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Outline B

* Introduction: Flavour anomalies

— b—>supu
—b—>ctv
- a,
— T2 MWV
— Cabibbo Angle Anomaly
—Non-resonant di-leptons
— DA
* New Physics explanations for the anomalies
— 7', W, Leptoquarks, MSSM, 2HDMs, extra dimensions...

* Simultaneous explanations
* Conclusions and outlook
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*Dark Matter existence established at
cosmological scales New
— New weakly interacting particles particles

*Neutrinos not exactly massless and
— Right-handed (sterile) neutrinos [EASIEEEIUE

* Matter anti-matter asymmetry exist
— Additional CP violating interactions

*More symmetries

The SM must be extended!

What is the underlying fundamental theory?
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Discovering New Physics

* Cosmic Frontier Energy

— Cosmic rays and neutrinos Frontier
— Dark Matter
— Dark Energy

*Energy Frontier NP

— LHC Intensity

— Future colliders Frontier
*Intensity Frontier

— Flavour

— Neutrino-less double-3 decay
— Test of fundamental symmetries
— Proton decay
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Direct Searches for New Physics

* Searches for resonances in the spectrum
* Direct information of the mass

ATLAS Preliminary
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Limited by the available energy of the collider
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Finding New Physics with Flavour «F=

* At colliders one produces many (up to 10*4) heavy quarks
or leptons and measures their decays into light flavours

1000|
Standard Model

100}

Flavour observables are sensitive to higher

energy scales than collider searches
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Flavour Anomalies
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Lepton Flavour (Universality) Violation

In the Standard Model:
*Lepton Flavour is conserved
(for vanishing neutrino masses)
» Excellent approximation: branching ratios
smaller than 104
> Any observation proves new physics
* Gauge Interactions are Lepton Flavour Universal
*Only Higgs Yukawa distinguish flavors
> Very small effect (except for phase space)

LFUV is an excellent probe of the SM
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bsl*l e

* Flavour Changing Neutral Current (FCNC)

* |nthe SM it is suppressed by
» The CKM elements V_, = 0.04
> Electroweak scale m’/m;,
> Loop-factor 1/ (167z2)

W-

Suppressed and very sensitive to New Physics
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B—Kpp and Bi—¢pup

* 40-50 deficit in the total branching ratios using lattice
QCD and LCSR
*Signs for NP in angular B,-> o observables as well

T e =T
— | LHCb —4— LHCb 9 fb

_ A CDF'11 |nE

Tb 14 - Preliminary LHCb 3 fb™" CTO"[S B Belle '19 05
> 121 ‘ SM (LCSR+Lattice)| | 04 o LHCH1B |\,
ogj 10 = | SM(LCSR) % B &  LHCL 14A | Y
o i SM (Lattice) = N LHCb 140

= 3 -:{d — % 0.3 4 e rHch21 0.3
T o o yas) =<

L = = ] 4 = 0.27 - i 0.2
~ - E —f— == ] T |

l'-i 4 :_ ) 1T T '_{__: “E 0.1 ILE N =0.1
+ L —— — L7 =" J.
% | g ' = U(25) i%

—\T o 0.07 | T T I 0.0
@ 0 5 10 15 n' J 19 ‘ 5 15 20

9{% q2 [Gev2/c4] q [CI(%TV ]

Br's = 20% below SM expectations
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Reducing hadronic uncertainties BS

« Angular observable with minimized

dependence on the form factors (P
observables)

« Zero crossing of the forward-backward
asymmetry

« Ratios of different lepton modes
* Lepton flavour violating decays

Clever choice of observables can reduce

hadronic uncertainties




The P.' Anomaly

. P5' angular s. bescotes-Genon, T. Hurth, J. Matias, J. Virto, JHEP 2013
observables in B>K*up

*Constructed in &7 1
such a way that the
form factor

T T I T T L} T I Ll T T L] I T T

« LHCbdata o ATLAS data
= Belledata © CMS data

|| SM from DHMV
7| SM from ASZB

0.5k

IIIlIIIIII

dependence is OF— ! ]
minimized i }—' _; ‘ :
, ~0.5F —+ __
* Confirmed by latest | i | ;

LHCb analysis for -1, . .
the charged mode

>30 deviation from the SM prediction
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R(K)&R(K*) e

1.4 _ LHCb Rk low-¢> = 0.99/1“:((’,'_'(’,3‘}-,
i 0 fh_l Rk central-g> = 0.9491)0%
- i Rge low-¢> = 0.9271) 00
| Ry central-¢> = 1.0‘27“:((’,'.((’,77:7,
a‘E:. 1.0 i I } i
0.8
) t Data X2 =16, p=0812, 0 =0.2
o6 — SM

Ry low-¢> Ry central-g° Rpg- low-¢° Ry central-g*

No sigh of LFV anymore
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Global Fit to b—su*tu- Data

* Perform global model independent fit to include
all observables (=150)

« Several NP hypothesis
are significantly
preferred over the SM .

hypothesis

.0

1.07

NP

104
&

* Study via effective L :
_o.

interactions

0, =57*PbTy, ¢

By — opyp Fit
=== B—= Kup+ Bs = pp+ B = Xyv+ B = Xsup Fit
----- B — K*pu Fit
----=- b — sutu~ Fit
—— Global Fit

OlO = §7/ﬂ PLb gj/luj/Sg oS0 T 55 50 —15 —10 —05 00 05 10 15

NP
CF)/l

Fit is >7 o better than the SM
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b—ctv Transitions

e B->Dtv, B >D*tv

* Tree-level decays
in the SM

e Form factors needed

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

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

Largest B branching ratios, used to determine the

CKM elements, usually assumed to be free of NP
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b—ctv Measurements

R(D) _ R(D*)

R(D(*)) =B —> D(*)rv/B — DYy R(D),, R(D),,

SM

*/-\ 0-4 L I L] L] L] L] ' L} L] L L] I L] L] L] ] L} ] L]
= B Prelim. 2022 ]
035 —
| LHCbI1S8 0. - - =3 _
03 —
L LHCb22 -

®
- ® —
0.25 __ ~~ Bellel __
B BC”C 1 7 PRD 94 (2016) 094008 Average ]
B PRD 95 :Eu]:; 115(::b: R(D) =0.358 £0.025+£0.012 ]
0.2 —  $HFLAV SM Prediction  JHEP 1712 2017) 060 R(D*) = 0.285 +0.010 + 0.008 =
B (D) =0.298 +0.004 agh it p=-0.29 n
- RIOS=U254 L0005  ioe os o P(x2) = 32% -
— | | PRD 105 (2022) 034503 l I =]
1 | ] | ] ] 1 1 | 1 | | ] 1 ]
0.2 0.3 0.4 0.5

z
J

All measurements above the SM prediction

O(10%) constructive effect at 3o preferred
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AA;p in B—>D*lv

o AA=Ag(b—>cuv)-A,(b—cev)
* 40 deviation found o e
by 2104.02094 1l 9 beseit poin
based on BELLE Bl
data 1809.03290
» Scalar and/or S .
tensor operators < om:
required for an ~0.04-
angular asymmetry 1
« g-2 and b->sup g T2 roswee
. . —-0.04 —0.02 0.00 0.02 0.04 0.06 0.05 0.10
motivate new physics AApg

related to muons

Hint for scalar/tensor NP in b—>cpuv

Page 17



Muon Anomalous Magnetic Moment

7 poop oop [T had JL

* Theory prediction challenging (hadronic effects)

Aaﬂ — ( 251+ 49)><10—11 T. Aoyama et al., arXiv:2006.04822
* Need NP of the order of the SM EW contribution

* Chiral enhancement necessary for heavy NP
« Soon more experimental results from Fermilab
» Vanishes for m -0 [ measure of LFUV

4.20 deviation from the SM prediction
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T2 UV

 Ratios of leptonic S EEEass e
0.006 -
tau decays |
Aexe (T 2> 1VV) 1 00p9+0,0014 0004
Ay (1t —> evv) I
Aexe (T > 1VV) 1 0018+0.0014 = 0002/
A (r > evv) a 2 ‘
Ape(T2OV) ) g010400014 °© 0090
A (1 — evv) _
1.00 049 051 ~0.002-
p=|049 100 -0.49 j
051 -0.49 1.00 =0.004¢

« NP in muon decay t0O  -0.004-0.002 0.000 0.002 0.004 0.006

constrained from EW data o(T>pvy)

=20 hint for LFUV in tau decays
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Cabibbo Angle Anomaly

Vo fom [
= T decays SGPR
super-allowed — Koty ——
beta decays — Kowvlmopy cMs
— 0+_ 0+
° Vus from SM fit 68% CL
—e—H
Kaon and
tau decays S
« Disagreement | °
|eads tO a 0.220. . .0.2I22. . .0.2I24. . .0.2IZB. . .0.2IZS. .
VUS
(apparent) violation of CKM unitarity
CMS, SGPR:

radiative corrections

2
Vud

2
Vub

—0.9985+0.0005 (PDG)

=30 hint for LFUV in the charged current
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CAA and LFUV

* Assume modified Wev couplings
=1 gz/ﬁvﬂ/ﬂp W (5ﬁ +5fi)
'Vud from beta decays depends on Fermi constant
Uz, ~Ny(l+e,) "G
* Fermi constant determined from
muon decay

1 G mﬂ
1+ AQ)(1+¢. +
7, 1927z ( q)( Fee T Eu )

. Dependence on &, cancels

2

The CAA can be interpreted as a sign of LFUV
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Non-Resonant Di-Leptons

2

° Excess in CMS: arXiv:2103.02708

di-electrons at Ls|

m.>1800GeV . .
* Observed: B2 1+%+++++

A

44 events N
+Expected e .

29.2 £ 3.6 events 350 60 10 2000 3000
e Also ATLAS (2006.12946) and HERA (1902.03048)

observe slightly more electrons than expected.
* No excess in muon data

=30 hint for LFUV
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AA;p in B—>D*lv

AA, = A, (B—>D'uv)-A, (B Dev)
* 40 deviation found
by 2104.02094 Al v P

based on BELLE Belle 2018
data 1809.03290 2]

 Scalar and/or o
tensor operators <
required for an
angular asymmetry

—0.06 1

e g-2 and b->sup | 2104.02004
motivate new physics -

—0.04 —0.02 (.00 .02 0.04 0.06 0.08 (.10
related to muons

—0.02 -

—0.04 1

AArg

Hint for scalar/tensor NP in b—>cpuv
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EW fit: W mass and Z—bb,

* 3.70 tension e
in the W mass - @ Mw [GeV) //
. . asymmetries
using a .rz[Ge

conservative
2204.04204

error

combination

e 20 tension . EE)E
in Z->bb | AT .
-0.5 0 0.5
from LEP S

Related to LFUV?
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Hint for New Higgses in Di-Photons ==

> S CMS 19.7 fb™' (8 TeV) + 35.9 fb™' (13 TeV)
Q 60__ NS/NBWelghted 1 1.6_| T 1 T T LI L I T T | L T T
O n N - H S
o - S( )+ET ] L - Observed i
© 50— 1 ] 14 —1
E - _Slgnal . S DA Expected + 1 ]
u — Background 1 .. 1
"2 40— —— Sum — 1.2 Expected + 2 ]
o - ]
> N - N
W30 ~ 1
20F 1 o8}
10F 1 06F
g 20~ ' ' ' ¢ 4 04F
101 — N
L. (XK. ® 0 o 4 4 02F
g e |

130 135 140 145 150 155 160 80 85 90 05 100 105 110
ms [GeV] m, (GeV)

* Hints for a resonance decaying to photons around
96 GeV, 151 GeV and 680 GeV

New Scalar (Higgs) boson? Relation to DM?
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h—>e|J. (=

S S ———

CMSPreHmmary 138 fb* (13 TeV) ATLAS Preliminary Vs=13TeV, 139" J

IIIII ‘Illlllll\lll\llllllI\IIl\IIIIIIIIIIIIIIII‘
8 95% CL limits

600

llllllllll

¢ Data
—— Background model —

—— Signal (H— ey BF=0.05%) -

|
Entries / GeV

500

—e— observed

- expected + 15 1 400

--------- expected * 2¢ E 300

lllllllllllllllllllll

T
2 +'+'+'+++"++'+++'+'+++’+‘+'+;ﬁ++++“+'+' it P
S 45? 107115120125 130 135 140 145 150 155 160
m, [GeV] m,, [GeV]

e CMS and ATLAS partially compatible
e Partially compatible with 151

LFV resoance?

95% CL limit on o(pp — X — ew) [fb]
Data - fit




Di-(Di-)Jets -

* ATLAS excess in di-jets searches = o s ™ oabmin ™

0.16F 1 1
- 36fb 293 fb —— Dijet Observed

* Agrees with the di-jet mass 5 el e

0.12F

0.1F

of the CI\/IS analy5|s

0.06F S, S

i TR P FETE P T e e |

"""""" LN B I ; E
- 3 004 g e
. : \ — : El PRRVERT S B PR TR SN AT NATUNTUNT U N AU SRV N |E
Y 9 XX B ) ~ M(X) / M (Y) 0-29 7] 0'02400 600 800 1000 1200 1400 1600 1800 2000
i ) ) m, [GeV]
. G I O b a I E LA B B R I
(o} CMS XX = (i)
. . . bl —1 |
S|gn|f|- < 10 95% CL Limits
x —e— Observed i
A 102 B Expected = 1 s.d. -
Ca n Ce X .-+ Expected + 2 s.d. E
© 1072 ;PPV o r by (;(d)()d 1)
= ouplin -
3 . 6 0 ]
10°F -
*New

2.4TeV particle in RS setup N I

Dijet resonance mass [TeV]

New Heavy Gluons?




Hints for New Physics

o LF UV AC, M. Hoferichter, Science 374 (2021) * EW Observa bles

Confidence levels
l : _
Cabibbo «—— Hintsof
L;ptun =30 angle violation
Havor anomaly
universality l

4.20
% (g-2), * Direct searches
s{%f
>ha O/Z,(\
=30 >3g P&
Oy/b
O,@
b _>_ 5|-|+||-
qq — e'e” b —> cév

4b
bbtt
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Extensions of the
Standard Model
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New Particles PS5

m On the renormalizable level on can add:
m Scalars (spin 0, mass dimension 1)

m Fermions (spin %, mass dimension 3/2)

m Vectors (spin 1, mass dimension 1)

VAVAVAVAV

Limited number of new interactions
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Leptoquarks B

m Scalars or Vectors

m 5 gauge representations each which are
invariant under the SM gauge group

m Couple quarks to leptons

m Maybe also quarks to quarks
» Proton decay

m Are present in Grand Unified Theories

PPPPPP
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Z’ and W BS

* 7: new neutral heavy gauge boson
qw " >W
9 (v
* W’: new charged heavy gauge boson
u
d Vv

New heavy gauge bosons
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Vector-like fermions 5

e Left-handed and handed fields have the same
guantum numbers

» Bare mass term (without symmetry breaking)
M_.F F, >
e Can mix with SM fermions

Massive new fermions
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Scalars (uncharged under QCD) mane

* H: new neutral boson




Grand Unified Theories e

* Unification forces in a simply connected group
e SU(5)

* Proton decays, 2 representationPati Salam

e Pati Salam
* SU(4)xSU(2),xSU(2),

* No Proton decay, right-handed neutrinos with See-
Saw mechanism

* SO(10)

* Single representation, right-handed neutrinos

Coupling unification and leptoquarks
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MSSM BS

* Minimal Supersymmetric Standard Model

e All SM particles get partners with differ in spin

Standard particles SUSY particles

' Quarks ‘ Leptons . Force particles Squarks Q Sleptons 0 Surﬁz kf’orce
particles

Particle spectrum doubled
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Extra dimensions BS

* Additional (compact) dimension

e Kaluza Klein excitations:
» Massive vector bosons
» Heavy vector like fermions

 SM particle are 0 modes

* No zero mode for gauge bosons corresponding
to broken generators

* Duality with Technicolor

Tower of heavy copies of the SM particles
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Explanations
of the
Anomalies



R(D) & R(D¥) e

m Charged scalars
m Problems with g2 distributions and B_ lifetime

m W
m Strong constraints from direct LHC searches

m Leptoquark (also in the RPV MSSM)
m Strong signals in qg—>tt searches

Explanation difficult but possible with

Leptoquarks



au: MSSM ”"llj_H_ERk_istnm

He Mg (\J’\f\J “'L,’,f Hp f\f\I\J
Hy Mg b Hp
- X - — X -—
B B W B

My, ."{ \1-. Hy T \\'. My e.g. D. Stockinger,
T8 n, a8 hep-ph/0609168
©) (d)
ﬁL/, “«\\ﬁL r_\f\f\J v (\I\I\J
e ';! \1‘. Hg My Ky
(e) ()

tan(f3) enhanced slepton and sneutrino loops
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Leptoquarks in a

e Chirally enhanced effects via top-loops

.--"b"-u.

t (%)

My h
.a"}. _______

* m,/m, enhanced effect h— uu
.« m?/m; enhanced effectin Z — 1u

¢(c)

Correlations with h->uu and Z=upu
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Ay,

vs h—upu

e Chirally enhanced effects via top-loops

 Same coupling structure - direct correlation

—
—_
)

[—
=
oo

Br[h - p*u~ 1/ SM

1.02F

1.00=" . .

—_—
]
=

1.04}

| ——————————————————— ey

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

0 100 200 300 400 500
5a, x 10"

W éay (lo)

0 da, (20)

— Y=1

— Y=0

—Y=-1

----- ILC sensitivity

=== HL-LHC sensitivity

— FCC-ee & CEPC
sensitivities

---— FCC-hh sensitivity

Brl h - u*u |/ SM

1.00}

ot
]
o0

&=
=
=

ot
o
=

ot
O
v}

&=
=
=

A.C., D. Mueller, F. Saturnino, PRL 2021

h—>up at future colliders
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ya dL ~ 2 2
Ci# oc TS g /m2

Effect in B, mixing expected

b-s coupling must be small
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b—sutu: LQ BS

W Briusey] <4.2:10-'3 — 10°-Br[B-K pe] with y=1/2
I bospp (10) — 10°-Br[B-K pe] with y=1

7,
b > L Q | bosup (20) 108-Br{B-K pe] with y=2
s | |
IL[ I

e Small effect in
B, mixing

Lepton flavour

violation
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Important Loop-Effects

* Explanation of b—>ctv requires large bt and st
couplings (follows from SU(2) invariance)

"~ 10.061

10-04 mb-ocrvio

C%b
10.02 mb-cry 20

— Br[B, » vt ]x103
10.0004

1.00 1.05 1.10 1.15 1.20 1.25 1.30
R(X)/R(X)sm

AC, C. Greub, D. Mller,
F. Saturnino, PRL 2018

Large loop effects in b>sup
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Important Loop-Effects

e Explanation of b—>ctv requires large LQ-bt and
LQ-c-v, couplings

Vi
 Via SU(2) invariance this ;\/\471
. [
leads to large effectsin — S
b—>stT processes e e
. . D. Miller,
*Closing the tau-loop gives a LFU v F satumino.
° M. Alguerd, B. Capdevila, S. Descotes- PRL 2018
effeCt In b%S” Genon, P. Masjuan, J. Matias, PRD, 2019
-

e Effect goes in the right direction

Explanation of b—>ctv leads to
loop effects in b—>sup




* Large couplings to the second generation
* Cancelation in b>svv needed; C*)=C)

600:. _ - ..
[ .AZITBV 1 i
500; mA=2TeV 7 | 1-0:
| | L 1 L i
8 - _ I i i
-t- t— 400; HA=10TeV 3 3 O.Sr
L= L 00! 3
QA a o 06-
909 ! Q
| 2001 X 04f
i =t L
=00 = 0o

Y 00F ]

-0.8 -06 04 -02 0.0 ¥ 1) Y ¥ | —

NP U NPU
Cy Co

Lepton flavour universal effect

B. mixing constraints
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* W-W’ mixing 4
* Vector-like |
=
leptons
° Z’

* Singly charged
scalar

e Vector-like
qguarks

0.06}
004 g 68% C.L.
- m95% C.L.

002} m99.7% C.L. AC, F. Kirk, C. Manzari,
[ M. Montull JHEP, 2008.01113

GO0« « -8 o ¢ o % o8 o ¥ oy oo o oy, '
0.00 0.02 0.04 0.06 0.08
v
— |
T

>50 improvement over SM hypothesis with VLLs
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Non-Resonant Di-Leptons

2
1.5}
w I:u . ¢ &
IR Q=TS S S e
43_:3- o= T - b= . 4 T L
%rjﬂ' =5 I I
= o two barrel leptons
at least one endcap lepton [ ' *
0.5 best fit, [CY],,,, = 1.0 x (10TeV)™
20, [C/D],,,, = 0.3 x (10 TeV)
20, [C)],,,, = 1.8 x (10 TeV)~? !
200 500 1000 2000 3000
Mgy [GEV]

Constructive heavy NP in electrons
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AAgg

* Right-handed vector operators LFU
» Good fit requires the tensor operator [ > scalar LQ

Carvuhis, AC, Guadagnoli, Gangal 2106.09610 | S—
g 9 ? : / Z — pp (excluded)
0.05 1 = . & CMSLQ = pj
; | > ATLASL.Q — t 7
N b — cpv (1,20)
/ —— LHC limit
0.00 - &5& === W — puv coupling
% i
_______________ | Y PP 1
]
] T .
2= —0.05 A ‘ H
]
| <
-= b — svv (51 only) { P i
—0.104 - Br(B.— pv) .
—— AAdpp (1,20) e
—— AF,, AF (10) '
— AS;(1lo)
—0.15 1 R (1,20)
—— Global (1, 2, 30)
—0.1 0.0 0.1 0.2 1.0 1.5 2.0
C{,ﬁ = —CgL/Sﬁ )\%2 X (1.5 TeV)/f\/[

Hint for scalar leptoquarks
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T2 MWV

° LH_LT A (bOX diagra ms) | Singly charged scalar |
* LFV violating Z° T e T e -
* Modified WIv couplings
° W’
] - 0.0010
* Singly charged scalar :
=
T A 1% to
> < < 0.0005
\ H
*
/28N H NG 113,1=0.01/1 TeV)? |
B~ '
1% 0.000 0.002 0.004 0.006 0.008

o(T—>puvy)
A.C., F. Kirk, C. Manzari, L. Panizzi, arXiv:2012.09845

40 hint for modified neutrino couplings
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W mass

* Loop effects of fermions or scalars with sizable Higgs
couplings | Mo, = 2 Te¥

e 7-7" mixing
e SU(2) triplet scalar
* Leptoquarks

------
-------------------------------

— - AM, ’
b— stl 01 / @ %
—— EWPO (with CDF Myy)
— global : a
- EWPO (without CDF M)

------- Higgs decays U 1
—— Br(t = ¢Z) x 10° Q7
2

< Xt cZ (LHC excluded) A.C.. M. Kirk, T. Kitahara, F. Mescia, arXiv:2204.05962

Possible relation to t—>cZ
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Conclusions

* Many intriguing anomalies emerged in the last

years:
e LFUV The Standard

e EW observables Model is

crumbling

 Direct LHC searches

muon nuclear B meson
=0.1 GeV =1GeV =10GeV
C o D> G o
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Outlook: Multi Lepton Anomalies

Final state Characteristic Dominant SM
process

m,;<100 GeV,
I*l" + jets, b-jets dominated by Ob- tt+Wt >50
jet and 1b-jet
I'lI" + full-jet veto m,; <100 GeV WW ~30
AL FEIL - Moderate H, ttW, 4t >30
jets
I=1*= & 111 et al., In association wWWw
no b-jets with h LD AR
Z(>1*1)+l pP:z<100 GeV ZW >30

Talk of Bruce Mellado, ICNFP 2021, Crete

Leptons + jets + missing energy
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Outlook: Beyond the Standard Model

LQ

AAFB
 pa
" Z—>bb | >
»| VLF
]

YY v
)

T uvv
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Implications for FCC-ee




