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why rare?

e Processes suppressed in the SM = NP effects more readily detectable
e Virtual particles in loops (FCNC) = High mass reach cup to 0(100TeV»
e Model-independent New Physics searches

e LHC: high luminosity = high sensitivity for discovery !
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how rare?

baryon lepton GIM helicity EW CKM
number flavour suppressed suppressed penguins suppressed
violation violation e.g. t-c/u e.g. B-pp e.g. b-sll e.g. b-u
NOT-SO-RARE ™ pPRECISION!
§m m om “‘-M e .

MEDIUM RARE & EWK PENGUINS

0 ~10-50 ~10-14 10-9 107 105
VERY RARE ® FCNOC/GIM-+HELICITY

ULTRA RARE @& | FV

2%
H—up
g teoo 1
5 3%
100 =% &
Topup,BSefi % -
104 &0-00 ... 081 %
=T - By oh
3 g.5.880anng 12 Z-yYll 4 i S
e 0.0001% ¢
l —1 1 | el R
10°
RARE
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the standard model (of particle physics)

y B wnd, - describes everything
(spin 1) experimentally confirmed
before 2012

. "™ Flavor sector

Fermion'(spin 1/2) Yukawa coupling w/ scalar
QiEimics & nasS (new interaction type, 2018)

Scalar self-interaction
and with gauge bosons

New hidden sector, new
particles or interactions (?)
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Standard Model of Elementary Particles

= O

o bosons three ger(\ferati_ons)ofmatter
I Il Il
4 Gauge:w’ Z mass = =2.2 MeVi/c? =1.28 GeVI/c? =173.1 GeV/c?
@ |- @ I ¢
» 'Y does not decay (afawk)
up charm top
} H iggs =4.7 MeV/c? =96 MeV/c? =4.18 GeV/c?
@ IF® |- @
) quarks down strange bottom
» except for the top quark N B N
» quarks bind into hadrons via strong force electron || muon ]| tau
» hadrons decay via strong and weak forces © . o oy 0 W
» sensitive to NP via. rare decays (& mixing) oecon I netono J1 necm o

v

light hadrons: rare kaon decays (Na62, koTO, KLEVER)

* leptons

» neutrinos: studied in dedicated experiments (sno, Minos,
NovAa, MicRoBooNE, DAYBAY, T2K, 5K, ETc; DUNE, HK, SHIP...)

» charged leptons studied mostly in dedicated experiments,
study rare or forbidden decays: mec (U —e’Y), muze (M—e),
mMuze (M—eee), T LU (LHEC,BELLEUD;SHIP, TAUFV),
anomalous magnetic dipole moment (s-2)

interactions / force carriers
(bosons)

0 =124.97 GeV/c?

0

g o H

4

gluon | higgs

Y
photon |

=91.19 GeV/c?
0

. &

4

= O O

Z boson

=80.39 GeV/c?
+1
W

P

W boson
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«flavor» 17?

* the SM flavor sector arises from interplay of fermion-weak—gauge and fermion-Higgs couplings

Electroweak symmetry breaking:
Masses for gauge bosons and fermions [Higgs mechanism] T = 15|

Three generations of quarks and leptons

Left-handed doublets: (”e> ,(”ﬂ) ,(”T> , (“) <C> ( ) |
e),'\n),’\7), d/, L

nght handed smglets er, MR, TR,  Um,dR, Cg,Sh, tR,bR |

T = ()]

e —

The parameters of the SM

» 3 li Out of thel9 parameters of the SM
gauge couplings (excluding neutrino masses/mixing),

) H|ggs Parameters : |4 arise from the flavor sector.
strong CPV parameter, O
6 quark masses

3 quark mixing angles + | phase (CKM) flavor

3 (+3) lepton masses parameters
(3 lepton mixing angles + | phase (PMNS))

() = with Dirac neutrino masses
N. Leonardo flavor physics 6

v

v

v

v

v

v



flavor changing interactions

* flavour changing neutral currents,

absent (at tree level) in SM b H
0

* charged currents B, %

» Leptons: ~universal S m
* Lepton Flavor Universality Violation (LFV, ) = NP

» Quarks: flavor mixing er

V

d s b ©

W g
= u
c » | ‘
o
+
RN
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=124.97 GeV/c?
0

flavor & Higgs: Yukawa ' @

higgs

* the direct coupling of Higgs to tau (2017), W/Z/Y/E
top and b (2018) have just been observed N

* this establishes the Yukawa interaction ol e
» a 'new kind’ of interaction: only force that

does not directly arise from gauge principle

Y, Ry =y gy + y pH w
e the Yukawa coupling is at the origin ! iy

1.5 Tlllll]]'Tll

of the flavour structure of the SM el

-
—
-

CMS Preliminary 35.9 o' (13 TeV)
E>|> 15_"| T T T ' Z| t : ) ) )
g Wz Higgs couplings just
5 10 detected to the 3rd
J; (heaviest) fermion
1072 E -
------- SM Higgs boson generat|0n
ol — [M, ¢] fit .
107 F B = o .. [ : e i
' .20 z Quark flavour mixing 1.0 - 7 K
= 103 (CKM) studied to =R arieye
_9 1 increaSingpreCiSion _1-5llllllllllllllIIIIIIIllllllll
9O 05F -1.0 -05 0.0 0.5 1.0 15 2.0
g 03..| i Ll Ll . -
107" 1 10 10?

Particle mass [GeV]
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outstanding questions in particle physics circa 2020

Primordial
P';:;g:::al / Antimatter
— ¢

{, LG

Quarks and leptons:

why 3 families ? S%VW
masses and mixing * M Y or D |

CP violation in the lepton sector
matter and antimatter asvmmetry i
baryon and charged lepton T
number violation

25% Dark Matter

(I I Y

Dark matter:

J composition: WIMP, sterile neutrinos,
axions, other hidden sector particles, ..

O one type or more ?
O only gravitational or other interactions ?

Higgs boson and EWSB

L mH natural or fine-tuned ? =
- if natural: what new phvsncs/svmmetrv?

O does it regularize the divergent VLVL cross-section
at high M(VLVL) ? Or is there a new dynamics ?
elementary or composite Higgs ?

is it alone or are there other Higgs bosons ?
origin of couplings to fermions

coupling to dark matter ?
does it violate CP ?
cosmological EW phase transition

The two epochs of Universe’s accelerated expansion:

O primordial: is inflation correct ?
which (scalar) fields? role of quantum gravity?

O today: dark energy (why is A so small?) or
gravity modification ?

Physics at the highest E-scales:
O how is gravity connected with the other forces ?
O do forces unify at high energy ?

cooooC
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(complementary!) PGH'\S fo NP @LHC

P 4/2-\/\’\

Direct

Y

P

New Particles

from the collision?

» searching for the decay products of
potentially produced NP particles

Events /10 GeV

(data-fit)/c

10*

102

-PI\)O

e Data
—— Background-only fit
ric signal at 1.34 TeV, I'/m = 0%
eneric signal at2TeV,I'/m = 0%

- Gen

---- Gene

signal at 3 TeV, I'/m = 0%

ATLAS
{s=13TeV, 139 fb

Aiht ++*+++**++ g it

H}#{.

++}+ b 44 !

3x10?

10°

2x10°  3x10°
m,, [GeV]

New Physics
hiding here?

. R [
Indirect are decays

» searching for NP particles running
in quantum loops (virtual)

0.3

0.2
0.1

SM
10

C

0.0

6C10 u/

-0.1
-0.2

DATA SM

-0.3
Z0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
65Co G

10
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New Physics
hiding here?

Rare Decays
of SM particles, towards NP

beauty SUSY
charm 72’ W’
strangeness Iepto(,:|uarks
top
W2 unexpected
Higgs ?

leptons



rare beauty | B—pu

decays highly suppressed in SM
» FCNC- but also helicity-suppressed (mu/mg)2

theoretically clean = precise SM prediction

BBY — ptp™) = (3.664+0.23) x 1077

B(B® - ptu”) = (1.06+0.00) x 10710 7O

high sensitivity to NP

» large class of NP scenarios predicted large
enhancements in decay rates

experimentally clean

» searched for at various colliders

12
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Bs— uu: a (3-decade) long search

_JETTER doi:10.1038/na(0url:15§4
a milestone discovery of the
) Y f Observation of the rare B)—u*u~ decay from the
LHC bhysics program combined analysis of CMS and LHCb data
“+— —
8 —
& 104 gT
) =
o —
3 _
2 5
0 107
L =
& - -
TIPS I T ................................ 2012....2014.._.2016. | 2018,
el (N
5 !
j 10—7 Er ........................................................................................ ? T .........................................................
O =
\o - »
oo 10—8 Er * CLEO A Belle ................................ T. ........... 3 L STPTPN
%2 - | * ARGUS O  BaBar 5 —]
= [ |YY ua1 B E LHCb SM: B — pu
E 10 I§_ * * CDF ’ ’ CMS ......................................................
] — | VV L3 O O ATLAS 0
o | AA DO ®® CMS+LHCb | SM: B" — pfu-
10 " E - :
=_I | | | | I | 1 | | I | | | 1 I | | | | 1 | | | | 1 1 | | | 1 |
1985 1990 1995 2000 2005 2010 2015

Year
13
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— — —
N ~ (@)

Candidates / (40 MeV/c?)
o

B—uu | Runi discovery

CMS and LHCb (LHC run I)
— I ' ' ! I ' ' !

—— Data
— Signal and background
Bg— pu

B%— ptu
-« = Combinatorial bkg.
----- Semileptonic bkg.
- = Peaking bkg.

Illlllllllllllllllllllll

t

5600 5800
m,.. - [MeV/ c?]
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B—-uu | Run2 updates

e LHCDb
RUNI + RUNZ2 (PARTIAL) * added first |3TeV data
c'ln_' _I T T 1 | 1T T 1 | T T 1 | 1T T 1 | 1T T 1 | 1 T 1 1 1 |_ [ ) Run|+Run2 (3+|.4 fb-l) yields
o 1.2 ——— Run 1 data ] . .
~— ~ ] - erimen
oy - ATLAS —— 2015-2016 data . first single-exp t.
S — Run 1 +2015-2016 data — Bs— U >50 observation
JF:L 08 :_ —— LHCb Run 1 + partial Run 2 data_: BF(Bs— i) =(3.0+0.7)x1 09 (7.80)
7 E T T Hietihood confours for 1 BF(BO—puu) <0.34x10" (95%CL) (1.60)
B el .o Su.. 2 Aln(L) =2.3,6.2,11.8
@ 0.6 7 e .- v —
o0 . i
1 < ATLAS
] e Runl+Run2 (25+26.3fb-') data
Y IS _
e M, ] BF(Bs—uu) =(28:0.8)x10°9 (4:60)
SN . s 1 BRBP-pp) <0.21x109 (95%CL)
] ~|‘x‘|‘ i .‘l’\:‘\l’\'r“l | I\;
5 6 /

e CMS
* recent results with

> Results all of 3 experiments agree between 2011+2012+2016 data:

. e _ -9
themselves, and with the SM, within 1-20 BF(Bs—up) =(2.9:0.7)x109  (5:69)
BF(BO—pp) <0.36x10710 @95%CL

15
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B— WU | comparison to theory expectation

-9 B -1 -1
.6 CMS and LHCb (LHC run ) 08100 3W3Te 200 @TeY) + 57 TeV)
q';‘ - -E_l Ll l 1 LI l L I I 1 LI lE : -::' K CMS
= 08 = 0.7
3 - = -
5 07 3 = 0.6F
T - = -
i) 0.6 - = 05
a7 F - iy
0.5 .- 3.
- = 10
SM mm» % i @
03 — Q0.
02F- K: 0.2
0.1 ;_ a _; 0.1
0 :I L1 | | , |: B 5: :% EE 9
0 3 8 9 0 i 1] i1 IX10

0 1 2 3 4 5 6 7 8
B(B - w'w)

agreement with SM within current level of precision

BB - u' w)[10°7]

CMSSM - n>0
60_!'!'l'lrl'l'I'I'I'I'I'I'I'I'I'I'I'I'l'

a0l

NP

tan

[Catowed

[Joouble Ratio

[JB.—=nn

500 1000 1500 2000

10° x BR(B, — u*u~) rnt~1 [GeV]

20 itk
_’._.‘....- 24 i
b 0

the (‘natural’) SUSY parameter space became much constrained

nuno@cern.ch | Resonances & NP | 16
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e Tagged mixed
e Tagged unmixed

Fit mixed

—— Fit unmixed

decay time [ps]

W !

MIXING

TR ’!“! 3 ~:I!_,I !Il l!. ol

AT
e, " o
ls

»l

CDF Run Il Preliminary L=1.0fb"
81.5F
2 r
i
0.5F * If
| I

o
o

+5£ PRL 97 (2006) 242003, NL thesis , .
1 2 3 4 5

0

Oscillation frequency (trillion Hertz)

(Ist) Tevatron’s Run2
flagship discovery

COLLABORATION

R

DECAY

CMS and LHCb (LHC run 1)
F— 1 "~ "~ 1 " T

[ B (o)) D
o o =] o
III

S/(S+B) weighted cand. / (40 MeV/c?)
n
o

IIIIIII[TT

-
o

...............................

TT

— T =
—4— Data -
—— Signal and background
BY— ww
B°— piu
-« = Combinatorial bkg.
Semileptonic bkg.
— — Peaking bkg.

PN R S T T N

@) LHE’s RN

5600 5800
m,..- MeV/c?]

/( flagship discovery

AUGUST 2019\

Nature 522 (2015) 68

NEWS BLOG



Bs—uu | efective lifetime

—
LHCb

* Effective lifetime: complementary NP probe

Eoar ]
% 6 :— —— Effective lifetime fit —:
= B 4
»in SM, only heavy eigenstate decays to U (not in NP!) = «F .
5 L ]
T ]
+p- 9 _ = “F .
- B, |1+ QAENE Ys T Ys Arr=+1 inSM s ;
(- = — _ Z 0r .
1—y§ 1+A£A+I§ Ys e[-1,+41] in NP §° L
0 5 10
CcMS 36 fb (13 TeV) + 20 fb (8 TeV) + 5 fb (7 TeV)
160(— - Data
. 140 ; + gglgi;{ + peaking bkg
* first measurements by LHCb & CMS i
3100;
»current precision (22%) still insufficient £ w0,
i 60—
* HL-LHC projections (by LIP): sob )
e N e S
o o3 2 3 4 5 6 J7 8 e 10 11
Decay time [ps]
3ab’(14 TeV) 3 ab’(14 TeV) —_ - —
> F 0 F »
® [ CMS Phase-2 ¢ toy events -8700:_ —+— weighted toy (B ) o | _
O ) - — full PDF = r s — 0.6
3 600-Simulation Preliminary N S (0 goof — i
3500 - Eozﬁnuatm-ia' bkg CMS Phase-2 =
.g : """ gin lr;iQLQYglfgbkg 500 Simulation Preliminary +1 N
|_u400: --=-- peaking bkg 400 1\ 0.4 ]
- - w°
300 300: o
200 f 200 i 0.2 _
1003 1oo§ i
sk 0}.|...|H.|..‘|...|.._f'
99 5 51 52 53 54 55 56 57 58 59 2 4 6 8 10 12 oot Lo L b 1
M(uy) [GeV] < [ps] 2 3 4 5 6

B(B) — u* w) [107]
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b—S | BO—=>K"O0up

* B—Xuu decays offer complementary

NP-sensitive observables S S A

» accessible through angular analyses 0.5-:} h "B sl oy

» studied at Belle, BaBar, CDF, LHC o | IS from ASZB
0

* deviation from theory found by LHCb

» in the angular observable in the

L/
-
f

O_’ x*
BO—K"uu decay -1, NS T
0 5 10 15
» recent measurements also by Belle, ¢ [GeV¥ 4]
ATLAS, CMS, with reduced precision [HL-LHC PROJECTIONS]
y reVise SM preCiSiOn ? a-m 2__ I?_Tll-?fl'l"a V‘“;O;:)on]gb | o | IATlLASIJHfIEP 1I0 (2I018|) 04;_; -D'mO.S:CMS thstlizthifaﬁan “BE o 'bA(MTeV)
1.52— FB’—J’K*W srem T Ezzx?sc:’vf'i\t’ - 0}
L e o :
° pro Ject|ons o : —0.5: — L | 1=
o=
» upcoming data will allow to 05 7 .5 |
independently clarify deviation - ) ca—
o é T ‘ll' T é T é - I1IO] :_Ogg‘Wﬁb'"1'2'”1'4"‘1%'”1'8"'20
¢ [GeVQ] o [GeV]
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angular analysis

e fitting the data

p.d.f.(m, cos 0y, cos b, ¢) = YSC : (SR(m) - $%(cos Ok, cos 8, @) - eR(coseK,COSH,,¢)
P

T SM(m) - S?(— cos O, — cos 0, —¢) - € (cos 6, cos Oy, qb)) & Mistagged (KeT1)

4 Correctly tagged

_|_

+ Yg - B™(m) - B % (cosby) - B (cos6)) - B®(4). 4= Background

> sinal likelihood:

1 d*r 9 (2
2, 2 = {— [n + A< cos k) (1 — cos® 9,) + Aé\/1 _ cos? GK\/l _ cos? 0, cos 4
dl/dq® dg°d cos6,d cosfd¢ 87 L3

1
+(1—F) [2 ,cosz Ok (1 — cos® 6,) -+ > (1—1F)) (1 — cos® GK) (1 + cos 0,)
16
+ ﬂl — (1 — cos’ 0x)(1 — cos’ 0,) cos2¢

—I—@Os Oxv i (1— _)\/1 — cos’ OK\/l — cos® 0, cos qb] }

20 20
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b—S | Ap—= A

complementary to BO—=K"uu in baryon sector

No— A decay observed by CDF, and
further explored by LHCb, ATLAS, CMS

spin 1/2 = 5 angles needed to describe
system = richer angular distribution

d5r
dQ 327r ZKf

Iarge number of parameters = exploit

- LHCb

- 2015+ 2016
- downstream p 7

Candidates / (20 MeV/c?)
S

method of moments (instead of likelihood fit) 0:, T aaars) \5700 T

analysis update with 5fb! (2011-2016) e ')[ﬁwelwlcz]
results compatible with SM f*+ ! | l LHICb :
» larger discrepancy in K6 (2.60) T ++1L*+TL+HII}|'+T Jri } HL
» parameters K11-34 ~ 0 = no polarization, also _0'25_ T+| _ :

~04f

consistent with CMS+LHCb previous results S PR
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rare radiative | b— sy

* FCNC decays

» theo:added NP sensitivity via photon polarization

» exp: reduced mass resolution, decay vertex

* N\p— Ay

» SM BF ~ (6-100)x10-7,, large form factor uncert.
» previous best limit by CDF: BF<1.9%10-3 (90% CL)
» LHCb: 1.7 fb-! (2016); normalisation: BO— K*0y

B(Ab—= AY) = (7.1 £ 1.5 £ 0.6 + 0.7) x |06

e Bs— ¢y

»

LHCb updated analysis (Run| 3fb-!) of time
dependence rate adding flavor tagging

first measurements of the CP-violating and
mixing-induced observables (S¢y, Coy,ALsy)

results consistent with SM expectation

b s
> >
w

g i T T T
é) 25:_ ----- Signal LHCb _:
= i ---Cgmbinatorial 1

i A, — AN ) ]
Y ! b - ]
=2 l i
v [ ]
Q i i
< 15} ]
:'9 i i
"g i 4 ]
= 10 | '
O | ..fl

5 :

0

m(p~y) (MeV)
observation: 5.60

S S
() ()
TTTT T

N W B W (@) (|
o o 2
o O O
TTTTTT TTTTT

S
)
TTTTTT

Candidates / (25 MeV/c?)

—
o
(=)

R e

'l." RIRREIRIILIIIFRIIIRHARELILK i...';""'v--u.. l L SRR
000 5200 5400 5600 5800 6000
m(K*K~y) [MeV/c2]
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b—=dup | Bs—=KOuu

« b—dll transitions even more

4

0 5200 5300 5400 5500 5600
BF = (1.8 +0.24 +0.05) x 10~9 m(K"m*utu”) [MeV/c?]

~ g L L L

L LHCb :
suppressed than b— sl ¢ 25;% \r cDm T

E 20 ff B, > K uu~ -
> Ith/VtSl ~ 02 =» BF~1O_8 g ! \‘\ B‘;—>K*°1f+u‘_ ]

- 151 Bl A —pKutu

— 3 I Comb. bkg. -

« BO—=uu : search ongoing g 10
%
&

B+—=TttUl : observed Runi (LHCDb)

y 12

* N\o—>PTIUM : observed Run1 (LHCb) 2

ol
I

LHCb

evidence:
3.40

BF=(69+19+1.1"10)x 108

Bs— K'Oup: evidence Run2 (LHCDb)
» 4.6fb-1; normalisation: BO—J/PK™ T T e SEen

» first evidence (3.40), measured BF  B(Bs—K%uw) = (2.9£1.9+ 0.2+ 0.3)x10-%
agrees with SM prediction (SM: 3-4 x 108)

23
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b—ull | B2uupv

CKM-suppressed decay

» BF o [Vyp|2

» NP sensitivity from helicity suppression
current related best limits (by Belle)

S 0005 E | ey, Signal o, E
> B(B+ — “V)< I . I X I 0-6 ’ B(B+ — “VX)<3.0X I 0-6 (90%CL) é') 0.002 :_ Misidentification o, , _:
» at LHC prefer >| charged particles 2 oo0is |- e O

. . S 0001 =
exploit corrected mass variable £ E ;

, = ]
MCOI'I' — \/MELMH _l_ pT,2 + pT Z?OOO 5000 6000 7000

LHCb with 4.7 fb-' (Runl + 2016) e E
140 LHCb —4— Data -

o gl Wi oG
normallsatlon mOde: B+ _}J/LI)K-I- \ Partially reconstructed -

------- Prediction from .
PAN (2018) 81:347 —

Candidates / (50 MeV/c?)
S

no signal observed = best world limit 0
40 e —
» B(B* = prp-ptvy) < 1.6 x 108 (95% CL) 20 E
. . . Do so00 6000 7000
» tension with a recent theory calculation (1.3 x 10-7) M. [MeV/c?]
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rare charm

C— UL

* FCNC in up-type quark sector
» ¢~ U transition O(10-9) in SM

« SM amplltude dominated by long-distance contributions

= g2 regions pt
Z() ,“
C —v > t

D() { l\‘/‘.\/:(
u {q

\(([
e D> hhpp ,,}”

» observed with 2fb-! Runl: rarest charm decay observed

» B(D—=KKpp) = 1.54+0.33 x10-4, B(D—= ot p)=9.6x1.2 x10-4

» angular & CP asymmetries measured with 5fb-! (201 1-16)
* Ac—ppH

» no significant excess in non-resonant region:
» BF(Ac—=pHM) < 9.6 x 10-8 @95%CL (~100 x BaBar)

» observation in the p/® region: B(Ac—plU)pw = 9.4+3.9 x10-4

Candidates per 5 MeV/c?

Candidates / (7 MeV/c?)

Candidates / (7 MeV/c?)

Candidates / (7 MeV/c?)

40 b) ¢ region

—

1850 | 1900‘ II
m(K*K u*u~) [MeV/c?]

- Cc) wregion

Mm*] 1.1'¢ 111 I'"'L"

DWW e b 0 o v w
2200 2300

LHCb

d iugr

2400
m(p ) [MeV/c?]
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rare charm | D — lIhh/ll/yy

D=y Radiative ~107 (2.8+0.2+0.1)x10°  Belle

D'—gy " ~10®  (1.8+03+0.1)x10° Belle

DY—vy " ~107 <85x107 Belle

Df—=mtutu FCNC, p*u non-resonant ~107° <83 x1078 L.HCDb 15
D,y " ~107 <4.8 %107 LHCb

Ad—pu " ~10™ <9.6x108 LHCb 10F
Dr—mtt/Ktete- FCNC, full e*e” spectrum 10810 <0.3/12x 1076 BESIII
DO—mtreptyr FCNG, pfpnon-resonant  ~10  (7.8+1.9+1.3)x 108 LHCb St

DO=ppe FCNC 1013+ 10712 <7.6 %107 LHCb '
Do—e'e FCNC 1013+ 10712 <7.9x108 Belle VRS0
D%—vv Helicity suppressed ~10-30 <88 x10™ Belle

Di—e*u Lepton Flavour Violating 0 <1.6x10° LECb

Df—=mutut Lepton Number Violating 0 <25x%x108 LHCb

Dy —=mprue " 0 <14x107 LHCb
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rare strangeness | s—d

« FCNGC, O(10-'2) in the SM, but BF dominated by long distance contributions

* experimental challenge: low pt of final state particles

)

vvvvvvvvvvvv

Ks—oHU > LHCb -
> TOS,, bin 10
* updated analysis 3fb-!; normalization: K-t = :
» BF(Ks— ) < 0.8 x 10 @90%CL g ‘
» x| | improvement wrt previous LHCb result E
1072 . ". ...........
>+, 500 550 600
pu u m,.,, [MeV/c?]
* SM prediction BF ~(1.6-9)x10-8 R ,
%’ 8;— X' putu LHCb E
* 3fb-! (Runl); normalization: 2+—pr® = w »Data
S e Fl+J|| model_ =
=~ = 4 —- 2> putn
* LHCb found Ist evidence at 4.10 g packground |
. BF(S*—pl) = (2.2 +1.8-1.3)x10 5 l “Uﬂ | l l lw
. . 1 |
» no structure in dimuon mass oflliLY o LU U DI

1200 1300 1400

» HyperCP excess (=NP) at mpyu~214 MeV not confirmec o 1]
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rare strangeness | s — d v v

Ultra rare decays (SM BF~10-1)

Theoretically clean
Hadronic matrix elements under control
Precise measurement of KlI3 form factor

K+*—T11%*v by NA48
Exquisite sensitivity to NP

Up to very high mass scales ~2000 TeV
Discriminate among different NP scenarios
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rare strangeness | K — v v

NAG62 first results
» Physics Run ongoing (2016-2018)
» Demonstrated decay-in-flight technique

B :‘I’::::i-_--.-.: ______
s P

rnzmiss= (PK - Pn)2 )
First results, from 2016 Run
» One signal event observed, in 10!l collected

Br(K+ —n+vv) < 14 x 1010 @ 95%CL
Expect O(20) events from 2017+2018 data

KOTO:

» Physics Run ongoing 2018-2021
> Future: reach O(100) SM events
KLEVER

> New proposal for the SPS

» First data expected by 2026

I |IIIIII| I IIIIIIII I IIIIIII| I IlIIIIIl I IIIIIII| I IIIIIIII [ TTTIT

Missing mass: signal and backgrounds
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September 2018

Each limit assumes that
all other processes are zero
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Theory predictions
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* FCNC/GIM in top sector lead
to very rare processes

» BF~10-14

* rates enhanced in NP models
» MSSM (10-7), 2HDM (10-6), RS(10-5)

e current limits ~10-4

H—-11 (

H—bb

TiopThac? ThadThad)

H—-WW*t1,ZZ* 2¢ss,3¢)

H-yy

Combined

0 1

ATLAS a
Vs=13TeV, 36.1 fb"

B(t— Hu)=0
— Observed

#: Expected + 16
---Expected *+ 2¢

2 3 4 5 6 7 8 9
95% CL limit on %(t — Hc)
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Events / 10 GeV

Obs/Exp

rare bosons |

W,Z

* no exclusive hadronic decays of W and Z bosons observed yet

W31t

* probe exclusive W decay

» small multiplicity decay

» SM expectation ~10-8-10-¢

» inclusive production (not ttbar)

» explore T trigger + reco
» 95%CL limit: B(W—311) <1.01x10¢
» = @HL-LHC: could allow precision Mw

77.3 b7 (13 TeV)

_CMS * Observed [ QCD multijet

[]z-1

[7] Uncertainty — W—3x (B = 10°®)

[ Others

—_

o

oo © N A O @

100

150

200 250
m, (GeV)

majority W,Z hadronic decays
into ~30-particle final state

Z— |l
* found a new Z decay

» clean final state: YU + Pee
» SM expectation ~(6./-7.7)x 10/

» normalization: Z— UM
» Obtained first observation
» measured: B(Z—= Yll) ~ 8x10-7

observation (5.70)

CMS 35.9 b (13 TeV)
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31


mailto:nuno@cern.ch

/(S+B) Weighted Events / 0.5 GeV

S

rare bosons | Higgs

x10° 35.9 b (13 TeV)
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H couplings to light fermions? rare!

H—qq

» overwhelming QCD
background

H—Qy

» clean but
» HoY/P/d/p+y

CMS Preliminary 35.9fb™ (13 TeV)
E>|> £ T T T LHC2018
g : LHC2012 W2
S 107 3
ELL|> ; LHC’2018
L : LHC'2017 °
1072 . ;
------- SM Higgs boson
'-1"(')2 p0207 gz — [M, €] fit ]
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1074 & | - o 3
= s S
& b I
9 05; .
(4v] F L Ll Ll
O |
.= 10~ 1 10 102

Particle mass [GeV]
Higgs couplings:

- H to W,Z,t,b,T: done
- H to ¥: no mass » no coupling

- H to p: clean signature; expect Run2(+Run3)
- H to c: challenging, in reach @HL-LHC

HosJ/yy—ppy arXiv 2016 35.9 fo'' (13TeV)
> IR L B DL L B B B BN BN
8 60K CMS Inclusive category b
o ® Data
?2 5 0 C Expected signalx250 h
GC) Non-resonant background model
|_|>J 40 . - Expected resonant backgroundx20

30¢ .
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my,., (GeV)

- H to u,d,s,e: almost hopeless @LHC but NP!
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forbidden rare | LFV, LNV, BNV

* charged Lepton Flavour Violation practically forbidden in SM

» allowed by neutrino oscillations, but with BF far smaller than
experimentally conceivable

» BF in SM <10-40, eg: 10: B(T—=pup)~B(Z—ep, eT)~10-54 , B(Z— uT)~ 10-60
* potentially sizeable BF enhancements from NP models
» BF in NP up to 10-9-10-4, eg: Z'(108), LQ(10-5), Pati-Salam (10-4)
* models addressing LFU anomalies usually imply LFV/LNV/BNV

* a variety of searches is performed ...
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forbidden rare | B—II

T

o - é) 02F —E?%fi_(%ﬂ*fﬂiv)ﬁ ‘
B (S) T ” s o5 :_ simulation _:
. - Same-sign data .

'+ tau reconstructed as T TV 2 ol g E
» dataset: 3fb A ;
5 ol T —

» normalisation: B—D-(—Krm)m =0 T ulcevie]
» limited separation of B0and B, = limits derived 3¢
assuming contributions from each at a time S w3
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rare lepton |

T UL

clean final state, searched for at various colliders

most stringent limit by B factories

» BF<2.1 x 1078 @90% CL

LHCb

» 3fb-!; normalisation Ds— @11, source; B,D—T

» BF <4.6 x 1078 @90% CL
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)
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Y
Candidates / (8.75 MeVic?)

14

Events / 30 MeV

» 20fb-! (Runl); normalisation W—Tv; source: W—T
» BF<3.8x 1077/ @90% CL

CMS

» 33fb-! (Run2); normalisation Ds— 11, source: B,D—T
» BF<8.8x 1078 @90% CL

prospects

* HL-LHC: O(1079) | Belle Il: O(10~10)
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LHC data (so far) show wno definite signal of NP - but there's an elephant in the room !
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Taken together, the flavor anomalies
are most significant deviation from SM,

What elephant? _and the strongest indication of NP in

i -
current collider data!
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ASTROFISICA
MULTI-MENSAGEIROS
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Flavour Anomalies
First hints of New Physics at the LHC?

Nuno Leonardo

Over the last few years, a persistent set of deviations from the
Standard Model (SM) predictions has emerged from the data.
These have been detected in decays of b-quark hadrons. While the
deviations are not sufficiently significant if considered individually,
when taken together they are. These so-called “flavour anomalies”
stand currently as a most exciting indication of New Physics (NP)
and a hottest topic in the field of HEP at the moment.

New phenomena beyond the standard theory of particle physics
are pursued in a multitude of paths. At the LHC, a main path,

which explores the energy frontier, aims at directly detecting

new heavy particles, beyond those of the SM. These NP particles
may be produced in the collisions, and their presence detected
through the products of their decay. Another path, which explores
the luminosity frontier, aims at detecting the presence of NP
indirectly, through precision measurements. Here, NP particles
may virtually contribute to the amplitude of SM-allowed processes,
and be revealed through measured deviations relative to the SM
expectation, in observable particle properties. The two approaches
are complementary and each is actively pursued by exploring a
large variety of processes.

Hints of the presence of NP may accordingly be revealed through
excesses indistributions (e.g. a bump in the mass spectrum) or
measured deviations (e.g. on a particle’s decay rate). And as it
happens, several such hints, of both kinds, have turned up in the
LHC data. However, so far, none of sufficiently high statistical
significance, so as to unequivocally exclude possible background
fluctuations as their source. Nonetheless, in the case of certain
b-hadron decays, several such deviations from theory expectation
seem to conspire together — while each individual deviation is
still not significant per se, the coherent pattern displayed by their
ensemble is.

Each deviations is associated to one of two underlying b-quark
transitions: (i) b—»sll, i.e. bottom to strange quark plus pair of
opposite-charge leptons, and (ii) b—clv, i.e. bottom to charm quark
plus charged lepton and neutrino. The former can occur only at loop
level in the SM (flavor changing neutral current, that is forbidden

in SM, at tree level), with high sensitivity to NP (where NP particles
canruninthe loops). The latter (charged current) occurs at tree
level.

The neutral-current transitions, b—sll, are
realised in various rare B decays, both
leptonic, e.g. B.—u*p, and semileptonic,
e.g. B»Su*u, where S stands for a strange-
#work hadron (e.g. K, K¥ @, A). in addition
Wae . ‘nacthe latter class oii =s many
NP-sensitive ouse: /&
the angular distributions of the d¢= -y
products. Deviations are detect’  +.cn
varying degree in many of th' .e.’ The
departure from theory was Initially
detected by LHCb in one such angular

R 19 +
PESSOLCIINE O

observable, denoted P',, in the decay e
BO—K*0u*u. It should be remarked here -3 -2 -1 %p
that for this decay a challenge arises Cou

in calculating the theory predictions —
specifically, going from the underlying
guark-level transition b—sll to the

experimentally observed B-meson decay, there are QCD
contributions involved whose estimation is non-trivial. And while
the P’, observable is constructed in such a way as to be more robust
in terms of such QCD (B—S) form-factor determinations, some
debate persists on the theory front.

There is another major chapter in the saga of flavor anomalies.

And this time perhaps even more dramatic: it involves violation

of lepton flavor universality (LFU). Apart from the differences in
their masses, the SM interactions do not distinguish between the
different leptons. This means, for example, that the rates of the
decays B°—K*%u+u- and B°—K*%e*e" involving muons and electrons
should be comparable.The LHCb data has however revealed that
their ratio, R, seems to display a noticeable departure from unit.
Important to remark here is that the above-mentioned form-factor
uncertainties cancel in the ratios, rendering these observables
rather robust theoretically. Indications of LFU violation had actually
been also detected earlier at the B factories (BaBar and Belle
experiments), between taus and muons, in the decays B—Dtv

and B—D"uv, where the corresponding ratios, R, and R, exhibit
departures from their SM expectations (see figure). These were
quite unexpected, with the underlying transitions b—clv occurring
at tree level.

Naturally, the anomalies have raised a large excitement amongst
both experimentalists and theorists. After all, the ensemble of
anomalies when interpreted collectively appear to indicate a
departure from the SM, with a significance above the 56 mark

(see figure). Theorists have been actively putting forward classes
of models that attempt to explain the anomalies, along with other
tensions in the flavor sector, e.g. (g—2)p, while simultaneously
accommodating other experimental constraints, e.g. from B_ mixing
and dilepton mass spectra. Among these, models with extra gauge
bosons (Z') or leptoquarks (LQ) appear to be favoured.

From the experimental side, a clarification will be sought by
thoroughly exploiting the LHC Run 2 data. Not only will the

LHCb measurements be repeated to reach increased precision,
contributions from ATLAS and CMS will offer independent input
with orthogonal systematics. For example, during 2018 a large,
dedicated dataset has been collected by CMS specifically for this
purpose. Belle2 is coming online, and within a few years its data will
provide decisive input. Dedicated searches for scenarios addressing
the anomalies, including Z" and LQ, will be pursued at the LHC.

Whether the source of the anomalies turns out to be more
mundane statistical fluctuations, underestimations in theory
calculations, or genuine NP, it is exciting that a clarification is within
reach over the next few years. A confirmation of these flavour
anomalies would point to new particles or interactions and have
profound implications for our understanding of particle physics.

Current status of the flavor anomalies. Left: Global fit to b—sll observables, with results projected on the plane
of two EFT coefficients. Right: Fit to b—clv observables. The red elipses represent the regions favoured by the
data. The SM lies at the origin (0,0) of the left plot and on the small region at about (0.3,0.25) on the right plot.

The tension between data and SMis clearly visible.

——
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the ‘flavour anomalies’

b-s
anomalies

Found by LHCDb (and perhaps
hinted by Belle)

Many observables: global pattern
Neutral current

1-loop (and CKM-suppressed)
In the SM

The New Physics can be heavy

b = C
anomalies

Found by several experiments
(LHCDb, BaBar and Belle)

Two observables: R(D) and R(D?*)
Charged current

Tree-level in the SM

The New Physics must be light
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b—sll | Effective Field Theory

4GF * 62
Heor = 7 Vi Vis 7o Y (C0; + CjO;) + hec.
1
(; : Wilson coefficients (O, : Operators
O7 = (50, Prb) F"¥ O% = (50, PLb) F*¥
Og = (57, PLb) (£4"¢) Oy = (57, Prb) (4"0)
O10 = (57, PLD) ([77“756) O1p = (57uPrb) ([77“755)
by ST, br SR
' C; =CM+ NP
br é ST, AZ AZ
¢ l t , l calculable what we

09 0 9 07 want to know
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b—sll | processes & observables

Inclusive

B — Xsv (BR) oo Cél)

B = X 070~ (dBRIAQ?) ceceemcacaoeaas Cé'),Cé'),CfB)
Exclusive leptonic

Bs = 007 (BR) e Cﬂ))
Exclusive radiative/lsemileptonic

B — K™~ ) —— Cél)

B — K00~ (ABRIAG?) e oy ¢y’ cty

B — K*¢*¢— (dBRIdg? angular obs.) ... Cé’),ng/),C’fg

Bs — ¢ £1T4~ (dBRIdq? angular obs.) ___ C§'),C§'),Cf8

The same Wilson A pattern of deviations
coefficients enter —> rather than a single m—
several observables anomaly
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b—sup | global fit
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Lepton Flavour Universality

Universality in neutral current interactions

UU=VTV =343 = L = (?"mé\—l— 1,00 + %ﬁ) (94 A" + gz 2")

The photon and Z-boson couple
with the same strength to the three lepton families

| Universality |

Universality in charged current interactions

ﬁﬁc = 9W§L’YNVPMNS€Lw+“ + h.c.

— gw VL/-YLL (Vlg(f\/[NS/e\L + V PMNS L V MNS?L) W—i_'u —+ h.C.

1=1,2,3 The W-boson couples
with different strengths to different lepton families

However: if the neutrino flavor is not observed | M| Z |VP§{\/INS|2 =1V
i=1,2,3

| Universality |
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b—sll | LFU (e vs 1)

BR(BT — Ktutu™)
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b—sll | global fit
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what is the scale of NP?

b-s b-C
anomalies anomalies

1-loop in the SM Tree-level in the SM

The scale of NP can be “high” The scale of NP must be “low”
A~ 30—-50TeV A ~ TeV
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anomalies: NP explanations?

H TS T
kbt_>s”'t' . §$<M_ s S
quark transitions | — - f \Jf
in the SM el MO

W~ b t,c,u S

* could existing NP scenarios account for the anomalies!?
» while still respecting strict constraints imposed by other measurements!

* current best candidates:

1) New gauge bosons
o Z’, associated to a new symmetry

2) Leptoquark
o exotic particle with both lepton and
baryon numbers, fractional charge
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search for leptoquarks | LQ—1tb

CMS-PAS-FTR-18-028

CMS Phase-2 Simulation Preliminary (14 TeV)

. . . 9 b &3-0_'_5'tat.+'syst" L S A
* dedicated search motivated by B anomalies ET
* single LQ production in TTb final state B N \
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first dedicated gauged Ly-L: U(l)’ search at LHC
Z’ radiated off lepton (produced ow, e.g. from Z)
extremely clean signature: 4 muon final state

» excellent mass resolution, high reco+trigger
efficiency, almost background free

no excess detected = strict exclusion limits
> exclude Z’ coupling strength to u: 0.004-0.3

Z-11,vy

Z-1l,vy

Z—)4y @LHC

Events / bin

N
100/0 So/o

30
m, (GeV)

77.3tb" (13 TeV)
[ | [

45F
40F
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30E

I
¢ Data
[ sM 4y production
—— m(Z)=50GeV, g =0.1
— m(Z') =60 GeV, g =02

— m(Z')=70GeV,g=0.5
I | Background syst. uncer.

searchforZ’ | Z—4pu

q

arXiv:1808.03684

Z/

7
pt
e
pt
77.3 fb1(1BI TeV)

Bs mixing

Constraints from Altmannshofer,
et. al. JHEP12(2016) 106;

CMS: Z—Z'uu—4pu (obs.)
CMS: Z—>Z'up—4p (exp.)

Neutrino Trident
B, mixing
BR(Z— 4u), Vs =7 and 8 TeV
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bonus: parked Run2 data

b
bulk of B physics at CMS/ATLAS phe B %HK
based on (di)muons in final state % unbiased
main challenge: the trigger! tagged B other side B
CMS has now collected during 2018
a special B sample Fill 73310I-3ILT rate — S — = Foac i

» trigger on opposite-side B
» |2B triggered events on tape

Rate [HZ]
(@)

the data is “parked”
» with delayed processing

» |/10 already processed to
development

may allow to investigate LFUV

» object (T,e) reconstruction ol P W I,
, , 09:00 1200 1500 18:00 21:00  00:00
challenging at low ptin a GPD Time
: 7.6 PBont |
» flavor anomalies from low-pt front  Aweventsize s 064 Up 10 5.5 kHzin the second part of

(1MB for standard events) the fill where events are smaller
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summary

rare decays provide a very sensitive place to look for NP

» clean experimental and theoretical probes, precise predictions

» allow to reach sensitivity to higher mass scales than direct searches

flavour anomalies

» our best hint for NP in current collider data overall

results so far
» place stringent constraints on NP models

» tantalising, statistically significant anomalies observed

NP may be established at LHC in a multi-messenger-like fashion

»as the current flavour anomalies nicely illustrate
most interesting times ahead for rare decay searches

» rare decays will benefit enormously from high luminosity phase HL-LHC

( ) ]

» plus dedicated experiments: Bellell + KOTO + KLEVER + SHiP + ...
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