbiy n3ocnuH

1
vV 2
L, =( ) 1 > Té —1 OneKkTpudecKul
€ B 1 1 0 3apag
N,=v, 7Tl ~ 7 O=T,+Y/2
ER =€R 0 ~ 3 1 1 _2 ]
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KBapKy — |<|/|pr||/|L||/||<|/| MUpO3aaHnSA

I—

e KBapku ‘‘3ameprtbl’ BHYTPH

, apOHOB
e | ® DJICKTPUYCCKUHN 3apsi]l
‘v_’ KBapKoOB KpareH 1/3
o KaXIbI1 KBapK HECET HOBOE

KBAHTOBOE YHCIIO - I[BET,
IPUHIMAIOMCE TPY 3HAYCHUS

. ! *Yucio COpTOB KBapKOB POCIIO
C OTKpPBITUEM HOBBIX YacTUI] U
AOCTHUTIIO TICETH

I1o Henmous THOMN
IIPUYUHE IPHUPOAA
co3jalia 3 KOIuu
(MOKOJICHUS)
KBAapKOB U
JIEITOHOB

strange bottom

(4) (4)




KBapkoBaa Moaenb

e OTKpbITNE «OMETra-MUHYCH»
B bpykxanseHe B 1964 r. 6bIno
NocrneaHnM 311eMEHTOM

cybaTOMHOM MO3anKw.

* OHO SBWIIOCh NOATBEPXKAEHWNEM YrafblBaEMOIA
CBSA3M MEXAY YacTuLiamu, koTopas obina
BCKOPE MOHSTA Ha A3bIKe UX BHYTPEHHEI

CTPYKTYpbI B hopme

~ ik
EO(dech) A" =g (ddedekT)
=" (d1tctcl)  [nanpeosonexns npuHumna
ot (utd]ect 3anpeta [laynu Obina BBefeHa

dHTUCUMMETPU3aLUNA MO «LUBETY»
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|BETHBbIE KBApKK

Ka)kabln apomMaT (TUM) KBapKOB MOXXET MMEeTb TPU LBETHbIX
sapaga KPacHbIW, 3€NEHbIN, CUHUW
AHTUKBAPKN MMEIOT aHTULUBETA: HTI/IKpaCHbII7I -

, aHTU3EJIEHBIN - @RACHbIN,
aHTUCUHUW- XXENTbIV

[ MHOOHbI UMEKT BOCEMb LBETOB:
KpacCHbIN-aHTH , 3€J1IEHbIN-aHTUKP

Bce cBA3aHHbIE COCTOAHNA KBAPKOB, OapnOHbI 1 ME30HbI - 6eC

Red Green

ME30H
6apuoH 9



Hncrno uBeTOB KBApKOB

Update of Burkhardt, Pietrzyk 95
Very Preliminary e+ } Hadron
q

CeyeHne 3aNeKTPOH-N03UTPOHHOM
aHHUMALMN B aapOHBbl

..." : SEix NPOMOPLMOHAIbHO YMCY LIBETOB
1 Jf \ TW KBapKOB.

} Hadron

W QD pred.

® Baccietal
Cosme et al.
Mark |

& VEPP-2M ND

olete” — hadr(ms 2
15 = = IN;

CpaBHeHMe ¢ aKcnepuMeHTanbHbIMA
OAHHBLIMU C pa3HbIX KOoNangepos npu
Pas3HbIX 9HeprnAax naeT

N, =3.06 + 0.10

*
¥ BES preliminary

2 2.5 3

R Exp without rescnances

10



[ pynna CUMMETPUN CUNBbHbIX
B3aMMOOENCTBUN

Tu TT .’-’ — ()‘ ab TF

iyt

(] 68% CL contour ALEPH

- —— 95% CL contour -
* QCD = SU(3)

SO(3),E8 .
, (3) ¢ massless gluino

S0(4) SU(2),SP(2)
o -t

~ SO(5),F4 .

KX aHann3 onpeneneHHo
ykasbiBaeT Ha rpynny SU(3)
KaK prrll'ly CMMMeTpMM . .~ OPAL 68%CL ~ —  DELPHI prelim 68% CL

CUJIbHbIX B3anMMOo4encTtBnu "1 12515175 2 22525275 3 3.25 3.5
Ca/Cs



| MNOTe3a HEBbLINIETAHNA KBAPKOB

KBapKku yoep>XXxmnBaroTcA BHYTPU adpOHOB 3a CYET IOOHOB, 00pasyroLlmx
CTPYHbI HATAHYTbIE MeXAy KBapkKamu

@ O s .’Um/@mo\ @ s @ s

ME30H Pa3spblB CTPYHbI Ob6pasoBaHne HOBbIX KBapKOB

6apuoH




PaccesdHne arnekTpoHOB Ha MPOTOHaX
[lapTOHHaa mMoaenb

Q - imnynbe
nepenaHHbIN
OT 3/1EKTPOHA

napToH —
NMPOTOHY

W - nonHanA

9HepruA OT>XXOecTBNIEHME NAPTOHOB
POXOEHHbIX C KBapkamu

agpoHoB

CKeWMNHI




PoxaeHne agpoHOB Ha Konnangepax

ONEKTPOH-MO3SUTPOHHBLIN Koianaep [TPOTOHHBIN KONNangep

AOpoHbLI 06pas3yloT CTpyn BOOSIb
HanpaB/eHNN POXKOEHHbLIX KBAPKOB KBapkoBble noanpoLecchl



JlenToHbI OT crioBa AETITOO
7‘ M*0OHBI pOKIAKOTCA OT pacraaa

M-MEc30HOB B KOCMHYECKUX

e Iydyax M pachnajaroTcs Ha
‘ s
@ ANCKTPOHbBL 1 1BA HEUTPHUHO

L‘

DNEKTPOHbI 00pa3yrT OOOJOYKMU aATOMOB WU \
OIPENEAIOT BCIO XUMUIO HEXKMBOW Y >KUBOW MIPUPO/IbI 14 o
HentpruHo poxaaroTcs B Ipolieccax pacrajia y '
apOHOB i o .frﬁl&“
n(udd) — p(uud) + e + v u "
/ )

U ot . h €
w - LAY
q \ Z vf %\ \%



INEKTPO-crabbin cektop CM

SU(2) x U(1) wnnn O(3)
3 KannbpoBoYyHbIX 6030Ha 1 KaNMOPOBOYHbLIN OO30H 3.KannbpoBoYyHbIX 6O030HA

[Tocne CNOHTAHHOro HapyLIEeHMA CUMMETPUX NOyYaem

3 MacCUBHbIX KannbpoBoYHbIX 6030Ha ” 2 MaCCUBHbIX KasMOPOBOMHbLIX 6030HA
(W+, W-, Z0) n 1 6eamaccoBbiu (Y) (W+, W-) n 1 6eamaccoBbin (V)

7
/

>~

LIEPH B 1973 rogy ABnnocb KAKOYEBLIM
MOMEHTOM B MPOBeEpKe KannbpoBOYHOU
Teopun cnabbix B3anMOOeNCTBUN

> TAXENbIN POTOH NOPOXGAET
HenTpanbHbIN TOK 6e3 HapyLeHnd
apomaTta

16



Uncro NokKoneHnn YyacTtuu matepun

e llnpnHa AMHUM Z-6030Ha * CneKkTp peAMKTOBOIrO
(LEP) nsaydenms (Planck)

b )
== =WMAP7 s
- = =SPT41
——SPT + WMAP7
(CMB)

e CMB 4 H,

CMB +BAO +H.

a1 92
Energy (GeV)

eff < 3.30+0.27

// v Neutrino

> ®OopMa crekTpa TemnepaTypHbIX RyKTyaunm
v Neutrino KM® onpenenserca KoOnMnM4ecTtBOM aKTMBHBIX

NOKoONeHnn HeuuytTpuHo CtaHOapTHOM \MOMAENW,
npennonarad KBapK-nenToHHY CUMMETPUIO

N, =2.982 +0.013

®dopmMa U wWKUpUHA NUHUKN Z-O6030HA
NOSIy4YEHHbIE HA 3NTEKTPOH-MO3UTPOHHOM
Konnanpgepe JI13I 3aBucuT OT 4ucna
NOKONMIEHNN WU p[paeT [OnA 4ducna copToB
NErkKnx HENTPUHO (Yncna NOKONIEHNN)

17



ApomarThil Ta) Yyactuy CM




CmelwumBaHme nokoneHnn s CM

CwmelwmBaHme nokonieHnnn B CM npoucxoguT ToSibko Bo. B3anmopenctenm ¢ W-6030HOM

\ / fy'“ WM [ j Martpuua MoHTekopso:Maku-Hakarasa-Cakaro

1,] =1,2,3 — nHOoeKc nokKoneHuim

Uu dj u; K ,572 ’y“ WM dj MaTtpuua Kabnbbo-Kobanlum-Mackasa

G2G3 S2G3 S:€" \

~85C5— C253536°  GoCn— $:5353:6°  SxGa
S255 = G2CnS3€°  —Ci2Sn— $2C5S3€°  CxGis

4 napameTpa B KaXxoon ns matpuu: 3 yrna n 1 goasa.
@Pa3sa § - uctoyHnk CP HapyweHna B CtaHgapTHOU MoOenm



CmewmnsaHune nokoneHun s CM

Yrnbl cCMEWnMBaHNA B KBAPKOBOM U
NENTOHHOM CEKTOpe HanaeHb!
9KCMepuMeHTasbkHO

OHU cnnbHO oTNUYaloTed Opyr OT Apyra

Why these values? Are the two related? Are they related to masses?

YcnoBme yHUTapHOCTU MaTpuLibl CMELLMBAHMUA -
TPEeYrosibHUK YHUTAPHOCTW:

\/ud\/L:b + Vodvc;b + Vdeﬂ; =0

= V,+V, =5,V




CP HapyweHue B CM

Hcrounnk CP Hapymenus B CM - cMenBaHWE KBApKOB (M JICITOHOB)

Eciu CyliecTByET HECKOJIBKO MTOKOJICHUH KBAPKOB, TO OHU MOTYT MEPEXOIUTH
ApYT B Apyra Opy B3auMOJeHCTBUU ¢ W-0030HOM

JIBa IOKOJICHHUS (a 5) cost)  —sinf W d

sinff  cos6 S (haza - nerounnk CB/

MaTpuia CMCIIMBAHUA

)

»
CrC3 $17C13 S13€

Tpu nokosieHus

o 0

; ;
T81pC3 T G835 5€ C1pCrz = 81p89355€ $23C13

%5 "
S12823 7 C1pCx355€ —Cp8y3 T 81,0635 5€ Cr3Cy3

marpuna Kabn60o-Koobasmu-MackaBa

TouHO Takke U B JISITOHHOM CEKTOPE Tpebyer Kak MUHUMYM 3 HOKOJICHHUH

yactua B CM

Bo0o3MOXXHO HCTOYHUKOM ABJISIECTCH

CP-HapylieHnE B HEUTPUHHOM
CEKTOpEe 21




XUrrcosckmm bo3soH i

XUITCOBCKHU 0030H

H(x) =v+ h(x)

< H (:1:) >=— U  cpeaHee 3HAYCHUE MO

Macchl a1eMeHTapHBIX YaCTHII
B CrangaptHort Mopaenu

Mauark = Yquark = U

Miepton — Ylepton * U

S
S
||
S

S
=
||
>
S

OcHOBHOE
COCTOSIHUE

Croo”TaHHoOEe
HapyIICHUE
CHUMMETpUU

Maccol Bcex gyactuil B CM BO3HUKAIOT U3 B3AHMOIEHUCTBUS
¢ mojieM b3X 3a cyet BakyyMHOro cpeiHero nocieigHero!

Bce maccel yacTull, mponopuuoOHaJ bHbl KOHCTaH®BE
B3aUMOJICHCTBUS YACTUIL C XUTTCOBCKUM (T107IEM) O030HOM

XUITCOBCKHIH 0030H - KBAHTOBOE
BO30YyXeHue noist bpayTa-DHriepa-
XMUITca,

O€3CIMHOBAs HEUTpalibHAs YaCTHUIIA -
IIEPEHOCUYUK KIISITOM CUJIBI»

22



XUrrcosckmm bo3soH

H(z) =v+ h(z)
< H(z) >=wv

XUITCOBCKHU 0030H

CPCIHCC 3HAYCHHUC 110JI

Macchl 31€MEeHTapHBIX YaCTHI]
B CranmaprHont Mopenu

[ToTreniman

OcHOBHOE
COCTOSHHE

Croo”TaHHoOEe
HapyIICHUE
CHUMMETpUU

Maccol Bcex gyactuil B CM BO3HUKAIOT U3 B3AHMOIEHUCTBUS

Mauark = Yquark

Miepton — Ylepton

S
<
|

_I_
Q\
\V)

S

-V
Bce wmacchl
)
U Up Quark
~0.002 GeV
/l] [ ]

[ ]
Down Quark

~0.005 GeV

Electron
0.0005 GeV

() .

Electron Neutrino
~0

JaCTHUI[ HPONOPIHMOHAIbHBI
B3aMMOJICHCTBHS YACTHUIl C XUTTCOBCKUM (I103I€M) OO30HOM

Charm Quark

1.25 GeV

Strange Quark

~0.095 GeV

masses

Muon

0.105 GeV

Muon Neutrino
~0

¢ nmosieM bOX 3a cyeT BakyyMHOIO Cpe/IHEro nocieaHero!

KOHCTAHTC

Top Quark
175 GeV

Bottom Quark
4.2 GeV

For reference:

Proton
0.938 GeV

Tau
1.78 GeV

Tau Neutrino Originally thought to be
%)7 massless but now not
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OTKpbITME XUITCOBCKOro 6030Ha

IHEPH, bonsmon Anxponnsii Komtaraep, 2012 .

Poxx1ieHre Ha IIPOTOHHOM KOJUIAUIEPE

R,

» a») e

e Data

] m,=126 GeV
] &y, ZZ

B Z+X

o | l IIII

bo3on

Vs=7TeV:L= 5.1fb"
Vs=8TeV:L=19.61fb"

Events / 2 GeV

XHuIrrca

:

Lk

lle) Lt 1L

hlllll Imal! S2IVIANA)

Events - Fitted bkg

IIporieccrl pacnaga

i

Selected diphoton sample

e  Data2011+2012
Sig+Bkg Fit (m_=126.8 GeV)

Bkg (4th order polynomial)
ATLAS Preliminary

" B030H

Vs=7TeV, JLdt =48

Ys=8TeV, [Ldt=2071"




Cwunbl B [pupoae

Cuiia — 3Te._pe3yJbrar
B3aMMOJIECHCTBHSI MEKIy YaCTULIAMU
ravity ' nyTéM OOMEHa KBAHTAMHU ITOJIS

Electromagnetic

3BecTHBI 4 BU1a PyHJAMEHTAJIbHBIX
B3aUMOJICICTBUM B IIPUPOJIE

Strong

I[Iarag cuna - oOMeH

b
~ Gravit | Weak Electromagnetic
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

U

Leptons

ATLAS+CMS Preliminary
LHClopWG
Workd Comb. Mar 2014, [7)
slat
tolal uncertainty
ATLAS, l+jets (*)
ATLAS, dilepton (*)
CMS, l+jets
CMS, dilepton
CMS, all jets
LHC comb. (Sep 2013) wicopws
World comb. (Mar 2014)
ATLAS, l+jets
ATLAS, dilepton
ATLAS, all jets
ATLAS, single top
ATLAS, dilepton
ATLAS, all jets
ATLAS, l+jets
ATLAS comb. (f°::°;)
CMS, l+jets
CMS, dilepton
CMS, all jets
CMS, single top
CMS comb. (Sep 2015)
CMS, l+jets

n
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Forces

m,., summary, (s = 7-13 TeV

Mg stat * sys!
172.31£1.55 (0.75 £ 1.35)
173.09 £ 1,63 (0.64 £ 1.50)
17349 £1.06(0.43 £ 0.97)
17250+ 1,52 (0.43 £ 1.46)
173.49£1.41 (069 £1.23)
173.29 + 095 (0.35 + 0.88)
173.34 + 0.76 (0.36 + 0.67)
17233 £1.27 (0.75 £ 1.02)
173.79+1.41 (0,54 £ 1.30)
1751£18(1421.2)

1722221 (0.7120)

172991 085(0.412£0.74)
173.72+1.15(055 2 1.01)
172.08 £ 091 (0.38 £ 0.82)
172.51 £ 0.50 (0.27 +0.42)
172352051 (0,16 £ 0.48)
172821+123(0.19%1.22)
172322064 (0.25 £ 0.59)
17295+ 1.22(0.77 £ 0.95)
172.44 £ 0.48 (0.13 £ 0.47)
172251063 (0,08 £ 0.62)

September 2017

Standard Model Total Production Cross Section Measurements °@vs JLat
(!

March 2018 Reference

ATLAS Preliminary
Run 1,2 /s =7,8,13 TeV

status:
March 2018

te-chan

Theory

LHC pp Vs=7 TeV
Km
slat syst

LHC pp Vs=8TeV
2z o
ts—chan LHC pp Vs
o L
ttz
tZj
10~ 1073 102 107! 102 10° 10* 10° 10° 10'! 051.0152025
o [pb] data/theory

68% and 95% CL contours fycomb i
; m, = 172.47 GeV
B Fit wio M, and m measurements 46 GeV

Fit w/o M,,, m and M, measurements — 0=046 0050, 6V

Direct M,,, and m, measurements .
]
N
comb. + 16
Ay, =80.379 + 0.013 GeV

Extraordinary agreement between measurements and SM predictic%%s
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Everything looks SM-like at LHC
Greatest Of All Theories
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Standard Model and Higgs Theory

Theory

LHC pp V5=13 TeV

mm
stal
stat O syst

LHC pp v5=8 TeV

. Data

stat
LHC pp V5=

_ Data

stat
stat © syst

7 TeV

10* 10°

o [pb]

Daniel de Florian
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The NNLO reveolution standard

X \\O \O .
. anandet etrie eirie ie\o
ot Ki\go' koY N a“N uad\‘H koY anikoY v, P O ev oL
N\ n ou, W e\ i
jous i D0 ous u, < N el
\, 1 \ AR s\as Nindre? ?.\xo\a\ B e\\";‘ pnast@=® . AnasteS Ty it Wiz & oo™
yotdhs \:\a W aitt. ait., ) ca\aﬂ‘
H Ao Ly} 3! w aift md\“ caath

ttbar total, Czakon, Fiedler, Mitov

Z-y, Grazzini, Kallweit, Rathlev, Torre
ji (partial), Gehrmann-De Ridder, et al.
ZZ, Cascioli it et al.
‘ZH diff., Ferrera, Grazzini, Tramontano
WW , Gehrmann et al.
ttbar diff., Czakon, Fiedler, Mitov
Z-y, W-y, Grazzini, Kallweit, Rathlev
Hj, Boughezal et al.
L C M M Wj, Boughezal, et al.
ro' I l ° Ie rl Hj, Boughezal et al.
VBF diff., Cacciari et al.
Zj, Gehrmann-De Ridder et al.

ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze

"Zj, Boughezal et al.

WH diff, zH diff, Campbell et al..
Yy, Camppeyy etal.
Wz Grazzip o¢ al..
Ww G, azzinj gt 5

Mcry ,
tNN
PT.Z g OUghezg,
sin ehrm etal,
Q/et Op, Ber, g ann, Rldder ot
"y F/ona,7 20, C..y, al.
o5 hen of o an, Zhy
CUme Mann. )
7 De R;
Over, of 4, al, R’dde’. eta,

EI lis, W’”’ams

1 extra particle (/loop)
every 10 years

Standard Model and Higgs Theory Daniel de Florian |
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Inclusive Higgs : an example of precision

pp—~H+X 13 TeV, PDF4LHC15, ug=pg=my/2

ATLAS*
NNLL+NNLO QCD+NLO EW N3LO QCD+NLO EW

NLO QCD
Anastasiou et al
2016-
M. Grazzini, D. de Florian
2003-2016

QCD (BSM) f

Dawson, Spira et al
1991-2003

global signal strength

Georgi et al MParras = 1.05 £ 0.03(stat.) £ 0.03(exp.(i 0.04(sig . th.) = 0.02(bkg . th)
1978 i

peys = 1.002 +0.029(stat.) + 0.03(exp.) @ O.36(th.))

- from M. Grazzini

reduce by 2 for HL-LHC |

Standard Model and Higgs Theory Daniel de Florian 21
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PacLUMpPeHHBbIN XUTTCOBCKUN CEKTOP

HoBble yacmuybl

e CUHITICTHBIE, TyOJIETHBIE U
* SIBiIsieTCs I OTKPBITHIM XUTTCOBCKUU TPEeTHBIC PACIIMPCHHUSL

0030H yactuiieii CM?
e KakoBa ajbprepHaTuBa’?

ATLAS and CMS
LHC Run 1

* MoxxeT OBITh
MBI HAIILIA
3TOT YaCTHUILY?

¢ ATLAS+CMS
e SM Higgs boson
— [M, €] fit
| 68% CL
95% CL

cM MCCM HMCCM

10 10°
Particle mass [GeV]

e [ToMCKH HOBBIX XUTTCOBCKHX
e BLICOKOTOYHBIE H3MEPEHNS ounc Y COBC
0030HOB

BEPOSTHOCTEN pacmnana 37



PRECISION PHYSICS OF THE HIGGS BOSONS

‘ Data + O

. — Fitresult
— Fitresult

m, = 120 GeV

Events / GeV

Number of Events / 1.0 GeV

—— Ami = 40 MeV

Mass from 5C fit [GeV] 4C mass [GeV ]

‘ Data 1 ¢ Data
— Fit result i — Fit result

Signal

— WHEW (-

Ampy = 70 MeV

m,, = 150 GeV

Events / 1 GeV

140 160 180 200

m . [GeV]

SUSY or 2HDM ILC

+30% ‘ s30% [ Lh—le—t @B @B w2z H

+20% +20%

+30%

+20%

+10% 0% T ] +10%

0%(SM) 0%(SM) -+~ @ R 22X 0%(SM)

-10%

-10%

Deviation from SM value
Deviation from SM value

-10%

-20% | -20%

_2009,
Model assumption | Model Independent Analyses 20%

" Model Independent Analyses

-30%

-30% Limit on gj;- and g5: 1 -30%
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Higgs self coupling [Meade]

If the questions center on the Higgs, do we need to do more than sit
back and wait for more data for more precision (or a Higgs factory)?

Snowmass EF Higgs Topical Report
2209.07510
Final state| Collaboration[allowed x, interval at 95% CI

......

Higgs triple coupling!!!

_

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
from continuum yy background

H/T N.Craig, R. r
Petrossian-Byrne

When do we really care about non-resonant di-Higgs (/13) for its own sake?

SOTIUUTTUOTIUUT VU TUR VU SURT IO |

Interesting to think about in more general setups beyond singlet, e.g. composite Higgs

40 See G. Durieux et al, 2110.06941 for
recent extensions

34



HenTtpnHo-3aragodyHaga yacrtumua

HeuTpruHo poxkaaroTcs B MpoIEccax cIaboro pacmnajia aapoHOB

n(udd) — p(uud) + e + v

U & Hentpuno
W / °  HC UMCIOT DJICKTPUYCCKOI'O 3apsiaa
°*  HE YYacCTBYIOT B 3JI-Mar B3-UAX
*  HE YYaCTBYIOT B CUJIbHBIX B3-UAX
d 7 *  YYacTBYIOT B CJIA0OBIX B3-HSIX

e  B3aUMMOJCHCTBYIOT C IOJIEM XMITCA
*  pMEr 0O4eHb Manyro (< 1 ev) maccy

Hannuus Macchl y HEUTPUHO CIIEAYET M3 HAOMIOACHUS HEUTPUHHBIX OCIUUIIISIAM

Ami 5L
41F

2




HenTtpnHo-3aragodyHaga yacrtumua

HenTpuHHbIE Macchl

A V3 A v, IV

S Am?=0.8-10"° eV?
npAMasa UAU

B B v
obpaTtHas

Am? =2.5.10"3 eV?2 T
B2 v, B2W Vo\ epapxua JZ A2 25107 1

Am? =0.8-10"° eV? ?

E
*
|

H
o
M
-

V3

M1: TA€ HWXKHSAA rpaHuual

Planck

0.06 eV < Zm,, < 0.12 eV

HelTpuHHbIE CnekTp
B-pacnaa KATRIN OCLIMAASLIUM PEAMKTOBQFO
M34KPOBOAHOBOFO

Tpounuk-ManHy, e



AHTMYacTuua M HEUTPUHO camMou cebe?
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Current knowledge and open questions

« precise measurements test the 3-flavor paradigm ©P.Denton

sin2(f15) = 0.307 + 0.013 VS
Am2, = (7.53 + 0.18) x 1075 V2 o —
sin?(6p3) :|0.539‘:!: 0.022 (S=1.1) (Inverted order) | Am2,|/10-3
in%(f53) =|0.546/4 0.021  (Normal order)

(—2.536 [+ 0.034) x 1073 eV?  (Inverted order)
2.453 £/0.033) x 1073 eV2  (Normal order)
sin(013) = (2.20 £ 0.07) x 102

9, CP violating phase =[1.36“_L8§g w‘rad

PTEP 2022, 083C01 (2022)

—_ ND

—
—

[N

[
—

6,, octant, mass ordering, CP violation ??? ="

2 Normal , Inverted

wy L m, A
Am’

2 21
2 m, . m ‘ Disfavored
Ams,

region at
the 30 C.L.

2
Ams,

!Am§1 CP
1 | T2K Nature 580, 339 (2020)

\" VvV V
T} T

Not covered by this talk: direct mass measurements, Dirac/Majorana nature of
neutrinos, origin of masses and mixing
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Reactor antineutrino anomaly?

Am? [eVz] L [m]
E, [MeV]

IIII| | Illlllll I lllllll| I lllllll| | llllllll I IIIIIII| T TT

P..~1—sin®20,,sin® | 1.27

—
N

—_
-
—_

—

T~ [n 2019, the reactor anomaly fades away thanks to new
measurements of beta-decays

—

o
©

Estienne, Fallott, et al, 1904.09358; Berryman and Huber, 1909.09267 &
2005.01756; Giunti, Li, Ternes, Xin, 2110.06820

0.7

S
o

e
et
©
oc
T
Q
-—
o
T
® 0.8
Q.
3
Q
>
—
Q
7))
Ko
o)

—~ — 'No oscillation
With oscillations (3 active v's + 1 sterile V)
— T Experiments | | | |
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HenTpuHHbIe aHOMaun

Very Short-Baseline reactors

NEOS coll., 1610.05154

1 y l t T
) —4+— NEOS/Daya Bay
Systematic total

—

(c

—— (1.73 eV?, 0.050)
(2.32 eV?, 0.142)

| 1 1 1 | L

3 5 6
Prompt Energy [MeV]

— Was there a signal beyond statistical fluctuations?

Agostini, Neumair, 1906.11854

Giunti, 2004.07577
PROSPECT & STEREO, 2006.13147

Coloma, Huber, Schwetz, 2008.06083

Pilar Coloma-IFT

average

N(L, E)/N(L,E)

(PROSPECT,
STEREQ,
NEOS,
DANSS,
Neutrino-4)

e expected, Am’=7.25eV?, sin“20 = 0.26
= Observed, 24p, average (125, 250, 500 keV). Dec, 2019.
A Observed, 24p, 500keV. Dec, 2019.

500 keV

1 Am’=7.25¢V?, sin’(20) = 0.26

| Average 125, 250, 500 keV
Am’=7.25¢V?, sin’(20) = 0.26
Unity

v’/DoF  17.11/17
1’/DoF  29.98/19

1'/DoF  19.86/17
%' /DoF  31.93/19

Neutrino-4 coll., 2005.05301

GoF 045
GoF 0.08

GoF 0.28
GoF 0.03

I S |

1.0 1.5

2.0

2.5




HenTpuHHbIe aHOMalun

Gallium experiments

RS ¢ L MR

Predicted

Reactors + Solar Reactors + Ga
3v p-value: 27.4% 3v p-value: 17.8%  3v p-value < 1.4 x 107

i Reaclt‘orls i W/ solar i W / galilum —
" FC (bands) | [ FC (bands) 1 " FC (bands) _

@ -
@ |

[ Y
= ot

BEST, 2109.11482
GALLEX, 1001.2731 ]

SAGE, hep-ph/9805418

SAGE, nucl-ex/0512041

—
-
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S’

—
N W

[ S T
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1o 3erryman,
I Coloma, |
M 20 N luber,

[ El 30 Schwetz, 1

Zhou
| 2 i ] 4
[ * Xmin 211112530

T P o i s
sin? 26 sin2 20

calibration of the source, Ge extraction efficiency (?)

N W s Ot O N 00 ©

Pilar Coloma-IFT




STERILE NEUTRINO

Various exps interpreted within 4 neutrino
framework

No evidence for sterile neutrinos

Oscillation channels are related:

—— RENO 95% C.L. (Fixed sin26,,)

— RENO95% C.L. (Varying sinZZSU

==+ Bugey 90% C.L. (40m/15m)

= JceCube 90% CL (1605.01990)

—— MINOS 90% CL (1607.01176)
Kopp et al. (2013)

=== Collin et al. (2016)

90% C.L. Excluded

— NOMAD

--- KARMEN2

— MINOS and Daya Bay/Bugey-3
--- MINOS+ v, Appearance Data

0> 46¢ 10° 40° 467
2 2 2
sin 29“.‘9 = 4IUe4I U 4I

W

99% CL

LSND
: MB app
2 reactors+Ga

’
’

Honnrtea”
SuperkK +

DeepCore «
S

= anthe




3a npeaeiam
CrapmaptHou Moje



POSSIBLE PHYSICS BEYOND THE STANDARD MODEL IAA

IS THERE ANOTHER SCALE EXCEPT FOR EW AND PLANK?
= Planck

you are here

EW

would like to get to here —

Strange Quark
~0.095 GeV
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Still plenty of room for new discoveries : two main scenarios

Search for (and find) new states
Resonance needs “descriptive” TH

Most likely look for “new interactions”
Small deviations from SM : PRECISION
EFT description / BSM model

Standard Model and Higgs Theor Daniel de Florian
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The decays K — mwvv

SM: box and penguin diagrams
‘ W S W d

[heoretical error budget

FCNC high-order process with highest CKM suppression:
A ~ (m/my)? | Vi Vgl ~ A2 SM branching ratios:
[arXiv:2109.11032]

Basicallly free from hadronic K+ — ntuu(y) = (8.62 £ 0.42) x 10~ 1
uncertainties K1 — mOvw = (2.94 +0.15) x 10~

Exceptional SM precision

Sensitive to new physics,
variety of BSM scenarios




Lepton-Flavour Universality

Belle ll: LFU B — Xlv Inclusive [Phys.Rev.Lett. 131, 051804]

__ B(B — Xev) “tag” B

Belle 11 JLdt=189fb!

R =
Xe/n ™ B(B - Xuv)

| [ Xev Xuv [
\/ [ [ e: Background u: Background [
e / " B ¢: Continuum u: Continuum [N
B—" [ MC tot. unc. MC tot. unc.
- ¢ Data o:i®®es . Data ¢

I —

In

Events per b

o oo
T 7 11

N O N

Sample composition fit to lepton momentum

o
T

yo)
(O}
N o
=
C 5
€5
| -
o
=2

spectrum in signal and control regions (“tag” B 14 16 18 20 22 14 16 18 20 22
and flavor correlation used to reduce background) pe [GeVic] py [GeVic]

Partner B meson fully reconstructed: fits to the lepton momentum > 1.3 GeV/c gives

R(Xe/,u) = 1.007 £ 0.009 (stat) + 0.019 (SYSt) (syst dominated by lept effic)

Consistent with SM prediction: 1.006 £ 0.001
More statistics foreseen to reduce uncertainty

This kind of measurements is pretty much unique to Belle |l




Lepton Flavour Universality

Lepton Flavour Universality with Rp , RD*

P B(B » D*tv) P - B(B - Dtv)
D" ™ B(B > D*Iv) D™ B(B - Dlv) /

Uncertainty from form factor and V4, drop out
Partial cancellation of theoretical uncertainties
related to hadronic effects

Small uncertainty for the SM prediction

BSM can change rate, angular and
q? distributions

04

LHCb22: Result from LHCb simultaneous
measurement of Rp , Rp+ using t->3nv
[arXiv:2302.02886).

See talk by M. Sevilla

- — Measurement exceed the SM predictions
$HFLAV SM Prediction mns E(P) 0.351 %0029 by 1.820 & 2.490, reSpeCtively.
R(D) = 0.298 +0.004 FLB 795 (2019)386 D*) =0.291 + ()()14 oyt

RDY=0254 20005 oo s 7s by 2-degrees-of-freedom deviation is 3.5¢0
above SM.
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7 April 2021: We released our first result

| Muon g-2 (FI

N
o

-
&)

<

—_
o

Raw e */ cumulative (x BNL)

Standard Model Experiment

5 Average
u 175 180 185 190 195 200 205 210 215
9
0 Run-1 a,x10 -1165900

WD WD

AN (FNAL) = 116592040(54) x 10711 (0.46 ppm)




HoBeulle aKkcnepumMeHTanbHble gaHHbIE

C . W
Run-2/3 Result: FNAL + BNL Combination /@

Muon g-2

a,(FNAL) = 116 592 055(24) x10-"" [203 ppb]

_ * FNAL combination:
[540 ppb] (63) 203 ppb uncertainty

FNAL Run-1 $———0———+[463 ppb] (54) Both FNAL and BNL

FNAL Run-2/3 —O— [215 ppb] (25) dominated by

FNAL Run-1 + Run-2/3 —e—  [203 ppb] (24) statistical error

Combined world
—e—t [190 ppb] (22) average dominated
World Average
by FNAL values.

180 185 190 195 200 205 210 215
a,x10° - 1165900

a,(Exp) = 116 592 059(22) x 10-"" [190 ppb]
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HVP Calculation: Lattice QCD Method

e Ab-initio calculation of HVP on lattice

G. Colangelo et al.

https://arxiv.org/pdf/2203.15810.pdf
HVP from:
rprrrrprrrrp T _ A rrrrprrrrp v
LM20 — - |
BMW20 B S

ETM18/19 | f ] All lattice
e o ' ' calculations were

PACS19 - . :
RBC/L}KOCD18 ' ! not included in

BMW17
RBC/UKQCD szo

data/lattice
BDJ19

BMW is only high
precision

KNTT9 calculation: closer

WP20 .

I ISR SN AN AN A B B N A A I O A O B AN AN AN A A | NN N toexp'ReSUIt

0 -60 -50 -40 -30 -20 -10 10 20 30
SM ex 10
(@ -a~?)x10

n u

not used in WP20
DHMZ19

Fermilab uncertainty goal
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HVP Calculation: Dispersive (e*e”) Method @\

Muon g-2

* (Calculated from data for o(e*e~— hadrons)

2
M 2
Tr
3 Hadromc R-ratio

Analyticity & Unitarity
(Data Driven)

* Uses data from different experiments from 20+ years

* 1/s weights low energy strongly: 73% from mt*t- channel

Keshavarzi, Nomura, Teubner: Priv. Comm.
O

KNT19 * = combination e Datafrom CMD-2, SND, KLOE,
CHOEA0040) o BaBar, BESIIl and CLEO-C were

SND (04) . .
included in wp2o

KLOE combination
BaBar (09)
BESIII (15)

‘ CLEO-C“”‘ ' New results from SND2k and
NOT inc. CMD-3 after wp2o

SND2k (20)

—— co3ey  § INWP20 CMD-3 is different from all the

360 365 370 375 380 385 390
a™ " (0.6 <V = 0.88 GeV) x 1010 other data




It seems that long standing g-2 problem fades away

Comparison with SM prediction (2023)

¢ 500 >

Comparison e

with Wp20 Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)

< 5.10 >
< +—eo—
SM: e+e- HVP World Average
T.I. White Paper (2023)
(2020)

NeW reSUItS Slelected new results

after 2020 since White Paper (2020)

Disclaimer: prediction from
Lattice taken from Lattice 2023 SM: e+e- HVP
talk; prediction from CMD3 using only CMD-3

based on our specific data below 1 GeV

assumption ' ,
175 180 185 190 195 200 205  21.0
a,x10° - 1165900

* Comparison of FNAL Runz1-3 result with the Theory Initiative’s calculation wp2o is at
5 sigma

* Waiting for a clarification of the theory
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Dark Matter and Axion Searches - Belina von Krosigk

Ways to search for dark matter and axions / ALPs

ALP: axionlike particle

[ direct detection ] [ axion experiments ]

a/X

3

[collider experiments]
u0I1}08)ap Joalipul

[




DARK MATTER: DIRECT DETECTION

WIThIn (log)
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Direct detection of WIMP(-like) candidates B

XENONRNT, Phys. Rev. Lett. 131, 041003 (2023)
LZ, Phys. Rev. Lett. 131, 041002 (2023)

T T T T

SuperCDMS, Phys. Rev. D 105, 112006 (2022) DarkSide-50, Eur. Phys. J. C 83, 322 (2023)

—— XenonlT (Migdal)
—-= XenonlT (2020)
—— CRESST-Ill

! —— PandaX-4T (2022
0VeV (this work) - _— C?)nEXa ( )

SuperCDMS-CPD —— DS-50 (2018)
EDELWEISS DS-50 expected
CRESST Surf —— DS-50 observed
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Light DM WIMP
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Mass ranges of some beyond SM particles e

C. O’Hare,_https://doi.org/10.5281/zenodo.3932430

Dark Matter and Axion Searches - Belina von Krosigk
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Dark Matter and Axion Searches - Belina von Krosigk

Most recent results ~1 GeV: DarkSide-20k
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Main unknowns: fluctuations in ionization quenching, in energy partitioning between .+

excitons and electrons, and in ion-electron recombinations

Results (left) confirmed using an alternative Bayesian approach (right), where the
analytical calibration responses are made explicit in the likelihood
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= DAMA/LIBRA 2008
Cresst-IIT 2019 DarkSide-50, Phys.Rev.D 107 (2023) 6, 063001

Pico-60 2019 LAr Neutrino Floor

XenonlT Migdal 2019 DarkSide-50, Eur. Phys. J. C 83, 322 (2023
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Bottom PMTs

50 kg active mass of LAr
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Axion couplings R

Kolb & Turner

C. O’Hare,_https://doi.org/10.5281/zenodo.3932430

General classes of couplings
Axion — Photon ,
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bapnoHHaa accumeTpua BceneHHou

® Ecnu Obl HE OBLIIO 0APUOHHON aCCUMETPUH, HE ObUIO OBl BEILIECTBA ‘ .
BO BceneHuoit! 7 T
e Ona yKasbIBaeT Ha CyIECTBOBaHKE ()YHIAMEHTAILHOTO HAPYIIEH . i
CUMMETPHUH MEXKAY YaCTHIIAMU ¥ aHTHYACTUIIAMU

CpeiHee Yuciio (DOTOHOB B €AUHUIEC 00ObEMA

n, =410.4=x0.9 cm S

CpeIHEE YMCJI0 OApMOHOB B €IMHUIIE 00bEMA

Tpu kputepus Caxapopa

ng = 0.29 - 107% em ™3

* Hapymenue 0apuTOHHORO HHCIia
* Hapymienne C u CP nHBapUMaHTHOCTH
e Hapymenue TerioBoro paBHOBECH

YTo sABIAETCS HCTOYHUKOM OAPMOHHOMW aCCUMETPUHN?
['1e HapynraeTcsa CMMMETPHUS MEXKY YaCTUIIAMU U AHTUIIACTULIAMU !
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byayuine 6onbLune NMPOEKThI
B PU3UNKE arieMeHTap
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Future Particle Physics
Beyond SM

Energy frontier: HL LHC, FCC e'e—mode,
CLIC, China colliders
Intensity Frontier: SuperBelle, BEPCIIl, SHIP,
NA62, NA64, VEPP, Super c-t-factory
Precision Frontier: g-2, nEDM

Under -ground, -water, -ice: Icecube, Baikal
Neutrino: JUNO, Hyperk, ..., DUNE

Cosmic Rays: Pierre Auger,..., satellites

New Dynamics in SM

EIC (electron ion collider) BNL
NICA

FAIR

JLAB

U-76

China electron-ion collider




Experimental Particle Physics

Russia & JINR

Beyond SM
Intensity & Precision Frontier:
VEPP, Super c-t-factory, nEDM

Under -ground, -water: GVD-Baikal
Neutrino: BEST, NEUTRINO-4, DANSS, ...

Cosmic Rays: Pamir, Tian-Shan, satellites ...

New Dynamics in SM

NICA: MPD heavy-ion collisions
BM@N short-range nucleon correlations
SPD spin structure, partonic 3D-structure
exotic resonances

electron-ion collider option R&D
U-76 SPASCHARM charm and exotic resonances







