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Overview of the situation
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The study of heavy-flavour hadron decays allows the
indirect search for beyond-the-SM physics at large
mass scales.

up charm top

QL
Va

, down § { stange J { = beauty J ’

Two sets of anomalies have been seen in the B sector. [ € Y8 ,u Y4 7— )
* They seem to form a coherent pattern. 1
* They are flavour-dependent. @ Connection with the 2 1 1 1
2 (& v T
flavour structure of the SM?
\_clectron J {__muon J \ tau /

Rare decays Semileptonic decays
(neutral currents) (charged currents)
* Only occur in loops,

BR < 10 * Tree level, BR ~ few %.

* New contributions can enhance * Clean SM predictions.
SM-suppressed amplitudes. |

Proposed new models for a combined explanation: leptoquarks, Z’, charged Higgs, ...
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Phenomenological treatment

The anomalies are studied in a common and model-independent framework, using
the effective-Hamiltonian formalism:

Local operator

Flavour-violating coupling

AG R , e’

Wilson coefficient
(“effective coupling”) -

e BSM processes can modify the effective Hamiltonian by
— Modifying Wilson coefficients of operators present in SM

— Infroducing new operators
— Making Wilson coefficients dependent on the lepton flavour

0, g1 ¥ £ 9
: % VOQ /0 E % 0.6
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Experimental search at the LHC

Run 1: 2010-2012 yepes  OP/P~05-1%
Run 2: 2015-2018 <> GIP, ~15-50 pm
Good PID (fake < 3%)

op;/pr~ 0.7-1.5%
clP;, ~25-100pum
Very good PID (fake < 0.1%)
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Map of the anomalies
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Study of b—sll: g2 spectrum

Different regions of g2 = M(I+l-)2 give sensitivity to different Wilson Coefficients.

Photon pole
enhancement
(no pole for
B—Pr¢ decays)

Form-factors
from LCSR
calculations

4 [m(p)]?

Cé/) Cél)

interference

1 s)

I

Spectrum Example of SM terms
dominated by b W s
narrow charmonium
A / resonances.
(vetoed in data)
P(25)

Typically removed
in analyses

Cé/) and C-glo)

Long distance
contributions from cc
above open charm

threshold b ¢ -
Form-factors from -, AP
—> . W= W
Lattice QCD C > ut
10 .
7!

dimuon mass

—q°

squared

The regions of the J/y and y(2S) resonances correspond to tree-level decays,
assumed to be SM-like. They are vetoed in the analyses and used as control regions.
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Differential branching ratios

JHEP 11 (2016) 047, LHCb

JHEP 09 (2015) 179, LHCb

JHEP 06 (2014) 133, LHCb
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PLB 753,424 (2016), CMS JHEP 06 (2014) 133, LHCb JHEP 06 (2015) 115, LHCb ”
CMS 205" (8 TeV) y -LC|SR y -Lﬁmic? T.TDuat-a- ———— W8T ] \
12
[ —4 Data V 0 0,,+,,~ 3 L6 .SMprd' i
- §Y(sm,LcsR) RBO_y g0, + B"— K 'u'u ]
10;(SM, Lattice ) - \ LHCb 4

dB/de? (10 x GeV?)
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dB(A, = A w )/ dg? [107(GeV/chy]
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8— Q
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g LHCb—;
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Data consistently below SM predictions, tensions at 1-30 level.
Sizable hadronic theory uncertainties.
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https://link.springer.com/article/10.1007/JHEP11(2016)047
https://link.springer.com/article/10.1007/JHEP09(2015)179
https://link.springer.com/article/10.1007/JHEP06(2014)133
https://www.sciencedirect.com/science/article/pii/S0370269315009685?via=ihub
https://link.springer.com/article/10.1007/JHEP06(2015)115
https://link.springer.com/article/10.1007/JHEP06(2014)133

% —M
Evidence for the decay B} — K™y~

Bs counterpart of BO—=>KOu+u-.

Q30,~vvvw~~wwwwww; ‘
§ 25: } LHCb 1 |
. agn I e Data .
Heavily suppressed b—dll transition, < o —m
ing s = Klurum \
SM BR € [3,4] X 108, ; i B~ Ruww
- 15 -Ab —pKutu~
— E [ Comb. bkg. .
3 10 * ] .
S s
O

Runi + part of Run2, 4.6 fb-1. 0

5200 5300 5400 5500 5600
m(K-mtutu~) [MeV/c?]

BR measured relative to B — J/yK ~ 5005 —
= 700 LHCb E
é’ 600 - ;Ei?a f
First evidence at 3.4 o, BR consistent &S00 B~k
With SM. E4OO§ B —>Kw,u‘u E
8 300F WA~ JypK”
3 . M B* — JlyK*
. . 5 200F I Comb. bkg.
This study sets the ground for detailed 5 100

analyses in the LHCb Upgrade. 05200 5300 5400 5500 5600
m(J/ywK-7*) [MeV/c2]
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https://link.springer.com/article/10.1007/JHEP07(2018)020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.094012
https://link.springer.com/article/10.1140/epjc/s10052-013-2593-5
https://link.springer.com/article/10.1007/JHEP07(2018)020
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Angular analysis of B - K™,y

Decay rate described in terms of three helicity angles and g2:

AT+ T)/A@ agan  3zr |a\L TS O+ Flcos®Ox
1

+ Z(l — FL) sin? Ok cos 26,

1 d4r+r) 9 [3

— F}, cos® Ok cos 20; + Sz sin? Ok sin? 6; cos 2¢

+ 84 sin 20k sin 26; cos ¢ + S5 sin 20k sin 6; cos ¢

4
+ gAFB sin? Ok cos 6; + Sy sin 20 sin ; sin ¢

+ Sg sin 20k sin 26; sin ¢ + Sg sin? Ok sin? 6; sin 2¢]

FL, Ars and Sj are combinations of polarization amplitudes and depend on
Wilson coefficients ( C!), C{’, C\) ) and form factors. .

Optimized observables, where form g+ _ S; |
factors cancel at leading order: >~ JF,(1-F)
Julian Garcia Pardinas (UZH) Search for NP in heavy-hadron decays La Thuile 2019 7
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https://link.springer.com/article/10.1007/JHEP05(2013)137

Measurements

L L L

e LHCbdata o ATLAS data

= Belledata © CMS data
71 SM from DHMV
/) SM from ASZB

|
o
W
[rrrrprrrt

——
g2 [GeV?/c4]

JHEP 02 (2016) 104 (LHCb) || PRL 118 (2017) 111801 (Belle)
JHEP 10 (2018) 047 (ATLAS) || PLB 781 (2018) 517541 (CMS)

Local SM tension of 2.8 and 3.0 o
Global (LHCb only) — 3.4 o

Other recent studies of B decays

CcMs

04|

Angular analysis of

BT - K*u*u-, 20.5 fb-
(CMS, 2018): results
consistent with the SM.

PRD 98 (2018) 112011 (CMS) af |

02|

_|_—+— s sk

20.5 b (8 TeV) s EMS 20.5fb™" (8 TeV)
4 Data 4 Data
— DHMV

=4
wn
IIIIIIIIIIIIIIII

20 0 5 10 15
72 (GeV?)

10 5
¢* (GeV?)
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https://link.springer.com/article/10.1007/JHEP02(2016)104
https://link.springer.com/article/10.1007/JHEP10(2018)047
https://www.sciencedirect.com/science/article/pii/S0370269318303149?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112011

]
Angular analysis of A} — Au*u~

ﬁum +1/2 Run2 (5 fb'!) = 600 candidatg
* High g2 region [15-20] GeV?2.
* Decay rate as a function of 5 angles and q2.

* First measurement of the full set of angular
observables, determined with the
method of moments.

P#Pr 3 & .
ag 3272 D Kifi(@) J

Adapted from PRD97(2018)072010

—

1so-

LHCb j Observables combined afterwards to construct

_ I i .
- ﬁil: - asymmetries:
100_— - |
i N —— ] 3
05

Entries / (0.25)

I i Afg = SK3 = -0.39£0.04 £0.01 o Compatible |
501 - 2 / .

i 1 with SM |

Ahp = Ky + 55 = —0.3040.05 +0.02

0 05 1 Affyy = K6 = +02520.04 £0.01 %= 2.6 0 from SM

cos 91
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https://link.springer.com/article/10.1007/JHEP09(2018)146

e &

Angular and CP asymmetries in D’ - h*hu*u~

(Rum + 1/2 Run2 (5 fb-1). \

* Two decays studied: DO—= -ty and DO— K+K-ptpe.

* c—uptu transitions, highly suppressed in the SM.
[PRD 83: 114006 (2011)]

* Measure FB, triple-product and CP asymmetries.

@ymmetries measured via fits to M(h+h-u+u-). J

N S — B e

=~ [ 7 o)

< . LHCb | = . LHCb ; App(D° = ntr—ptp~) = ( 3.3+£3.7+0.6)%,
i ] B ] Agy(D° — ntr~ptp™) = (—0.6 £ 3.7+ 0.6)%,
2 ] 0.2 ] Acp(D° — ntnptp) = ( 4.9+3.8+0.7)%,
- 4‘”}*@ _____________ - N: i ] App(D° — KYK—ptp) = (0 £ 11 + 2)%,
: ] i —T— Agy(D° — KYK—ptp~) = (9 £ 11+ 1)%, |
02 ] Acp(D® = KTK—ptp~) = (04+ 114+ 2)%,
—0-4:’ D'— mtaptus 7 —0-4:’ D°— K*K utu- 7 T !
S0.61 e e 0.6l e Consistent with zero
m(u*u) [MeV/c?] m(utu) [MeV/c?] and with the SM.

Additionally, asymmetries determined in bins of g2. = Also consistent with SM.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.091801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.83.114006
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Lepton-flavour-universality tests

The SM is lepton universal: electroweak couplings are the same for e/p/t.
This can be different if NP is present.

Ratios of branching fractions represent clean tests of LFU.
*  SM prediction:

Ry =

B(B — K utu) EPJ 076(2016)_82440 taking the ratio cancels
e 1+£0(1077) most uncertainties in
B(B — KeteT) hadronic transitions

ECAL

Magnet

LHCb is much better at muons than at electrons.

- Less efficient trigger for electrons.
- Bremsstrahlung strongly affects the resolution. “p
- Partial energy recovery adding photons. ©

*  Experimentally measured as double ratio:

s - BB KOt B ktee) [ peselne
o B(B = K& J/p(~ M+ B( B = KO J/p(= eter)) gancel out
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Measurements

PRL 113,151601 (2014), LHCb JHEP 08 (2017) 055, LHCb

-o-LHCb -—m-BaBar —a—Belle

M 2 — T r Tt [ r T r T [ T T T T

T T T T [T 7
R~ C ] 2 -
i LHCb 1 é 1.0 Ty n
1.5 i ] EII#:Q:

0.8 I .

1 SM i 06 ® LHCH

l ] 5 A BIP

i ] 0.4 v CDHMV
0.5F — C H EOS ]
C ] 0.2+ v.io 7]
I - LHCh § favied
0— PRI S T N T SR SR SR RS S S S NS SR S T N T 0.0 Lo v v by b b b Ly 1]
0 5 10 15 20 0 1 2 3 4 5 6
q* [GeV?/ct] ¢ [GeV2/c]

PRD 86, 032013 (2012), BaBar
PRL 103, 171801 (2009), Belle

0.667041 £0.03 for 0.045 < g% < 1.1 GeV?

R(K) = 0.745 5520 +0.036 Ry =
() —0.074 7069701 £0.05 for1l < g2 < 6.0 GeV?

2.6 ¢ tension with the SM 2.1 (2.4) o tension with the SM

Julian Garcia Pardinas (UZH) Search for NP in heavy-hadron decays La Thuile 2019
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https://link.springer.com/article/10.1007/JHEP08(2017)055
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.032012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.171801
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LFU in semileptonic decays

- Tree-level decays in the SM. q > q
- Very large data samples. By D
- Theoretically very clean. b < < c
- p/T deviations observed by three wt N ’
experiments (LHCb, Belle, BaBar). T
VT
R(H ) L B(Hb—>HCTI/7-) Hyp :BoaB(-l;)aAngg“'
¢ B(Ho—Hepv,,) H, = D*, D%, D+ Dy, AL, J/v...

—

LHCDb: Difficult decay reconstruction due to missing neutrinos.
Rest-frame approximation:

g
Bs =B pry = (P ) = m(D—*‘u)(pz ) i

18% resolution on the B momentum. ||
Components separated in multi-dimensional fits (g2, missing mass, muon energy ...).
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LHCb measurements of R(D%)

Two complementary measurements with different methods and systematic uncertainties.

x 103
Muonic R(D*) o LHcy
_ o S
T o p vy, “
—— Data ~
I B - D*tv §
- B B 5 D*H, (> VX)X =
Rp- = 0.336 + 0.027 + 0.030 5D :
2.10 above the SM _— b
Misidentified p =~ OERRER e
q? (GeV/c?)
Hadronic R(D*) External T i
branching  , paa T 2000 =
—_ —_ — . O o i
v = atn (a0 ratios o pimedel e F : E
l D**ty Z . e .
D*Ds X 2 1000 = =
D*D+ X = C =
Rp- = 0.286 +0.019 £ 0.025 £ 0.021 ™ parx 2 swb
@ D*DO0X g 2
1o above the SM B comb. bkg. 00 5 10
¢ [GeV¥cH
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802

& —

‘ World average for R(D")
% F ' BuBar. PRLI0O 10I1802I(201I2) L

0B§3%a+r (? (2)134 ?(% 018 | : - ) 05 - Belle, PRD92,072014(2015) Ay’ =10 contours En

Toe e : : Y, - LHCb, PRL115,111803(2015) . .
Belle had. tag E - 045 — Belle, PRD94,072007(2016) e== Average of SMpredictions |
0.293+0.038 £0.015 i o "™~ E ——— Belle, PRL118211801(2017) R(D) = 0.299 + 0.003 .
Belle sl.tag : : - ——— LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005 -
0.302 £0.030 £0.011 : : 04 [~ [ Average ] ‘\
Belle hadronic tau R N 3
0270 +0.035 + 0.027 I ; - .
LHCb muonic tau 035 .-~ 4o -
0336 +0.027 +0.030 ! E o - l : ]
LHCb hadronic tau : : - |- - .
0.291+0.019 +0.029 : — 03 [ =
Average f C I ]
0.306 +0.013 +0.007 | I — 025 .
SM Pred. average : : L HFLAY @
0.258 +0.005 —+ : - S
PRD 95 (2017) 115008 = 5 02 P(x%) = 714% —]
0.257 i 0,003 +: E I L L L L I L L L L I L L L L I L L L L I
JHEP 1711 (2017) 061 : 0.2 0.3 04 0.5 0.6
0.260 + 0.008 | B | R(D)
JHEP 1712 (2017) 060 :
0.257 £0.005 | g

HFLAV | | Tension with SM prediction:
| ’
| | | | EI | | i | | |

2 . :
0 0.3 RO 2.30in R(D)
. *
3.00in R(D%)
3.80 combined
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Measurement of R(J/y)

W
S
(=]
S

Similar decay, change of spectator quark
(c instead of u or d):

r _ BB JppTr)
W= B(Be = Jhp u)
h :;_(z_.....:III:::'"Z:III::I""I:I:I::II....I:I::IIZ::

m? . [GeV?/c*

1000

Candidates / (0.6 GeV?/c*)
s
s

I—JS

Form factors not constrained from B factories.
R% € [0.25,0.28]

r_ PRL 120,121801 (2018), LHCb _\
{ | LHC

‘ b analysis:
- T — uvy
0.5 1 1.5
- J/’(p — /“’L/’L decay time [ps]
Mis-ID bkg. B /v +u comb. bkg.
[ J/p comb. bkg. B 5 —JyH!
K ~ 20 above SM j BY — x (IP)I'v, [ B! — y(2S)"v,
B B —JyTtv,
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.121801
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The very-rare-decay B, — n"u
Loop and helicity suppressed. Theoretically ("\
L

very clean. Only C1o contributes in the SM. HCb & CMS: Run 1 dataset
— Observation of B - u*u~ (6.2 0)

Results compatible with the SM. — Bvidence for B® > p*u~ (800)

CMS and LHCb (LHC run 1)
T

0.9 /AN B B N LN B B ) B E
(— arXiv:1812.03017 (2018) (ATLAS) —\ 0sf- E
0.7 =
26.3 fb-! from Run I, combined with Run I. S osE E
L T OSE E
4.60 significance for the Bs decay. Sk E
TUYE
I r L L L I B L R T 03F
2 12 arLas —— 2015-2016 data E 02 E
":: 1= i 01F =
+:L C Run 1 + 2015-2016 data ] 0Bl N L
0.8 - 0 0
1 C T Likelihood contours for b BB2— utu) (1079
@ 06 . h -2 Aln(L) =2.3,6.2,11.8 = \ o J
R . (— PRL 118,191801 (2017) (LHCb) —\
0.4 ' PRI ]
02f ¥ | = LHCb 3+1.4 fo! run I+l
of B ] — First single experiment observation
. 25 b o * 7.90 significance BY, - utu~
I — 7 ~ Effective lifetime of BY, — utu~

k B(BY — u+ u) [10—U K 7(BY — putu~) = 2.04 +0.44 £ 0.05 ps J
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https://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801
https://arxiv.org/abs/1812.03017

Search for B™ — " u~u'y,

Highly-suppressed decay, BR « | V,, |- arXiv:1812.06004 (2018) LHCb

LHCDb analysis:
* Run1+2016: 4.7 fb-
* Reconstruct B meson using

. — 2 2
corrected mass: mg,,, = \/mj, + pF + p;

* Veto J/Y and Y(2S), and require

160
140
120
100

80

—— Total Fit
LHCb —+— Data
+ 2011-16 Combinatorial
[ Misidentified
\ ‘{' Partially reconstructed
------- Prediction from
PAN (2018) 81:347

Candidates / (50 MeV/c?)

60
min(q(ut, 1)) < 960 MeV/c? 2 i
* Normalise to Bt — J/y( = utu)K* 20 X
(yield from invariant-mass fit). oo 5000 6000 7000

M. [MeV/c?]

No signal is seen. Set upper limit of 1.6 x 10-8 at 95% CL. [PAN (2018) 81:347]
In tension with the prediction of BR = 1.3 x 10-7, based on the vector-dominance model.

Julian Garcia Pardinas (UZH) Search for NP in heavy-hadron decays La Thuile 2019 18



https://arxiv.org/abs/1812.06004
https://link.springer.com/article/10.1134/S1063778818030092
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Combined explanation for rare decays
™~

@ talks from Javier Virto and Javier Fuentes@

\\\\
S
\

NP
10y
o
J
mooa| koo e o e o //...44._
C’,
N
O
o
23
}
Re CY
6Cko
o —
\ \\
\
SN

&) SM-
- —SM
B N ot IO S SR e
. —05 g —— LFU observables -1 BS = HH
-2rMatiasetal;| - N e . — - z;; sup global fit i Grinstein et|al,
3 JHEP 1801 (2018) 093 1 —107 flavio w21 ——=all, fivefold non-FF hadr. uncert. PRD 96(2017) 093006
—|3 -2 -1 0 1 2 3 20 -15 -10 -05 00 05 10 L5 _3—4 3 -2 -1 0 1 2 3
Re C¥ 5Ch

Coyy
The pattern of deviations is consistent with a shift of Wilson coefficients
Co and C1o, which deviate from the SM values by around 5¢.

Independent fits made by many groups favor 4Cg = -1 or ACg = -4C1o.
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Near-term prospects

LHCb
ﬂare decays: \
- Run 2 R(K) (coming very soon!)

- Run 2 R(K*) ' } 1.5 - 1.8 improved precision
- New ratios: R(Knrr), R(¢), R(pK), .
- Updated BO9—K™Ou+u- angular anaIyS|s

- Radiative decays: mixing-induced CP violation in B0 — ¢y (coming soon!)
- Studies of LFV in beauty- and charm-hadron decays

Semileptonic decays:

- New ratios (muonic-7): R(D°), R(D+), R(Ac), R(Ds), ...
k Hadronic-t versions: R(D), R(D*), R(A¢), ... J

CMS

| Rare decays:
- Fit of the full angular distribution of BO—=K*u+u-, including S-wave
- R(K) and R(K*)

Julian Garcia Pardinas (UZH) Search for NP in heavy-hadron decays La Thuile 2019 20




Conclusions

Very interesting set of deviations in the B system.
- Rare decays (b—sll transitions)
- Semileptonic decays (b—clv transitions)

e

No significant deviation from a single measurement, but the combination points
to a coherent pattern.

X

Some analyses using part of Run2 data presented, but many more to come.
- The increased precision can turn hints into strong evidences.

Some long-term prospects

Charge-current decays in LHCb: move from the measurement of integrated R
ratios to the study of angular distributions.

* Belle Il and upgraded LHCb: perform very precise measurements of the
relevant observables.
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Angular and CP asymmetries in D’ - h*hu*u~

Asymmetries as a function of g2
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The very-rare-decay B! — "y~

Loop and helicity suppressed. Theoretically very clean. Only C1o contributes in the SM.

SM prediction [5ri%1% 151861 (2014)
B(BY— ptpu~) = (3.65+£0.23) x 1079
B(B°— utp™) = (1.06 + 0.09) x 10~19

Results compatible with the SM.

New result from ATLAS.

26.3 fb-1 from Run II:

BB — ptp~) = (3.2711) x 107°
BB - utu~) <43 x10710
Combination with Run I:

BB — ptp~) = (2.8798) x 107
(4.60 significance for this decay)
k@(BO S utuT) <2.1x1071°

arXiv:1812.03017 (2018) (ATLAS) —\

J

f Nature 522,68-72 (2015) (LHCb+CMS) -\

LHCb & CMS: Run 1 dataset
— Observation of B - utu~ (6.2 o)
— Evidence for B® - utu~ (3.00)

BB — ptp) = (2.8%57) x 107°

B(B® = ptp™) = (3.0119) x 1071°

\_ J

PRL 118,191801 (2017) (LHCb) —\

LHCb 3+1.4 fo ! run I+l
— First single experiment observation
* 7.90 significance By — u*u”
BB > putu)= 3.0+ O.6f8_'23) x 107
BB’ ptu) <3.4x1071°

~ Effective lifetime of By —» u*u~

\_

7(B® > uty~) = 2.04 £ 0.44 £ 0.05 py
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https://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801
https://arxiv.org/abs/1812.03017

s —

Invariant-mass plots in four BDT bins.
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Long-term prospects

Journal of Physics G, 46, 2 (2018)]
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https://iopscience.iop.org/article/10.1088/1361-6471/aaf5de/meta

