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EXTENDED HIGGS SECTOR
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PRECISION PHYSICS OF THE HIGGS BOSONS
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EXTRA HIGGS BOSONS
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SUSY Searches
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SUSY PRODUCTION




) [GeV]

m(x

SUSY LIMITS

+ ~ 0
m@,) = 1><(m 9)+m@) July 2020
iggsino LSP Model: t , production, m()~( )= m(% )+5 GeV, m(x ) = m(% )+10 GeV, March 2018 ‘ ‘
H ;2200 LI [ITIIIIT]IIIII[T]IIT]II ]IIIIYIIITTI
[0 :ATLAS P l """" 0 Iepton expected ]
600IllllllllIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|II_ 02000— relmlnary Oleptonobsewed —
— Best Observed limit T, =T oL/1L - ™~ C o~ ~0 ]
550:—ATLAS Prellmlnary Best Observed limit t1th (large tan B) OL/1L — —~ 1800"_ g— q(_lWL """"" 1-|epton eXpeCted -
~ (s=13TeV 361 fo! — BestOsered iimit T, ~ T, oL/1L 3 Vs " Vs =13 TeV — 1-lepton observed -
500 S = I eV, oo. === Expected limit OL [1709.04183] — r—4 1600 am oo g e Run 1 expected =
C All limits at 95% CL ... Expected limit 1L [1711.11520] - S - 139 fb™ Run 1 observed :
450 :_ ATLAS higgsino exclusion [1712.0819] _: 4 _—_o lepton: CONF-2019-040 o . ]
- S e = 1 OO: 1-lepton: CONF-2020-047 All limits at 95% CL b
400— \g\)\\;' ” —] 1200 " _Run 1; arXiv:1507.05525 ]
= S LobTty, T-W% S o :
3505 L 1 1 1,2 % hszo Z~° E 1000: ...... B
— . k 0 _— = -
300E .y BROGDYR) = = 800 .
~ k) t , small tan f: (45,10,45)% ] C N
2501 :” T, large tan f: (33,33,33)% 600;} T M, —:
2001 : 1.: (25,50,25)% - C i
150 : T - I' _; 200:_ _:
100:|||||||||||||||||||||||||||||||||||||||||||||||||: llllllllllllllllllllllllll' lllllllt
400 500 600 700 800 900 1000 1100 1200 _ 1300 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600
m(t,) [GeV]
_ ’ m(g) [GeV]
Vs=8-13 TeV, 20.3 - 139 fb July 2020
3000 [ T T T T [ T T T T T T
> P dmndse ATLAS Prellmlnary .
- __ g — g%, 0lep. + mono-jet [CONF-2019-040, 1711.03301] __
S.2500] - 2
S — — (the O lep. limit includes bb*—>b5%?%? processes) n
Eﬁ i G — AWy, 0lep. +1lep. [1712.02332, CONF-2020-047] i
2 >2 v [1802.03158] .
2000__ d —aWZz, 27-11 jets + >21ep. SSY g oy ]
- a q(ll/lv/vv)x1 vialv =2 lep. ][1507.,05525] 7
i >11 ]
1500— Colours indicate different models —
: Observed limits at 95% CL :
1000 u
500C ]

e L ol .
500 1000 1500 2000
m(q) [GeV]



m~o [GeV]

CMS

137 b1 (13 TeV)

PP — g8, g—tTX Approx NNLO+NNLL exclusion

—Observed+ 1o

T theory
2X1600| === Expected+1,+2 06
---- experiment
1400 ______ :':"'-
1200
1000 . WA

1 l 1 1 ] - oS Qe I PO R : I 1 1
0 1000 1500 2000 2500
mg [GeV]
12OOCMS 137 fb' (13 TeV)
% pp — bb, b — b % Approx NNLO+NNLL exclusion
o _
DT EObserved 1601
é* ---Expected+1,+2 O o ooriment
800 3
6000, il
s00- —
200/~ : vl -
i 1 L l l:: L “l L g
1000

-
-
-_—_
- -
-
--
e s EmEsEsEeEssEE -
-
.-
-.'.-D...I------D..-.--

IIIIIIIIIIIIIIIIIIIIIIIIlllll

lllllllll 1 llllllll 1 Illlllll [ || lllllll ]
-k
o
IS

SUSY LIMITS

10

1072

-
o
&

95% CL upper limit on cross section [pb]

S0 800"

-

:l | il
1400

.
|

-

10

1072

107°

95% CL upper limit on cross section [pb]

.:I Illllll =] lllllll ol Illllll (I | lllllll J
-
o
A

CMS 137 b (13 TeV)
— 1200 10
> pp — 11, T — t 72 Approx NNLO+NNLL exclusion 7
O, —Observed+ 10 =
2s1000| == theory S
é" ---Expectedt1,+2c6 1 =
----- experiment (&)
. L]
L = w
8001 = g
-1
N 4 10 5
600 i S
_ 1 g2 =
400~ s i 5
_ ' s Q
= K ‘\ l‘, - g—
L 3 B 4 -3
200 3 T s
‘ il I =
: v LS LY
4 1 | 1 1 L i 1 -4
0 500 1000 1500 10
m; [GeV]
pp — %g %ﬁ August 2021
;‘ 600 B T I T T T l T T T ] T T T ] T T T ] T T T i
3 - CMS Preliminary 137 b1 (13 TeV)
= 500l —1801.03957, 1l+bb, 36 fb™' (WH) Expected ]
S - —2106.14246, 2| SS + 23| (WH) —Observed
- —2107.12553, 11+bb (WH) i
- —SUS-21-002, 0 (WH) 1
300~ £ . -
- 8‘.\ ‘ =
i (/ ."’ 0 :
200 4 g
100~ 7y .
0 |/ l .i 1 l ! 1 1 l 1 1 1 é 1 1 1 l 1 :: 1 1 ]
200 400 600 800 1000 1200

my, = Mg, [GeV]



SUSY SEARCHES
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CMS (preliminary) Moriond 2021

Overview of SUSY results: squark pair production
137 b=t (13 TeV)
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Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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CMS (preliminary) Moriond 2021

Overview of SUSY results: electroweak production
137 fb~! (13 TeV)

PP — X9X;

PP — XOXT — Lill — twilROX0

PP — X9XT — Tl — TR0

PP — XX — TvrT = TvTTRIXY

PP — X9x1 — WHXI? > 30/m,: SUS-19-012

S 16jets: SUS-20-003

PP — XoXi — WZXIX]

18-004 AM = 5-10 GeV

Pp — )Zgif / ).('(1)5(':1':, ).(':11: / )Zg — (W* / Z*))ztl) SUS-18-004 higgsino simplified model, AM = 5-10 GeV

PP = X3 X1, X1 = WXi "¢ opposite-sign: arXiv:1807.07799 Mg = 1 GeV

PP — Xi X1, Xi — (fv/t0) — tv3? | 2€ opposite-sign: arXivaBOT.07799 I BR(i) = 50%, =05

pp —

pp = brli/m, £ — 639 —

0 20 400 600 800 1000 1200 1400
mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.
The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.



ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

July 2020 \s=13TeV
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4, G—qt) Oe,u 2-6 jets Eif“ 139 | 4 [10x Degen] 1.9 m(t})<400 GeV ATLAS-CONF-2019-040
o mono-jet  1-3jets  Ep'*  36.1 [ 8xDegend 043 0.71 m(7)-m(¥})=5 GeV 1711.03301
% 28, 8—qat\ Oe,u 2-6jets  ESS 139 |2 2.35 m(¥7)=0GeV ATLAS-CONF-2019-040
b g Forbidden 1.15-1.95 m(¥})=1000 GeV ATLAS-CONF-2019-040
B 3z zoggWA Ten 2-6 jets ‘ 139 |2 2.2 m(¥1)<600 GeV ATLAS-CONF-2020-047
O 7z 3-qq(LOX) ee, upt 2jets  EF™ 361 |2 1.2 m(Z)-m(¥})=50 GeV 1805.11381
§ 38, 5—qqWZX) Oep  7-11jets EP™ 139 |2 1.97 m()??(? <600 GeV ATLAS-CONF-2020-002
S SSe,u 6 jets 139 g 1.15 m(g)-m(X})=200 GeV 1909.08457
= 28, g—1iv] 0-1e,u 3b EMs 798 | % 2.25 m(t?)<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |2 1.25 m(g)-m(¥})=300 GeV 1909.08457
b1by, by —bi" it Multiple 36.1 by Forbidden 0.9 m(¥))=300 GeV, BR(hY")=1 1708.09266, 1711.03301
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biby, by—b¥3 — bhY) 0e,u 6b Ei‘f“ 139 | & Forbidden 0.23-1.35 Am(FS,¥9)=130 GeV, m(¥})=100 GeV 1908.03122
25 27 2b EPS 139 | by 0.13-0.85 Am(¥3,X7)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
§ ’§ nh, o _,p\?? 0-1e,u >1jet  EpSS 139 i 1.25 m(¥})=1GeV ATLAS-CONF-2020-003, 2004.14060
B8 ii, i—wWbt) Teu Bjetsib EPS 139 |7 0.44-0.59 m(¥7)=400 GeV ATLAS-CONF-2019-017
q:) E f]fl, f] —)‘7‘1 bV, %1 —)TG 17+1 e,u,T 2]et5/1 b E;-niss 361 il 1,16 m(‘?])=800GeV 1803.10178
O 8 i, ik /T, toek) Oe,u 2¢  EPS 361 |z 0.85 m(t)=0GeV 1805.01649
BN . i1 0.46 m(7,,&)-m(t))=50 GeV 1805.01649
Oe,u mono-jet EMS 361 |7 0.43 m(i; &)-m(¥1)=5 GeV 1711.03301
fif, ik, Xo—Z/h¥) 12en  1-4b  EMS 139 | 0.067-1.18 m(73)=500 GeV SUSY-2018-09
frhy, o +Z Beu 1b EPS 139 | & Forbidden 0.86 m(t})=360 GeV, m(7;)-m(¥})= 40 GeV SUSY-2018-09
XX via wz 3e,u EE?SS 139 | &7 /,\72 0.64 m(¥))=0 ATLAS-CONF-2020-015
ee, Uit >1ljet EP™ 139 )?}/22 0.205 m(¥E)-m(¥})=5 GeV 1911.12606
X1 X7 via Ww 2e.p EMss 139 | & 0.42 m(¥)=0 1908.08215
» XD via Wh 0-1e,u 2b2y EPS 139 | XXy Forbidden 0.74 m(t))=70 GeV 2004.10894, 1909.09226
= § X vialyy 2e.pu EMs 139 | X4 1.0 m(Z.7)=0.5(m (¥} )+m(t?)) 1908.08215
W= 2 2000 27 Ems 439 |7 [fL, TRL] N0NE:0/3] 0.12-0.39 m(?)=0 1911.06660
TLrlLR, I—€0) 2e.p 0 jets EE?SS 139 |7 0.7 m(¥)=0 1908.08215
ee, Uit >ljet EP™ 139 |7 0.256 m(?)-m(t})=10 GeV 1911.12606
HH, H—hG/|ZG Oe,u >3b EE:SS 36.1 | @& 0.13-0.23 0.29-0.88 BR(Y] — hG)=1 1806.04030
4e,u Ojets  ENMs 139 | @ 0.55 BR(Y! — zG)=1 ATLAS-CONF-2020-040
® @ Direct ¥1.¢] prod., long-lived ¥% Disapp. trk  1jet  EPs 361 |4} 0.46 Pure Wino 1712.02118
= % ¥ 0.5 Pure higgsino ATL-PHYS-PUB-2017-019
] ‘§ Stable g R-hadron Multiple 361 |2 2.0 1902.01636,1808.04095
S 2 Metastable g R-hadron, g—qqt} Multiple 3.1 |& E@=tons02ns] . 20524 m(¥1)=100 GeV 1710.04901,1808.04095
X IR X —ze—eee Se.u 139 Pure Wino ATLAS-CONF-2020-009
LFV pp—¥: + X, Vr—eu/et/ut ep,et,ut 3.2 1.9 A5,,=0.11, A132/133233=0.07 1607.08079
YT 130 = wwyzeeetvy 4ep Ojets  EMs 361 m(¥%)=100 GeV 1804.03602
22, 8-qg¥1, X! - qqq 4-5 large-R jets 36.1 1.9 . Large 17,, 1804.03568
n>_ Multiple 36.1 2.0 m(X})=200 GeV, bino-like ATLAS-CONF-2018-003
0 7 it X — ths Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
i, i—bXi, X — bbs > 4b 139 Forbidden m(¥7)=500 GeV ATLAS-CONF-2020-016
I, fj—bs 2jets+2b 36.7 1710.07171
nhh, h—qt 2e,u 2b 36.1 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(#1—qu)=100%, cos6,=1 2003.11956
L 1 L L L L L L I 1 L L L

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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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

-0SC

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

@ Normal hierarchy favoured at 3.1 ¢

@ Nonzero CP phase favoured
@ Upper octant favoured
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BEYOND THE STANDARD MODEL: THE MASS SPECTRUM AND MIXINGS

* Mass spectrum!? * Mixing Matrices?

* Quark-Lepton Symmetry

m L — kU . .
quark = Yquar e Strong difference in parameters

Miepton — Ylepton * U
mw 29/\/5"0
mz =V g*+9?/v2-v
myg = \/X-?J
u | Vv, - m

SM o
Mgluon = ( c H ) Vu . .

e m

Up Quark Charm Quark Top Quark 2
~0.002 GeV 1.25 GeV 175 GeV
Why these values? Are the two related? Are they related to masses?
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 |

For reference:

Electron Muon Tau
0.0005 GeV 0.105 GeV 1.78 GeV .
° . ‘ Proton
0.938 GeV
Electron Neutrino Muon Neutrino Tau Neutrino Originally thought to be

~0 ~0 ~0 massless but now not




BEYOND THE STANDARD MODEL: THE MASS SPECTRUM AND MIXINGS

* Mass spectrum!?

SM

Maguark = Yquark = U

Miepton — Ylepton * U

mwzg/\@'v

mz = g2+ g2/V2-v

mHZ\/X-?}

m~ = 0

Mgluon — 0

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
0.0005 GeV 0.105 GeV 1.78 GeV
. o o

Electron Neutrino
~0

Muon Neutrino
~0

Tau Neutrino
~0

For reference:

Proton
0.938 GeV

Originally thought to be

massless but now not

* 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?
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* 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




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 \




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



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...




Summary

In ~10 years from now, oscillation will mostly be understood: mass
hierarchy and CP phase will be known

Neutrino absolute masses may be measured in ~20 years, through
cosmology, beta decays and double beta decays

Majorana neutrino nature maybe determined in ~30 years

Sterile neutrinos are unlikely the cause of reactor and Ga anomalies, but
still possible for the LSND anomaly

A new era of astrophysics with multi-messengers, including neutrinos
Many new projects will start within 10 years
A bright future






ANOMALOUS MAGNETIC MOMENT

Experimental status

e April 7t 2021: Muon g — 2 experiment at FNAL confirms BNL!

BNL g-2 °
FNAL g-2 +4 O
< 4.20 >
P S
Standard Model Experiment
Average
175 180 185 190 195 200 205 210 215

a,x10° - 1165900

aEXP = (116592089 * 63) x 10-11 [0.54ppm] BNL Es21
auEXP = (116592040 * 54) x 10-11 [0.46ppm] FNAL E989 Run 1

auEXP= (116592061 * 41) x 10-11 [0.35ppm] wa

3.70

3.30

4.2 0

* FNAL aims at 16 x 10~ "', First 4 runs completed, 5th in progress.

e Muon g — 2 proposal at J-PARC: Phase-1 with similar BNL precision.

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles



ANOMALOUS MAGNETIC MOMENT

“Old muon g-2 puzzle”

New Physics for the muon g — 2: at which scale?

® Aa, discrepancy at ~ 4.2 o level:

Aa, = a, " —a™ = a,"” = (2.51 £0.59) x 10°

2
m
NP SM ~ K ~> —9

» NP is at the weak scale (A =~ v) and weakly coupled to SM particles.”
> NP is very light (A < 1 GeV) and feebly coupled to SM particles.
» NP is very heavy (A > v) and strongly coupled to SM particles.

*Favoured by the hierarchy problem and by a WIMP DM candidate but disfavoured
by the LEP and LHC bounds (supersymmetry being the most prominent example).

[For a through compilation of models, see Athron, Balazs, Jacob, Kotlarski, Stockinger, Stockinger-Kim, '21.]

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles




ANOMALOUS MAGNETIC MOMENT

A =~ v: SUSY and the muon (g — 2)

1000~ 11— 7 1000 =

N|u=2My, My = M/2 : / . 4

; z ¢

i B % =095 §

800:‘ ................. / g éC/\"‘;\’ ’i 800g

: v

/ 5 ’

<) ) 0.05_ 2 0

< s
N—' '/ /// ~—

4008\ N\ \ X 4 v A .r . 4007

4 b 4

200 400 600 800 1000 200 400 600 800 1000
m(¥¥) [GeV] m(¥7) [GeV]

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].

[oop

2 A2
5USY g mj tanf ~ 2% 10°
a 3212 m? —_—

m=500GeV & tan 8=40

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]

2 3 2 2 2 2
m;, | 12« 2 A (C ) m 20 Al
Adu="J7 | G M — ez M ) — 5 GG N

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles




ANOMALOUS MAGNETIC MOMENT

Breakdown of SM contributions

e a, from WP20 (w/o BMWCc lattice result)
[Colangelo EPS-HEP202| proceeding]

Contribution Value x10'!  References
Experiment (E821) 116592089(63) Ref. [3]
Experiment (FNAL) 116592040(54) Ref. [1]
Experiment (World-Average) 116592061(41)

HVPLO (e*e) 6931(40) Refs. [6-11]
HVP NLO (e*e™) -98.3(7) Ref.[11]
HVP NNLO (e*e™) 12.4(1) Ref.[12]
HVP LO (lattice, udsc) 7116(184) Refs. [13-21]
HLbL (phenomenology) 92(19) Refs. [22-34]
HLbL NLO (phenomenology) 2(1) Ref. [35]
HLDbL (lattice, uds) 79(35) Ref. [36]
HLbL (phenomenology + lattice) 90(17)

QED 116584718.931(104) Refs. [37, 38]
Electroweak 153.6(1.0) Refs. [39, 40]
HVP (e*e~, LO + NLO + NNLO) 6845(40)

HLbL (phenomenology + lattice + NLO) 92(18)

Total SM Value 116591 810(43)

Difference: Aay, := aj,* — a3 251(59)

e HVP LO is the bottle-neck of the SM prediction

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
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Vs [GeV]

a’'t® _ =6931(40) x 10~ "(0.6%) (wr2o

p.ete—

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles



ANOMALOUS MAGNETIC MOMENT

HLO contribution from lattice QCD

¢ Great progress also in lattice QCD, where spacetime is modeled as a discrete
grid of points. The BMW collaboration reached a 0.8% precision!

ayHLO = 7075(23)stat(50)syst [55]tot X 10-11 '

¢ 2-2.50 tension with the “data-driven” evaluations.

This work

Gérardin et al.®2
Davies et al.®3
Giusti et al.34
Blum et al.’®
Borsanyi et al.’#
Davier et al.®

Keshavarzi et al.4

Colangelo et al.5, |

Hoferichter et al.®

—f3— [attice —E— R-ratio

—{—

1

1]

-1

s

-
o
o

|
e

No neprhysics

660 680 700

720 740

aLoHP (x1019)

Borsanyi et al (BMWc), Nature 2021

Paride Paradisi (University of Padova and INFN)

On the old and new muon g-2 puzzles



ANOMALOUS MAGNETIC MOMENT

“New muon g-2 puzzle”

(aTVP)pxp = aBXP — a/?M,rest

(@)X = 6931(40) x 1071

ete—

(@™ P)gpw = 7075(55) x 1071

“new puzzle”: if BMW is correct, the “old” g-2 discrepancy (4.20) would be basically gone

= however, this brings in a new tension with e*e™ data (2.20)

/H;‘e, NP in 6, ,4(¢ "e™ — hadrons) such that [LDL, Masiero, Paradisi, Passera 2 | I2.083I2h

. (@HVP)WP20 (alll{VP)EXP

2. the approximate agreement between BMW and EXP is not spoiled
Q. w/o a direct contribution a;" (i.e. NP not in muons) J

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles



ANOMALOUS MAGNETIC MOMENT

Consequences of the BMW result

e Can Aa, be due to missing contributions in o(ete~ — had)?

» An upward shift of o(s) also induces an increase of Aag 4(Mz) defined by:

o(Mz) .
Z p—
1 — Aa(Mz) — Aoy (Mz) — Acop(Mz)
2 0o 2 o'
~ —= A S ..
A 1270° Jyme ds s ’ “had T Zrq2 am d Mz —s

oleTe™ — 4* — hadrons)

Imm‘Am

e A change in o(ete~ — had) is strongly disfavoured by:

> EW-fit for \/§ Z 1 GeV [Marciano, Passera, Sirlin, ‘08, Keshavarzi, Marciano, Passera, Sirlin, *20,
Crivellin, Hoferichter, Manzari, Montull, 20]. A shift of o(et e~ — had) to accomodate the
Aa,, anomaly would necessarely require new physics to show up in the EW-fit!

® A check of the BMW results by other lattice QCD (LQCD) coll. is worth.

e LQCD coll. should provide Aa-SCP to be compared with Aaf. S .

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles



Flavor Anomaly



LEPTON FLAVOR UNIVERSALITY

Lepton Flavour Universality (LFU)

m LFU is a cornerstone of the SM : charged leptons (e, U, 1)
couple in a universal way to the SM gauge bosons

m If NP couples in a non-universal way to the three lepton
families, then we might see differences in rates of rare
decays involving different lepton pairs (e.g. e/p or W't)

m Hence - LFU is tested in b — s {+f— transitions. These are
FCNC’s with amplitudes involving loop diagrams

6+, /J+,

Z/
9%/»9%/7
€ ,u , b

Corfu Summer Institute 31 August 2022 N. Harnew 46



THE STANDARD MODEL: THE STATUS AND OPEN QUESTIONS

LEPTON (NON) UNIVERSALITY (?!)

Charged currents at tree level Neutral currents at one-loop level

-
e
.
-
™

S

Standard Model

B~, B B°
DU.(‘)‘ D+,{¢) d
i,
(*) (*)
Ry = BR(B — D'"7tv,;) 2 86 R = BR(B — K™ up) -
BR(B — D™ puv,) BR(B — K*)ee)

R(K*)snr = 1.0




LEPTON FLAVOR UNIVERSALITY

Several R-ratio measurements

s Compare the rates of B — Xse+e‘ and B — XS ur
[where B is B*, B%, B° , A% and X, is K*, KO, ¢, pK...]
m This allows precise testing of lepton flavour universality

B We can construct the ratio :
m Small theoretical

<1?ax AB(By—Xoptp) o uncertainties because
2 dq? E hadronic uncertainties cancel
__ 1min L 1 0 '. . . . . .
Rx = 2 =1£00%) u This ratio is unity in the SM,
" dB(Bg—Xsete™) 102 .
J dq? @q neglecting lepton masses,
2
fmin with QED corrections at the
% level

m Five different ratios published so far by LHCb:
X, = K*, K%, K%, K™ and pK-

Corfu Summer Institute 31 August 2022 N. Harnew 47



LEPTON FLAVOR UNIVERSALITY

Several R-ratio measurements

s Compare the rates of B — Xse+e‘ and B — Xs ur
[where B is B*, B%, B° , A% and X, is K*, KO, ¢, pK...]
m This allows precise testing of lepton flavour universality

B We can construct the ratio :
m Small theoretical

uncertainties because

hadrAnic 11nFarrfAintiac ~anrcal

2
qnjax 4B(BqmXapitifin)
da?

dq?

Rx = m Actually measure double ratios which significantly reduce systematic
uncertainties:

R BBy—= Xgpmu™)  B(By— XsJ/y(eTeT))
* T BBy — XoJ/(utuo))  B(B, — Xsete)

m Five different ratios published so far by LHCb:
X, = K*, K%, K%, K™ and pK-

Corfu Summer Institute 31 August 2022 N. Harnew 47



LEPTON FLAVOR UNIVERSALITY

LFU results: R,

M Ry [Nat. Phys. 18, 277282 (2022)] #  Ryx [JHEP 05 (2020) 040]

@ Ry [PRL 128, No. 19] HH Ry [JHEP 08 (2017) 055]
R+ [PRL 128, No. 19
gl 11T
- LHCb private compilation )
1 = Ry (9/fb) 3.1 o from SM
.; FEW
[ : ‘ * I ]
b < | Rew(9fb) 150 XEWS
o L E 2
- 5 - R,.,low-q2 (3/fb) 2.1 &
06F 1 ' . Rk central-q? (3/fb) 2.4 c
03;_|||||||— R (Sfb} <lo
0 1 2 3 4 5 6
q2 [GC\"’.2 / 04]

= All measurements have values less than unity
m The puzzle persists — we eagerly await Belle-1l & CMS results

m LHCb is now focused on completing a combined analysis of RK & RK* with
the Run |+2 dataset. This work has led to a deeper understanding of
systematics which will be reflected in the final result.

Corfu Summer Institute 31 August 2022 N. Harnew 50



LFU studies in B® — DM~t*v_decays

Different class of decays (tree-level charged current with V
suppression)

Not at all rare: B(B° — D" t*v,) ~ 1%, the problem is the background.
Lepton-universality ratio R(D*) :

B(B? - D" t*v)

B(B® —» D*-utv,)
may be sensitive to any NP model coupling preferentially to third
generation leptons

R(D¥*) =

pt/rt ut /et
,/H.+< v b
(fD*
Ratios predicted theoretically at ~ | %: HFLAY 2019 average
R(D)gm = 0.299 + 0.003 R(D*)sw = 0.258 £ 0.005 | ° “orer e

Anomolies first observed by Belle and BaBar

Corfu Summer Institute 31 August 2022 N. Harnew 5]




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 AND OPEN QUESTIONS

Anomalies 1in B-meson decays: experiment # the SM predictions

D-mesons K-mesons
— SR BN B R R B 20
o 042 B r o Tf
E [ ==Bole2019S Bt o1y Proimonay) . LHCb
- w Belle Combination 2019 (Preliminary) 4 e
0 38‘_ 1.5 - )|
%' l 0 OO O [ .....................................
0.34F P [ -
3 ' « BaBar
0.3F 05 4 + Belle
A : e LHCb Run 1 + 2015 + 2016
0.26;- ) - - 0.00 ' L " 2 5 " " 2 4 10‘ 2 2 " ls. 2 2 A20‘ 2 2
- 1] R(D) g = 0.209+0.003 |3 q* [GeV?/c¥)
0.22F | L L RUD’) sn = 0.258 £ 0.005 |- Combined Run1 + Run2
llllll ‘ 2 2 g ————————
0.2 025 |03 035 04 045 0.5
R(D) Rk = 0.846 3% (stat.) *501G (syst.)

This result

R(D) = 0.307 £ 0.037 £ 0.016
R(D*) = 0.283 4+ 0.018 + 0.014

LHCb: the discrepancy presentin BS — (ML,Uand Ay — App




THE STANDARD MODEL: THE STATUS AND OPEN QUESTIONS

Anomalies 1in B-meson decays: experiment # the SM predictions

D-mesons K-mesons
= LAWAILIE IR B LR 2.0
O 0.42- ~ Babar . Q‘ i
E :_ —:L;Ha?zm Bbm t =+ | v v (Preliminary) 3 LHCb
- v Balle Combmabon 2019 (Prolimnuy) e
0.38F —WorldCon ~~ N 1.5 ~ d
ESveece R(D) - R(D*) Belle average is i
E now within 2o of the SM Y S | | )
0.34F -~ = prediction I [
— § N _ o
0.3F . R(D) - R(D*) exp. world average “t + Belle
E‘ tension with SM expectation : e LHCb Run 1 + 2015 + 2016
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THE STANDARD MODEL: THE STATUS AND OPEN QUESTIONS

Anomalies 1in B-meson decays: experiment # the SM predictions
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Discrepancy may increase but may decrease ....

Uncertainty of baryon contribution might be crucial!



THE LHCB RECENT RESULTS
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Dark matter



CTAHOAPTHAA MOLOEJIb: NYTU PASBUTUA

TémHas maTepus

Universe content

Observations

a1 em Dy 9
visible matter 5% from 21 €M T o 4]
' i | y R S B

dark matter 27‘7{ y

dark energy 68%




CTAHOAPTHASl MOOENb: NYTU PA3BUTUSA - TEMHASA MATEPUS

I'naBHas npoodaema: 85% marepun sABJISAETCS TEMHOU H
OCTA€ETCA HEBUAUMOM!

CoBmecTrmo i1 310 ¢ CTaHIAPTHOM MOJIEJIBIO?

Tpeoyet mu 310 Mmogucpukanuu CM uiam nodaBjieHre rpaBUTALMN ?

* MHOro KaHauAaToB B Pa36pocoB MacC B HECKOJIbKO NOPAAKOB

MOND (Problems: large scales, Bullet cluster)
Primordial black holes (LIGO, but constraints)
Fuzzy (very light bosons)

Warm (KeV sterile)
WIMP
Axions/ALPs
Dark sector
Gravitinos

Moduli

Wimpazillas

[MpAMble, KOCBEHHbIEe U KOJ1IJTanaepHble

NMOUCKN TEMHOU MaTepum
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BEYOND THE STANDARD MODEL: DARK MATTER SEARCHES

Particle Data Group (2018)

PRL 118, 251301 (2017)
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Baryon Asymmetry of the
Universe



CTAHOAPTHAA MOOEJIb: KOHUENTYANTIbHASA MPOBJIEMA

bapuoHHas acummeTpusa BeceneHHon <=8
" nEDM = o BapuOHHOE UMCNO COXPAHSEeTCS

B CM ¢ 3KCnoHeHUMabHOU
TOUHOCTbHO

® HapyLweHue 6apuoHHOro Ymcna
UmeeTt mecTto B Teopusx

s N5 ooel Benukoro O6beanHeHus u 8

mopenax TTatn-Canama

(nenToH = YeTBepThHIU LiBET)
Hoebie yacTuubl =

NenTOKBAPKU, PACLUMPEHHbI
XUITCOBCKUWU CeKTOop

Sakharov criteria

- -
1. Baryon humber violation

2. Cand

3. Thermal non-equilibrium | N, N
'.‘,\;;,‘:A‘.:m’ 100e400(K0% MpeMuU - — q q

B

Philipp Schmidt-Wellenburg APS DPF Meeting, Brown University Providence RI, Sth August 2011

3
e HapyweHue CP uHBapuaHTHOCTU B CM focTuraeTcs 3a CYET pas B MaTpmLax <>
cmewmeaHua CKM u PMNS

e BAU TtpebyeT 60 nblwero CP HapyweHusa Yyem ectb 8 CM

 Bo3moxeH 6apuoreHesuc Yepes nentoreHesuc

e B pacwmpeHHbIXx moaenax (ZHDM, SUSY, etc) cylecTBy+rOT HOBbIE (pa30BbIe (PAKTOPLI



Gravity






Mass is a form
of energy!

OTHOCUTENbHOCTU

_ 4 _

c
_167TG(R R EM_

Action = /d4w\/—g

1 Il
R v _g I/R — T v ]_
; 2 s T C2 g * R,uy I Qg,qu/R T Juv |
TEH30P Puryun TEH30P SHEPrUN-MMYIbCa MaTepumn f

KocMoormyeckas
CKagpHasa KpriB13Ha

KocmMoiornyeckasa noctosHHaa eCTb [TpMBOOUT K aHTUrpPaBUTaLN,
BakKyyMHasa 3Heprmsg = A4 NOPOXKOAET YCKOPEHHOE PACLUMPS
BceneHHon

Ytobbl nonydntb ~ /0 % Bkaga B SHEPreETUYECKUM OasiaHc f?l
BeenenHom A nomkHa 6biTs nopsiaka 1073 9B.



3dHTOBAHNE

__ clasic

t ¢

METPVKa KBaHTOBbIE (DNIYKTyaLMK (FPaBUTOH)
[TpobeEMbI;
e JIMLWHWE cTEeneHn cBoboadpbl: OyXu

o o N EZ/MZ
® POCT BEPOATHOCTEN C SHEPrmen: Pl

® Hasimyre 6ECKOHEYHOrO Ymncia OECKOHEYHOCTEN: HEMEPEHOPMUPYEMOC



8dHTOBAHNE
T = gfblyasic + h,uz/

t ¢

METPUKa KBaHTOBbIE (DNIYKTyaLMK (FPaBUTOH)
[TpobeEMbI;
e JIMLWHWE cTEeneHn cBoboadpbl: OyXu

o o N E2/M2
® POCT BEPOATHOCTEN C SHEPrmen: Pl

® Hasimyre 6ECKOHEYHOrO Ymncia OECKOHEYHOCTEN: HEMEPEHOPMUPYEMOC

[TyTn peuieHns:

e Mogydmkaumsa cekTtopa MaTepin (CyrnepcuMMETPNS)
e Mogydmkaums rpaBUTaLymn (BbICLUVE YEHbI MO KPUBK3HE)
e HenokasibHas Teopus (CTpyHa)

e Oby3OaHMe HEMEPEHOPMIPYEMOCTY




3dHTOBAHNE

__ clasic

t ¢

METPUKa KBaHTOBbIE (DNIYKTyaLMK (FPaBUTOH)
[TpobeEMbI;
e JIMLWHWE cTEeneHn cBoboadpbl: OyXu

o o N E2/M2
® POCT BEPOATHOCTEN C SHEPrmen: Pl

® Hasimyre 6ECKOHEYHOrO Ymncia OECKOHEYHOCTEN: HEMEPEHOPMUPYEMOC

[TyTn peuieHns:
e Mogydmkaumsa cekTtopa MaTepin (CyrnepcuMMETPNS)

* Mogndukauma rpasuTaLmn (BbICLLME YieHbl MO KPUBN3HE) r? |
® HenokanoHas Teopud (CTpyHa) -

e Oby3OaHMe HEMEPEHOPMIPYEMOCTY




3dHTOBAHNE

__ clasic

t ¢

METPUKa KBaHTOBbIE (DNIYKTyaLMK (FPaBUTOH)
[TpobeEMbI;
e JIMLWHWE cTEeneHn cBoboadpbl: OyXu

o o N E2/M2
® POCT BEPOATHOCTEN C SHEPrmen: Pl

® Hasimyre 6ECKOHEYHOrO Ymncia OECKOHEYHOCTEN: HEMEPEHOPMUPYEMOC

[TyTn peuieHns:
e Mogydmkaumsa cekTtopa MaTepin (CyrnepcuMMETPNS)

e Moandvkauys rpaButaLmm (BbICLUME YNieHbl MO KPUBKU3HE) r? |
® HenokanoHas Teopud (CTpyHa) -

e Oby3OaHMe HEMEPEHOPMIPYEMOCTY

Pemenue nmoka OTCyTCTBYET



3dHTOBAHNE

Moandukarma OTO
l/13MeHEHE - KOCMOJIOMMYECKMX CLIEHAPUEB

R— R+ R? -+ RILWR'LW MonapusaLms rpaBUTALVIOHHBIX BOSH

t t

CKandpHas KpuBmaHa  TeH30p Puydm

HoBag napagurma: Teopuda CTpyH

MupoBaga nH1s

MunpoBas NoBepPXHOCTb
XH = X*#
| j X# = X*(r,0)
yacTuua

OTKPbITas CTPyHa Sl = RS

HacTuLbl eCTb MOObl KOSIEBAHN PENATUBUCTCKOW C



