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Forces

WwEg

ATLAS+CMS Preliminary
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World Comb. Mar 2014, [7)
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tolal uncertainty
ATLAS, l+jets (*)
ATLAS, dilepton (*)
CMS, l+jets
CMS, dilepton
CMS, all jets
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m,., summary, (s = 7-13 TeV September 2017

total siat
My * t0tal (stat + syst) -
172312155 (0.75 £ 1.35)
173.09 £ 1,63 (0.64 £ 1.50)
173.49 £ 1.06 (0.43 £ 0.97)
17250 £+ 1.52(0.43 £ 1.46)
173.49 £ 1.41 (069 £ 1.23)

LHC comb. (Sep 2013) wciopws 173,29 + 0.95(0.35 + 0.88)
World comb. (Mar 2014) H_.# 173.34 + 0.76 (0.36 + 0.67)
ATLAS, I+jets - 172.33 £ 1.27 (0.75 £ 1.02)
ATLAS, dilepton bt 173.79  1.41 (0,54 £ 1.30)
ATLAS, all jets e 175.1£ 1.8 (1.4 1.2)
ATLAS, single top Pt 1722+21(0.7+20)
ATLAS, dilepton H-o-g-i 172.99 £ 0.85 (0.41£ 0.74)
ATLAS, all jots —— 173721 1.15(0.55 £ 1.01)
ATLAS, l+jets e F 172.08 £ 0.91 (0.38 £ 0.82)
ATLAS comb. (ﬁ'.’::’;’,) sl 172,51 0,50 (0.27 +0.42)
CMS, I+jets % [ 17235+ 0,51 (0.16 £ 0.48)
CMS, dilepton ——tot—i 172.82+1.23(0.19 £ 1.22)
CMS, all jets He 172324064 (0.25 £ 0.59)
CMS, single top i 172,95 1 1.22(0.77 £ 0.95)
CMS comb. (Sep 2015) e i 172,44 £ 0.48 (0.13 + 047)
CMS, l+jets ) 172,25+ 0,63 (0.08 £ 0.62)
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Extraordinary agreement between measurements and SM predictions
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THE PRINCIPLES
¢ Three gauged symmetries SU(3)xSU(2)xU(1)

¢ Brout-Englert-Higgs mechanism of spontaneous EW symmetry
breaking -> Higgs boson

CKM and PMNS mixing of flavours

CP violation via phase factors

Confinement of quarks and gluons inside hadrons

Baryon and lepton number conservation

CPT invariance -> existence of antimatter

‘€0 €c €0 €0 “€c
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THE PRINCIPLES
¢ Three gauged symmetries SU(3)xSU(2)xU(1)

¢ Brout-Englert-Higgs mechanism of spontaneous EW symmetry
breaking -> Higgs boson

CKM and PMNS mixing of flavours

CP violation via phase factors

Confinement of quarks and gluons inside hadrons

Baryon and lepton number conservation

CPT invariance -> existence of antimatter
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The ST principles allow:
¢ Extra families of quarks and leptons
¢ Presence or absence of right-handed neutrino
¢ Majorana or Dirac nature of neutrino
¢ Extra Higgs bosons
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THE OPEN QUESTIONS
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Why's?

why the SU(3)xSU(2)xU(1) ?
why 3 generations ?

why quark-lepton symmetry?
why V-A weak interaction?
why L-R asymmetry?

why B & L conservation?

etc

How's?

¢ how confinement actually works ?

¢ how the quark-hadron phase transition
happens?

¢ how neutrinos get a mass?

¢ how CP violation occurs in the Universe?

¢ how to protect the SM from would be
heavy scale physics?
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THE OPEN QUESTIONS

Why's? How's?
¢ why the SU(3)xSU(2)xU(1) ? ¢ how confinement actually works ?
¢ why 3 generations ? ¢ how the quark-hadron phase transition
¢ why quark-lepton symmetry? happens?
™~ why V-A weak interaction? ¢ how neutrinos get a mass?
¢ why L-R asymmetry? ¢ how CP violation occurs in the Universe?
¢ why B &L conservation? ¢ how to protect the SM from would be
§ etc heavy scale physics?
¢ TIs it self consistent ?
¢ Does it describe all experimental data?
¢ Are there any indications for physics beyond the SM?
¢ TIs there another scale except for EW and Planck?
¥

Is it compatible with Cosmology? Where is dark matter?
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* With the Higgs Boson discovery the Standard
Model is completed !
* Why are we not satisfied and think that new
Sh physics exists and new discoveries will come!
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* With the Higgs Boson discovery the Standard
Model is completed !
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physics exists and new discoveries will come!
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ACTUAL QUESTIONS

What the dark matter is made of?

Nature of neutrino: Dirac or Majorana ?

The Higgs sector: one or many?

CP violation and baryon asymmetry of the Universe?

Is there and what kind of confinenent-deconfinement
phrase ftransition?

¢ Lepton nonuniversality: fiction or real?

¢ How are hadrons build: spin, multi quark states, gluebols?
¢ (Non)stability of electroweak vacuum?

¢ Ts there any deviations from the Standard model ?

‘€c *€c €0 €0 “€o



Is there another scale except for EW and Planck?

you are here

EW

would like to get to here




Is there another scale except for EW and Planck?

AocD

you are here

EW

would like to get to here

Up Quark Charm Quark Top Quark
~0.002 GeV 1.25 GeV 175 GeV

. ‘
Down Quark Strange Quark Bottom Quark
~0.005 GeV ~0.095 GeV 4.2 GeV

masses .

Electron Muon Tau
0.0005 GeV 0.105 GeV 1.78 GeV ‘\O

. ‘ Proton @

0.938 GeV
Electron Neutrino Muon Neutrino Tau Neutrino Originally thought to be

~0 ~0 ~0 massless but now not 8
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THE LAGRANGIAN
L= Lgauge + Ly ukawa + EHiggs;
1 a a 1 ( ( 1
ﬁgauge — _ZGMVG,LLV - ZW,LWW,LW _ ZB/LI/BILLI/

+iza7MDuLa T iéofyluD,uQa + Z.EofyluD,uEa
+iU YD, Uy +iDoy"D, Dy + (D, H) (D, H),

_I_iNa,y,ua’uNa possible right handed neutrino ?
LYukawa — yéﬁzaEﬂH + nyQQDBH + ygﬁéaUgﬁ + h.C.,

yc]xvﬁzaNBﬁ

A
L:Higgs = —V = mQHTH — §(HTH)2
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THE LAGRANGIAN
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THE LAGRANGIAN

L = £gauge + £Yukawa + EHiggSy

| . 1
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+iLo Y DyLo +i1Q "D, Qs + 1E P ,_/ME
—I—ZUO/y“DMUa + ZDO/y“DMDa + (DMH) (D, H),
_I_iNon'ua,uNa possible right handed neutrino ?

»CYukawa — yéﬁzaEﬂH + y(l)?ﬁ@aDﬁH + ygﬁéaUgﬁ + h.C.,

yc]xvﬁzaNBﬁ

A
L:Higgs = —V = mQHTH — §(HTH)2
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THE LAGRANGIAN

L = Lgauge =+ £Yukawa =+ EHiggSy
a a 1 1 1 1 S
Lyauge = _ZGWG B ZW oW = ZB/“/B’ S°
g
+iLo Y DyLo +i1Q "D, Qs + 1E P ,_/ME
—I—ZUO/y“DMUa + ZDO/y“DMDa + (DMH) (D, H),
_I_iNon'ua,uNa possible right handed neutrino ?

@

»CYuka,wa —yaﬁL E5H+ya5Q D5H+ya5Q U 07&\(\) h.c..

«\“”e

yaﬁLaNBH

A
L:Higgs = —V = mQHTH — §(HTH)2
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THE LAGRANGIAN

L = Lgauge =+ £Yukawa =+ EHiggSy
a a 1 1 1 1 S
Lyauge = _ZGWG B ZW oW = ZB/“/B’ S°
g
+iLo YDy Lo +iQ V"D, Qo + i E e ,_/ME
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_|_2N ,-y,“a N possible right handed neutrino ?
o [TEANe!
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THE LAGRANGIAN
L= Lgauge T £Yukawa T EHigg&
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Higgs bosons - entering precision era

Run-2 analyses with 80 fb™! for the first time — higher precision is coming!
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D. Charlton
LHCp2018

Precision EW mass measurements
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10 20

ATLAS+CMS Preliminary m,, summary, fs = 7-13 TeV September 2017
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€ The electroweak vacuum is unstable under radiative corrections

& The whole construction of the SM may be in trouble being metastable or even unstable

0.10
0.08; 30 bands in 200 I
- M; =173.1 £ 0.6 GeV (gray)
a53(My) = 0.1184 + 0.0007(red) i
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g o 150
S 004 R=
g o0 n I -
s 0 5 100 Stability
[ae1 L
£ M, = 1713 GeV =
E i g
E0.00 =l =y
: ~ f
002  TT-alMy) =0T 501
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_0047 L L L L L L L L L L L L L L L L B
102 10* 10° 10% 10 10'2 10" 10'® 10'® 10% Ot
RGE scale u in GeV 0 50 100 150 200

Higgs mass M), in GeV

& the situation crucially depends on the top and Higgs mass values and
requires severe fine-tuning and high accuracy of calculations (3 loops)
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[ Muon anomalous magnetic moment l (Schwinger a/m,
ag Kinoshita higher orders in a)
Y 07 / o MV . — — 9
ietiy(p') [7 Qmpw qu] ue(pe,,  qu=@—P)u o

Dirac equation predictsg=2 4 = (9 — 2)/2

For electron a, theory and experiment agrees!

hAAA A

(18) (18) (2072) (120) (18)
th exrp __ 1 —8
a —a, P =—(3.06+0.76) x 107" 3,70

Theory: uncertainty in hadronic contributions to the muon g - 2, (Jagerlehner, 1802.08019 ).
Lattice QCD great progress light-by-light study (RBC & UKQCD, 1801.07224).

Fermilab and J-Park experiments are expected to clarify existing discrepancy!

S.Fajfer, ICHEP20118 4
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FermilLab April 2021 a,(E821) = (116 592 089 + 63)x10-.
New
Old
New
—— Lattice R-ratio
BNL g-2 : ® : This work [ —— '
Gérardin et al.®? | ';_,‘
: 33 L o |
FNAL g2 + ° Davies et al. H
Giusti et al.34 | -
Blumetal.’® | =
< 420 >
Borsanyi et al.’ =
Davier et al.3 |
¢ ! ¢ Keshavarzi et al.4 | :
Standard Model Experiment Colangelo et al.5, | No new:physics
Average Hoferichter et al.® \ : .
175 180 185 190 195 200 205 210 215 G SN s -2
9
a, X 10 -1165900
The problem remained May be not!

Conclusion: 1t 1s important to take into account the strong
interactions contribution correctly!



ANOMALOUS MAGNETIC MOMENT

A =~ v: SUSY and the muon (g — 2)
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Figure: LHC Run 2 bounds on SUSY scenario for the muon g — 2 anomaly for tan 8 = 40.
Orange (yellow) regions satisfy the muon g — 2 anomaly at the 10 (20) level [Endo et al., 20].
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Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles



ANOMALOUS MAGNETIC MOMENT

A < 1 GeV: Axion-like Particles and the muon (g — 2)

10 T r T 10
Axion-like Particle effective Lagrangian
S 5
v T T
_ ZC a,: EHv C,uuaa— Z >
L= vy x Fov HYv s S = ¢
A 2 A 5 5
-5 -5
B m, = 1 MeV m, = 500 MeV
107 5 0 5 10 T -5 0 5 10
<T/A [Tev'] /A [TeV']
a,s 10 . . . 10
l‘ R ‘l
> > > s s
E 0 E’ 0
C a,s D é &55;
O &)
-5 -5
y / l ! m, = 1.5 GeV m, = 3GeV
> > > > as ‘1(_)10 5 0 5 10 _1(—)10 s 0 5 10
<T/A [Tev] /A [TeV']

Figure: Contrlt?u,tlons of a scalar's’ and a Figure: Aa,, regions favoured at 68% (red), 95% (orange)
pseudoscalar a ALP to the (g — 2)2- and 99% (yellow) CL. Gray regions are excluded by the BaBar

[Marciano, Masiero, PP, Passera '16] search ete™ — ptu "+ ptp™ [Baver, Neubert, Thamm, 17

[Cornella, P.P., Sumensari ’19]
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Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles




ANOMALOUS MAGNETIC MOMENT

HLO contribution from et e~ — hadrons

Hadrons

e dominated by eTe™ — z7z™ channel (70% of the full hadronic)

R e R W LG

2

T ) JT
l mo l mo \

dispersion relations optical theorem K(s) ~ mg /3s for \/g > m,

ImWV\/‘MN

value error)

kernel function

o(ete™ — v* — hadrons)

10" |

2 2 10° |

1.4 0.6 -
0.9 10-2 :
107

10'4 i

R(s)

ny
All other states  I—
(x'x n°n°n°) ——

nnnnnnnnnnnn

Keshavarzi, Nomura, Teubner 2018 1075
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Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles
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THE STANDARD MODEL: THE STATUS AND OPEN QUESTIONS

LEPTON (NON) UNIVERSALITY (?!)

Charged currents ot tree level Neutral currents at one-loop level
f+

-
e
.
-
™

Sl

Standard Model

B~ B° B
DU.(‘)‘ D+,{¢) d
i, d
BR(B — DY tv BR(B — K®)
RD(*) — ( T) 3.80 RK(‘) = R( uu) 2.00

BR(B — K*)ee)

R(K*)sar = 1.0




THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

B physics anomalies: experimental results # SM predictions!

charged current (SM tree level)

BR(B — D™1v;) ‘L

R D(*) = 3.80
BR(B — D™ uv,) oL
: T
BaBar had.
oma:‘o 024 ?gon - W
Belle had. tag :
0293 + 0038 £ 0015 >t
Belle sl tag lﬁr
0302 £0030 0011 —
Belle hadronic tau H
0270 £ 0.035 = 0027 + 20
LHCbH muonic tau
0336 + 0027 = 0030 -
gs{»??o 01920009 -~ ;‘g‘crzg({’;%l Qo18)
' 1 ———
o, 3] 0.71£0.17£0.18
S*lPud'nxﬂme SM predictions
Joss =0 PLB 452 (1999) 129
FED 2o 00e ]
JHEP 1711 (2017) 061 PRD 74 (2006) 074008
0260 £ 0008 Range 0.25-028
JHEP 1712 (2017) 060 R(J/¥)
. ml3 1 1 1 L l 1 1 L lﬁ 1 1 L 1 l
Sermmer 2018 ' . 0 - l

ra— - See Leroy’s talk at ICHEP2018

02 03

R(DS)

ajfer, ICHEP20118

D




LEPTON FLAVOR UNIVERSALITY

R(D) vs R(D*) _

;2 04 E L | | sz = 1.(; contours _E
m All experiments F .
see an excess Wrt  g3sf- 6 s E
SM predictions L LHyE .
m Combining 3 .. E
R(D)/R(D*) 0.25 - _
average ~3.4 ¢ T, World Averase -
tension with SM 92F s com s s s,
" . I ?ordc:ne 1? o P.(XZ) - 28‘%1, . -

0.2 0.3 0.4 0.5

z
=

m Intriguing as anomaly occurs in a tree-level SM process

m New LHCDb result
R(A)=0.242 £ 0.026 + 0.040 + 0.059(ext) arxiv:2201:03497
Measurement is consistent with SM (~1c “low’) [SM=0.32410.004].

Corfu Summer Institute 31 August 2022 N. Harnew 52




THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

FCNC - SM loop process: Ry(.)anomaly

BR(B — K™ )
BR(B — K(*)ee)

J[zlkr(:) —

q2 € [q;?nin’ qgnaz:]

-1 - R -4 Belic

"""

= PRL 113 (2014) 151601 | LHCD

5 10 15 20
¢ [CeV'/ct| @ [GeV¥ 4]

P.in B— K*u"p~ (angular distribution functions) 3o (see Capriotti talk
LHCb: the discrepancy present in Bs — ¢u/,tand Ap — App at ICHEP2018)

S.Fajfer, ICHEP20118



THE LHCB RECENT RESULTS

~ LHCb Rx  low-¢> = 0.9941)%
14 087 (*)
- Ofp! Ry central-¢> = 0.949)0% R B R(B — K'Y pup)
wo | KO T BR(B = K®ee)
1.2 - Ry low-¢* = 09275, €c
L Ry central-¢> = 1.027“:?,:?,—5;.?,

A i :

0.8 |- —
I ‘ ‘ BO
I D(]«t(la 2 _ 16, p= 0812’ o=10.2 d d
 — SM ! »
0.6 -
2 , _q> . low-g2 . central-¢?
Ry low-¢° Ry central-g° Ry- low-g° Ry~ central-q R(K*)SM — 1.0



Neutrinos



THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Neutrino Physics

m

2

.

I s v: I m?
Amzo‘
V1
Amzlm
V,

. ¢ Am?xtm

By,

[ g7e

V2
Am?,, ‘

1 vs L
parameter best fit £ lo 3o range
Am3, [107%V?) 7557038  7.05-8.14
|Am, | [107%V?] (NO)  2.50£0.03  2.41-2.60
|Am?2,| [10-%eV?] (10) 2424008  2.31-2.51
sin?f,,/10°! 3.20107  2.73-3.79
sin?f.,/10~* (NO) 547103  4.45-5.99
sin? #,, /107" (10) 55103  4.53-5.98
sin?#,3/10~2 (NO) 21600055  1.96-2.41
sin® #,3/1072 (10) 222070078 1.99-2.44
5/x (NO) .32 0.87-1.94
5 /= (10) 1.56°01  1.12-1.94

de Salas et al, 1708.01186

@ Absolute value of neutrino masses ?
@ Mass hierarchy?

@ Dirac or Majorana?

@ Fourth sterile neutrino?

@ Neutrino dark matter?

0.06 eV < Zm,, <0.12 eV

CMB

V-0SC

PMNS-matrix parameters are measured
with high accuracy of few %

@ Normal hierarchy favoured at 3.1 ¢

@ Nonzero CP phase favoured
@ Upper octant favoured



BEYOND THE STANDARD MODEL: NEUTRINO

Is it just the SM or requires New physics?

Three Types of Seesaw Mechanisms

Require the existence of new degrees of freedom (particles) beyond those
present in the SM

Type I seesaw mechanism: vip - RH vs’ (heavy).

Type II seesaw mechanism: H(x) - a triplet of HY, H- H™~ Higgs fields.
Type III seesaw mechanism: T(X) - a triplet of fermion fields.



BEYOND THE STANDARD MODEL: NEUTRINO

Is it just the SM or requires New physics?

Three Types of Seesaw Mechanisms

Require the existence of new degrees of freedom (particles) beyond those
present in the SM

Type I seesaw mechanism: vip - RH vs’ (heavy).

Type II seesaw mechanism: H(x) - a triplet of HY, H- H™~ Higgs fields.

Type III seesaw mechanism: T(X) - a triplet of fermion fields.
M. Weber ICHEP2018

99.73% CL
Global fit

e Possible Sterile Neutrino?

= New MiniBooNE consistent with LSND
(but low energy excess?)

Am? [eV¥)

Appearance

w/o DiF)

- Reactor anomaly questioned by Daya
Bay/RENO time dependence

Disappearance

- New SBL and source experiments — Free Hunes

lo_l ) : }unll‘lun: A - l
. . . 10 1077 107¢ 107
- Conflict with v, disappearance sin?20,, = AUnsUpul? °

alk




Neutrinoless Double Beta D¢

IThe question is still unanswered:
Are neutrinos their own antlpartlcles’P

TV i >

/U\\ /U\ erp Left-Right Symmetric Model

rt d R gntoy '
n,a drp My, ~ 2 TeV, My=1TeV,

d— U, g~ 23

W ! e eR
A _
: e JHEP 10 (2015) 077
d Ww . T
l R | 10

n.d: > anp

\U U,

—
o
=

IMeel [€V]
—
o

Ton scale OnuBB experiments will cover
the inverted hierarchy by 2035

—
1
At

10% NEPTETY ¥ PP AR
1n5

Many experiments operating, planned or in R&D:
LEGEND, SNO+, NEXT, CUPID, THEIA...




Sterile Neutrinos

Several anomalies around in the community since some years...
Additional sterile neutrinos as a possible candidate explanation

[ Very generic extension of SM

O can be leftover of extended gauge multiplet ‘ ‘ ‘ ‘

[ Useful phenomenological tool ~ RE& =% e &
O can explain v masses (seesaw mechanism, m ~ TeV...Mp|)
O can explain cosmic baryon asymmetry (leptogenesis, m»>100 GeV)

O can explain dark matter (m ~ keV)

O can explain oscillation anomalies (m ~ eV)
Promote mixing matrix to 4 x 4, oscillation formula unchanged:

Posg =) UriUsiUakUjy exp [ — i(E; — Ex)T]
7,k

- L BV 4 mn - - W oY N



Neutrino Anomalies =&

Measured / predicted

Beam Excess
« =
N N NN

o= 200 400 3 800 1000

(0 over
o

¢ CONRRD

I

Eaet

eJury still out on many of these anaomalies. No clear picture emerging yet.
eSimple sterile neutrino would not fit all the data. Tensions on all sides...
eFuture: Reactor experiments continuing or new ones (eg JSNS?) or

new experiments at the FNAL short neutrino baseline... (ICARUS, SBND)

reactor flux anomaly
resolved with new input data
to flux calculation

reactor spectra
is there really an anomaly? -> DANSS

gallium anomaly
unresolved, recently reinforced BEST

More

LSND _detalls

unresolved in the
backup

MiniBooNE

unresolved uBooNe excluded some explanations
resolvable by next-gen. SBL experiments

N NN N \




BEYOND THE STANDARD MODEL: THE MASS SPECTRUM AND MIXINGS

* Mass spectrum!?

SM

Maguark = Yquark = U

Miepton — Ylepton * U

mwzg/\@'v

mz =V g*+9?/v2-v

mHZ\/X-?}

m~ = 0

Mgluon — 0

* Mixing Matrices?

* Quark-Lepton Symmetry
e Strong difference in parameters

t : \,t..

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

* What are the CKM and PMNS phases?
* Where lies the source of CP violation:in

quark or lepton sector?

Up Quark Charm Quark Top Quark
~0.002 GeV 1.25 GeV 175 GeV

: o
Down Quark Strange Quark Bottom Quark
~0.005 GeV ~0.095 GeV 4.2 GeV

These are relative masses not size — they have no measurable size |
Electron Muon Tau For reference:
0.0005 GeV 0.105 GeV 1.78 GeV ‘

° . ‘ Proton

0.938 GeV

Electron Neutrino
~0

Muon Neutrino
~0

Tau Neutrino
~0

Originally thought to be
-
massless but now not

1
Jop = 3 sin 2075 sin 2653 sin 2613 cos 013 sin 0




BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Neutrino Mixing: New Symmetry?

e 10 =00 =g, 023=04tm=7(7), 013

[ \/g \/g O ) (% ::% 0 )
_ 1 /1 1 |. | -1 41 1
Urgm = —\/g 3 —\>2 |’ Usm = 5 L5 \/5
1 /1 1 1 -1 1

\ ~V6 V3 V2 \ 2 T2 /3

. Unem =

- NG
& N =

N
HQI
N

N

N

N

N

S
S

N

N




BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Neutrino Mixing: New Symmetry?

foN
_ ~ T - ~ T ) S
0120 =100 =157, 023=~0am=7(7), 0O 5
.50&3(
sde\a\J.
\!
2 /1 AN
( \/; \/; 0] \‘ O(\N.\‘\(,\A _E\/§ O \

e 1 /1 1 1ogse® ) 1 411
TBM = V6 3 7.\00\\)3‘ w— 5 L5 \/5 . UHem =
1 [ % 1 -1 1

e 2 T2 /2




BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Neutrino Mixing: New Symmetry?

T _ ~ T ol
o 012 = 9@ — 5.4 023 = Oatm = Z(?) &3?3“50666626
66\3\1
e
(BB o) s o)
S 1 /1 1 \(se"“’ ;l I A N

TBM = —\/6 3 —\/ = o\\)a( L > L5 \/5 HGM = —
v 1 -1 1 _

- } 2 T2 3 \

V3 1
2 2
1 V3
22 242
1 V3
22 2v/2

S ©




BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Neutrino Mixing: New Symmetry?

o010 =00 =¢4, 023 =~0m = 7(7 ) 9’ (<<

Urgm =

Unem =

V3 1 0 \
2 2
1 V3 _ 1
2v2 22 /2
1 V3 1
2v2 22 V2 )



BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Neutrino Mixing: New Symmetry?

012 =100 =757, 023="0am=7(7), 0 55

O
— = . Uiugm = | — 1 1
V2 22 22 V2
1 1
2 2

Uram = _\ﬁ \ﬁ /1
6 3 \ 0O
1 Q‘s

Magic Puzzles




BEYOND THE STANDARD MODEL: QUEST FOR SYMMETRY

Neutrino Mixing: New Symmetry?

OV
— ~~ T S
o 912 — 9@ — 5.4 923 — 9atm — 4( ) &6?3050666526
O
566\3\1
2 1 [ a0 L V3 1 \
vy = 1 /1 il e J1 41 1 f |1 V31
TBM — 6 3 1 ;.(\o\\)a i 2 ——% \/§ . 2\/§ 2\/5 ]\-/5
4 \% -2
} 2 2V2 /2

&

Magic Puzzles

Symmetry might be tricky E8 roots



Dark matter



BEYOND THE STANDARD MODEL: DARK MATTER

Major problem: 85% of matter is dark and remains invisible!

Is this compatible with the SM?

Does it requires modification of the SM or addition of gravity?

* Many candidates in many orders of magnitude of mass:

- MOND (Problems: large scales, Bullet cluster) o L e I
H. Baer et al., Phy. Rep. 555, 1(2015)

- Primordial black holes (LIGO, but constraints) 3

- Fuzzy (very light bosons)
ADM

s L neumno Vv

- Warm (KeV sterile)
- WIMP

-10 | neutralino %

s | 3

- Axions/ALPs ot l &
20 . -

axion a Xino a
- Dark sector , e .
= Aetitno N :
- Gravitinos : .
-30 O — ]

- Modu“ gravitinogm
! . -5 B
- Wimpzillas | | ao bk o KV GV Mour
M. Drees -18-15-12 9 6 -3 0 3 6 9 12 15 18

e Direct, indirect, collider log(my, / GeV)



BEYOND THE STANDARD MODEL: DARK MATTER SEARCHES

Particle Data Group (2018)

PRL 118, 251301 (2017)

ol L g 1 < 40737
()\‘6 107 I\~ 107 S 0
& a3 N : 2 o
E10 NEWS.G (2017) 10 c
810739 fCREsST Q015 107 O 38
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X \ - penalized by W/Z branching fraction o) Parti i 5 2
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{.‘ - larger statistics with larger background 3 § ,W- \ B 3
) & 1014 B o
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SUSY Searches
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SUSY SEARCHES

40

NLO + NLL, pp, Vs =13 TeV

Strong production
gluinos, squarks)

EWK production

(charginos, neutralinos, sleptons)
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Baryon Asymmetry of the
Universe



THE STANDARD MODEL: CONCEPTUAL PROBLEMS

PAUL SCHERRER INSTITUT

(- J» Baryon Asymmetry of the Universe

SM expectation: Observed::

i’ly n,

Sakharov criteria

- -
1. Baryon humber violation

2. Cand

3. Thermal non-equilibrium

Philipp Schmidt-Wellenburg APS DPF Meeting, Brown University Providence Rl, 9th August 2011




THE STANDARD MODEL: CONCEPTUAL PROBLEMS
e Baryon asymmetry of the Universe

1. Violation of a thermal equilibrium

A possible scenario in the early Universe when particles drop from thermal equilibrium
violations T invariance <>

Ny — Ng
2. Violation of baryon number <> B = 3

Baryon number is conserved in the SM with exponential accuracy

Violation of baryon number occurs in Grand Unified Theories 3\ New particles = Leptoquarks,
and in Lepton=fourth color models (Pati-Salam model ) Extended Highs sector

3. Violation of CP invariance (requires larger CP than in the SM) > @

In the SM achieved via phase factors in The presence of new phase factors in
the CKM and PMNS mixing matrices extended models (2HDM, SUSY, etc)

CPT is exact symmetry of Nature
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WHAT MAKES US THINK THAT THERE IS PHYSICS BEYOND THE STANDARD MODEL?

e Small discrepancy with experimental data

e Possible new ingredients in neutrino sector (majorana neutrino)

e Instability of electroweak vacuum

® Tnability o describe the Dark matter (unless it has pure
gravitational nature)

® Baryon asymmetry of the Universe is a fundamental problem
(Baryon and Lepton genesis might require new ingredients)

® Lack of understanding of flavor structure of the SM calls for
explanation at higher level

 New era in gravity due to discovery of gravitational waves and black
holes might change the landscape



BEYOND THE STANDARD MODEL: CONCLUSIONS

Ideas (conventional and not)

e Symmetries * New dynamical ideas
- Supersymmetry, family, ... - Relaxion, nnaturalness,
. Compositeness clockwork, string instantons, ...
- Higgs, fermions, ...

 Extra dimensions = multiverse

- large, warped, ... e String remnants
(need not solve SM problem)

« Random or environmental

 Dark or hidden sectors , ,
- Z’, vector fermions, extended

- Dark, SUSY-breaking, random, ... Higgs, dark, moduli, axions, ...
* Unification
- GUT, string, ...

ICHEP 2018, Seoul (7/11/18) Paul Langacker (IAS) 44
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