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Physics Beyond the Standard Model

* Dark Matter existence established at cosmological scales
— New weakly interacting particles

* Neutrinos not exactly massless

— Right-handed (sterile) neutrinos

* Matter anti-matter asymmetry

— Additional CP violating interactions

' The Standard Model must be extended!

What is the underlying fundamental theory?
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The search for BSM physics

* Cosmic Frontier Perfrom high-statistics measurements to search for
— Cosmic rays and neutrinos the quantum effects of new particles
— Dark Matter TeV
~ Dark Energy w
* Energy Frontier EE 10%
—LHC

S
e‘@
\0‘9
. Standard Model O
= Future colliders 1000

* Intensity Frontier g
~ Flavour N 100 *é
~ Neutrino-less double-f§ decay w S
~Test of fundamental symmetries 10

~ Proton decay



Anomalies




Anomalous magnetic moment of the muon
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QED Weak

* Theory prediction challenging (hadronic effects)
JAa, = (251 + 49)>< 107"

* Need NP of the order of the SM EW contribution

* Chiral enhancement necessary for heavy NP

* New results from Fermilab [ 2508.06230] : 116 592 057(25) < 10”-11.(0.21 ppm)
* New world average : 116592059(22)x107-11.(0.19 ppm)
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https://arxiv.org/abs/2308.06230

Cabibbo Angle Anomaly (CAA)

* Deficit in first row and first column CKM unitarity.

[PDG] , , PRL 127 (2021)
Vol Vo [ +1V [ =0.9985+0.0005 1 '
2|72+ |72 = 0.9970 £ 0.0018 e pove i
CKM * :
* NP in the determination of V from beta decays —— : .
needed EW :(f““)
* Can be interpreted as ‘
* NP in beta decays . . Ew i(minimal)
* NP in the Fermi constant ; X e
* LFUV (modified Wuv coupling)

1165 1.1655 1166 1.1665 1.167 1.1675 1.168
Gr [107°/GeV?]

50 tension, can be interpreted as LFUV




Flavour changing neutral current semi-leptonic B decays

b—suu Processes

W
* Flavour Changing Neutral Current (FCNC) S -
* In the SM suppressed by t Vy

> The CKM elements V ,, = 0.04 b W+ H

> Electroweak scale

> Loop-factor

* Wilson coefticients precisely known [Bobeth et al. PRD, 2013]

Rare processes; very sensitive to NP




B,—uu and Bi—ouu

*B.—uu theoretically clean but chirality

suppressed and therefore statistically limited
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*B.—¢uu has a higher Br, but knowledge of the

form-factor needed
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Br's =~ 20% below SM expectations




The P;° Anomaly

* P5;” angular observables in B—=K*up %,

o« LHCbdata o ATLAS data

= Belledata © CMS data

|| SM from DHMV
| SM from ASZB

* Constructed in such a way that the

form factor dependenceis

IIII||_|II|

minimized

* Contirmed by latest LHCDb analysis for

the charged mode

>30 deviation from the SM prediction



R(K*) = B—=K*u'uw/B—K’%e
R(K) =B—=Kun'unw/B—Kee

Theoretically absolutely clean observable (in the SM)

|.epton Flavour Violation were not confirmed

12212.09152]
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Global Fit tob—su 'nw Data

* Perform globalmodel  ° g I I
gy HEL
independent fit to include - / > L e
all observables (=150) ) g
* Several NP hypothesis gL
o 3 Zs 0 | &’ ;
are Slgnlflcantly i:l—’ pp+ B — X EFit U * 2{4 pp + B — X, € Fit
B, — opp Fit Bs — oup Fit
preferred over the SM g B e
‘ - R,d.;&Q‘,? Fit | ::: Rf:.’&Q‘iFit
hypothesis o = e W " Gomrn
° StUdy via effeCtive ABCDMN-23 | ._' .~\B("D.\IZ\"2§3
A T e R TR 3 i 5 3

) . 3 >3 ' |
Interactions Coy 2304.07330 @y

Fitis >5 o better than the SM




Charged current tauonic B decays

*B—=Dtv,B—=D"tv
* Tree-level decays in the SM b W
* Form factors needed

* With light leptons (u, )
used to determine the CKM elements

* CKM fit works very well, i.e. tree-level in
agreement with AF=2 processes

|.argest B branching ratios, used to determine the

CKM elements, usually assumed to be free of NP



b—ctv Measurements

R(D" )= B — D"%v /B — D1y R(J/W)=B, —J/Wtv /B, — J/Wlv

®
% B e L
% —  [] HFLAV average sz = 1.0 contours _
o S = LHCb R(Jp)
-7 = LHCb-PAPER-2017-035 L
0.35 — o . 0.71 + 0.17+ 0.18
¥ LHCb18 4’ . SM predictions
03— - 0 PLB 452 (1999) 129
C ] arX1v:hep-ph/0211021
- . - PRD 73 (2006) 054024
0.25 = FBellelo Bellels _ PRD 74 (2006) 074008
L 0 Range 0.25 - 0.28
B Bellel7 B
_ verage o redictions HFLAV W
i orny — '
E R P A 0.5 1
0.2 0.3 0.4 0.5

All measurements above the SM

prediction
0(20%) constructive etfect at >30

R(D)
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AAFB In B%D*l'\’ AApy = Apy (b —cuv )_ App (b — eV )

0.06
* 40 deviation found by 2104.02094 - SM
based on BELLE data 1809.03290 0041 V  Dbestfit point
I Belle 2018
* Scalar and/or tensor operators
required for an angular asymmetry 0.02
* o-2 and b—suu motivate new physics
5 0.00
related to muons 1ey
q —0.02
—0.04
—0.06
EOS v0.3.2
: —0.08
Hint for scalar/tensor NP —0.04 —0.02 000 002 004 006 008 0.10

AArg
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Wmassand Z—bb

—

* 3.7 o tension in the W mass 0.5 [Jall
: , - B Mw [GeV]
using a conservative error . @l asymmetries
o ' 2204.04204
combination
. . 0
*) otension in Z—bb from LEP
YA
> > -0.5
b b
-0.5 0 0.5
S

Related to LEFUV?




Non-resonant di-electrons (qq" — e+e-)
* CMS and ATLAS observe more electrons than expected in the SM [2105.02708 |

* model-independent fit: NP scale of 10TeV with order one couplings can improve over
q

the SM hypothesis by = 36 | 2103.120035] :

Z., N /
{q

Lepton flavour universality violation in tau decays T — uvv~

* Combining the ratios of branching ratios Br(t — u(e)vv")/Br(ux — evv’) and Br(t —
uvv')/Br(t — evv’) [2200.07501], leads to an = 20 preference for constructive new
physics (NP) at the per-mille level in t — pvv™ [2111.05338]
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https://arxiv.org/abs/2206.07501
https://arxiv.org/abs/2111.05338

LHC Muld-Lepton Anomalies (ep(+b))

Final state Characteristics SM backgrounds | Significance
00~ +(b-jets)®>9% | my < 100 GeV, (1b,2b) tt, Wt > 50
(0~ +(no jet)®ho7 my; < 100 GeV WHw - ~ 30
(0% 30 + (b-jets)®* 68,69 Moderate Hy ttW = titt > 30
(=0*,3¢0, (no b-jet)*>7%71 | In association with h | W=h(125),WWW 2 4o
Z(— £0)¢, (no b-jet)%* 72 p4% < 100 GeV ZW= > 30
Higgs-like signals

* 05 GeV: di-taus, ZH(H — bb™), WW: 3.80

* 152 GeV | 210415240 |: vy + missing energy, WW-+missing energy: 4.90

* 680 GeV [2102.154005]
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(di-)di-jet resonances (jj(-jj))

* CMS 2206.09997 | finds hints for the (non-resonant) pair production of di-jet resonances with
amass of =950 GeV with alocal (global) significance of 53.60 (2.50) (pp—=Y () =XX —=(jj)(jj))

*|12208.12254] global 3.20 signiticance at mY = 3.6 TeV

* ATLAS [2507.14944 | finds a di-di-jet excesses at = 3.3 TeV with a di-jet mass of 850GeV
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Hints for NP

* LFV: * EW observables: * Direct searches:
> CAA > W mass > VY
> (g-2) > 7—bb 7 1T
> b—sprw > 4b
> b—ctv > bbrr

> qq—>ee
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New Physics
Explanations of the Anomalies




The SM extensions

« Leptoquarks (LQs)

e Diquarks (DQs)

e 7' bosons

W bosons

» Vector-like Quarks (VLQs)
 Vector-like Leptons (VLLs)

 New scalars (S)
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a, explanations
* MSSM [ 0102145 |, | 0102146 |

2 tan(f8) enhanced slepton loops

* Scalars
2 Light scalar with enhanced muon couplings
° Z’
2 Very light with Tu couplings (m, enhancement) 0104141 |
2 Heavy (TeV scale): chiral enhancement factor [ 2104.05691 |
* New scalars and fermions [1807.11484 | -
> w/Y, P
* Leptoquarks [1511.01900 | ’ / |

> m, /mM enhanced effectsin 7 — uu

t(t°)

> m’/m; enhanced effectsin Z — uw ﬁ;


https://arxiv.org/abs/hep-ph/0102145
https://arxiv.org/abs/hep-ph/0102146
https://arxiv.org/abs/hep-ph/0104141
https://arxiv.org/abs/2104.03691
https://arxiv.org/abs/1807.11484

Cabibbo Angle Anomaly | 2102.02825 |

* LQs| 2104.06417 |
* W12005.15542 |

* adirect (tree-level) modification of beta
decays

* W [20005.15542 |
* 7" 12104.07680 |

* Singly charged scalar
|2012.09845 |

* a direct (tree-level) modification of

muon decay

* amodified W-u-v coupling entering
* Vector-like leptons

[1912.08825 |

muon decay

* Vector-like quarks * amodified W-u-d coupling entering

11906.02714 | beta decays



https://arxiv.org/abs/2104.06417
https://arxiv.org/abs/2005.13542
https://arxiv.org/abs/2102.02825
https://arxiv.org/abs/1906.02714
https://arxiv.org/abs/2005.13542
https://arxiv.org/abs/2104.07680
https://arxiv.org/abs/2012.09845
https://arxiv.org/abs/1912.08823

[.epton flavour universality Charged current tauonic B

violation in tau decays (t — uvv) decays (b — clv)
11405.1269 | 11405.1269 |

* Modified Fermi constant * charged Higgses [1206.2634 |: Problems with
* 7' boson coupling to distributions and B_lifetime

muons and tau leptons * W'bosons [1412.7164 |: Strong constraints from

i - - direct LHC searches

* LQs[1509.0501, 1506.08896, 1511.06024 |:
? v Strong signals in qq—tt searches T
« CMS, 1809.05558; ATLAS, 1902.08103 //

| H iy > - > - <
/ 7 LO \\
C
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https://arxiv.org/abs/1403.1269
https://arxiv.org/abs/1206.2634
https://arxiv.org/abs/1412.7164
https://arxiv.org/abs/1309.0301
https://arxiv.org/abs/1506.08896
https://arxiv.org/abs/1511.06024
https://arxiv.org/abs/1403.1269

b—su i explanations
* 7 |W. Altmannshofer, S. Gori, M. Pospelov and I. Yavin 1403.1269, ....]

» Necessary effects in B, mixing

e Collider constraints
* Loop contributions [1408.1627, 1505.09024, ...|

> Scalars and vector-like fermions [ B. Gripaios, M. Nardecchia, S. A. Renner, JHEP 2016
> 2HDM [1905.10440]

» R, Leptoquark [1704.05835]

» 7’ coupling to tops [1704.06005]

* L.Qs [2203.10111, 1807.02068]

AApgexplanation

* Right-handed vector operators LLFU

scalar LQ

* Good fit requires the tensor operator §



C

» Charged scalars: Problems with distributions and B_ lifetime

A. Celis, M. Jung, X. Q. Li, A. Pich, PLB 2017
R. Alonso, B. Grinstein, J. Martin Camalich, PRL 2017

* W’ Strong constraints from direct LHC searches
D. Buttazzo, A. Greljo, G. Isidori, D. Marzocca, JHEP 2017

*  Leptoquark: Strong signals in gq—7tt searches
CMS, 1809.05558; ATLAS, 1902.08103
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* Loop effects of fermions or
scalars with sizable Higgs
couplings

* /-7’ mixing

* SU(2) triplet scalar

* Leptoquarks -

W boson mass

- AMs

b — stl
EWPO (With CDF Mu)
global

-+ EWPO (without CDF Myy)

Higgs decays
Br(t — ¢Z) x 10°
t — cZ (LHC excluded)

30
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AsymmetriesinZ decays (Z—Dbb’)  Multi-lepton anomalies (eu (+b))

b W
)
1 5 .
1
%% A . b
g S
b ])

Higgs-like signals (yy = vv,tt, WW,Z7)
* New scalar | 25035.11551]
650GeV — bb (90GeV)+ yv(125GeV)

* pp — H— (S —= vy WW)+(S' —invisible)

* Production of new scalars
Z Qv [2308.07953 ]

* /-7’ mixing

* Vector-like leptons
* /-7 mixing Q

(di-)di-jet resonances (jj(-jj))
* twoscalar DQ) [2208.12254 |

* new massive gluons

Non-resonant di-electrons (qq —e+¢-)

* 7/ bosons [ 210715569 | >W,< \\/

* LQs | 2104.06417 |

) /\



https://arxiv.org/abs/2308.07953
https://arxiv.org/abs/2208.12254
https://arxiv.org/abs/2104.06417

Conclusions

* Many intriguing anomalies emerged in the last years:

z KW observables
z LFUV
2 Direct LHC searches

muon nuclear B meson
=0.1 GeV =1GeV =10GeV
32




Outlook: Beyond the Standard Model
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Future implications

* au: Belle-Il and MUonkE, lattice QCD

* CAA:NAG62 (K — uv)/(K— mmuv) and PIONEER pion beta decay
* 1t — uvv: Belle ll, FCC-ee, CEPC

b — cltv: R(D(x*)) Belle I, LHCb run 3, CMS

* b — s¢+£—: non-perturbative methods like dispersion relations
*mW : ILC, CLIC, FCC-ee or CEPC

* ¢u(+b): NNLO eftects helps to determine SM background, LHC
*i11-1) & qq—ec+re—:LHCrun3
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