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Flavour physics and lepton universality

* Flavour physics is the study of the ditferent generations of fermions.
* |nthe SM these different generations interact in a very specific way.

* The generations of quarks interact via the CKM matrix

L/

q s
qu’

q’ v

* The generations of the charged leptons are identical copies of
each other with regards to their electroweak couplings.
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|_epton universality

e (Of course, one could say that we have already seen violation of
lepton universality.
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e Differences due to masses can be large.

B(Z—-ete )=BZ->utu)=B(Z->1t"17)

B((2S) »ete™) =BW(2S) » utu™) = By (2S) » 171t7)/0.3885

We have searched for violations of lepton universality in various systems (Z,
W, m decays ..), no evidence so far*.

* Apart from a small tension in W decays (e.g. https://arxiv.org/abs/1603.03779)
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https://arxiv.org/abs/1603.03779

Why look In B decays

* It one assumes O(1) couplings, can get large NP
contributions to mixing diagrams.

s g d
= W = * Unfortunately, no deviations from SM
) predictions have been observed —>
K w et K very stringent limits on the energy
- scale of NP.
—L - >

tree/strong + generic flavor

-1 > A2 2x10*TeV [K]

S
Need hierarchal flavour %: ey ooptEemeiolar 0 TeV [k

structure in order to Vv s agment
satisty naturalness tha R

w212y 100p+ “alignment”
problem. ~ (¥, Vyg'Vy)2/(16n?) 2 T, A2 0.5 TeV [K & B]

B-physics becomes most powerful in this case.
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AN example

« (Considerthe decay B — Tv

 Mediated by a W boson coupling to third
generation fermions at both vertices. b T

- 4 - - U4

« Highly sensitive to a charged Higgs B
boson.

< |
< |

* |n which case, expect violation of lepton
universality for decays involving a r or

muon

e (Can naturally explain why we wouldn't have
seen it before in e.g. kaon decays.

« Canfind it even if mass > LHC energy.
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Why semi-leptonic decays”?

* A decay is semi-leptonic it its products are part leptons
and part hadrons.

1%
‘ I
d—(B — Dlv)
dq?
w | .
rJJ Gr|Ver|*f(q°)
b S C I I

B . . D /D EW  QCD

* These decays can be factorised into the weak and strong parts,
greatly simplitying theoretical calculations.

* Lepton universality ratios further cancel theoretical uncertainties.
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Types of semi-leptonic decay

Two types of semi-leptonic B decay

Charged current

v

b >

B D /D’
q

Can proceed via tree level -large O(%)
branching fractions.

NP sensitivity up to about 1 TeV

Patrick Owen

Neutral current

d d
>
W
BO ///’—‘\\\\ K *0
/
\
/
/ u,c,t \\
b <+l —-= - - 3
v, 2°

Forbidden at tree level - low O(10-6)
branching fractions.

NP sensitivity up to about 100 TeV
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R(D™)
e Large rate of charged current decays allow for measurement
IN semi-tauonic decays.

B(B — D™ ry) « Form ratio of decays with different

() lepton generations.
B(B — D"tv) * Cancel QCD/expt uncertainties.

R(D™) =

e R(D¥) sensitive to any physics model favouring 3rd generation
leptons (e.g. charged Higgs).
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Who has made measurements

* Three experiments have made measurements

BaBar Belle LHCb
#B’s produced | O(400M) O(700M) O(800B)*
Product.ion Y(4S) — BB | T(4S) — BB pp — gg — bb
mechanism
Phys.Rev.D 92,
. . Phys.Rev.Lett 109, 072014 (2015) Phys.Rev.Lett. 115,
Publications 101802 (2012) 111803 (2015)

Phys. Rev. D 94,
072007 (2016)

arXiv:1612.00529

Phys. Rev. D 88,
072012 (2013)

* during run 1 of the LHC10
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Experimental challenges

* Three neutrinos in the final state (using 7 — uvv).

 No sharp peak to fit in any distribution.

* At B-factories, can control this tag side  signal side
using ‘tagging’ technique. t, 48 /

Btag 51g ‘

t
4 U

* More difficult at LHCb, compensate
using large boost (flight information)
and huge B production.
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Signal fits

* Three main backgrounds:

B — D*/v
B — D**{v
B % D*DX —— Data
BN B - D'wv
Belle [2] B 5 D"H( X)X
E’ 255- B— D*tv I_HCb [ ] - go?ng:;\t/oric
. EH B% D*l isidentifie
BaBar [1] 20 other BGV R R EEP <1260GeV2'/\: - th;Cb_;
60| Dty k\\“ | D*Tv 155_HH 1’ I B— D**]v g 30002— —
i '\ Ny D™ fv ; S 2000 =
401 x B D**4/T)v | 10k 3 £ :
i \+H _ _ : _[_ ﬂ-‘]- + 5 1000
20 — | 5k E ;
‘ 3 O v S T
- )\L h - ﬂﬂ'{ Hh . } i e e e
0

1 2 3 4 5 6 7 8 _2 ............(I.)...........é........q..A.II-...............6|......... =t I-.........lO
M. (GeVZ/c?) - (GeVich)

 Fit variables which discriminate between muon and tauonic mode.

1] Phys. Rev. D 88, 072012 (2013)
2] Phys.Rev.D 92, 072014 (2015)

(3] Phys.Rev.Lett.115, 111803 (2015)
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| atest result from Belle

arXiv:1612.00529, submitted to PRL

* First result to use hadronic 7 — wr decays.
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Also first measurement to measure T
polarisation.
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Combination

e All experiments see an excess of signal w.r.t. SM prediction.

% Rl IBBI PIRL1I()9 12)180I2(20I12) N _
- aBar, , 2 -
S - Belle, PRD92,072014(2015) Ay = 1.0 contours .
s 045 LHCb, PRL115,111803(2015) === SM Predictions —
_ Belle, PRD94,072007(2016) R(D)=0.300(8) HPQCD (2015) -
N Belle, arXiv:1612.00529 R(D)=0.299(11) ENAL/MILC (2015) | . *
04 — [ ] Average R(D*)=0.252(3) S. Fajfer et al. (2012) ] HOI’IZOﬂta| baﬂdS I’efel’ tO R(D ),
- peemen I T e _ " *
F T 1 ellipses refer to both R(D*,D)
035 T =
03 o\ ; RS,
osf = T | o
- A T Moriond EW 2017 ==
_ /1 : | P(x%) = 67.4% ]
2

0.%

T 4\ PR T T R T TR S
0.3 0.4 0.5 0.6
R(D)

QCD uncertainties very small - unlikely to be explanation.

Latest HFAG average [1] quotes 3.90 from SM prediction

[1] hitp://www.slac.stanford. xorg/ht mi
winteri16/winter1 nu.html
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Remarks

 Because this measurement is so difficult, it has received a tairly
healthy level of scepticism by the theory community.

* People are worried about backgrounds from B — D**/v decays
where the charm spectrum is not so well measured.

* This is unlikely to be the issue:

BF(D'17,) + BF(D" 'l ¥,) —e—

* Rely on data for control of background.

(*)

BF(D'17,) + BE(D"'nl¥)) + BE(D" 'nnl 7))

——

* B-factories/LHCb have very different
background levels Inclusive BF(X [V) o~

v v v b by by b by b Py aas
6.5 7 75 8 85 9 95 10 105 11 11.5
Branching fraction (%)
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Constraining models

Phys. Rev. D88, 072012(013) The central values of R(D*) and R(D)
cannot be explained by 2HDM type Il.

x?/ndf=35.1/19,p=1.4%

30
S |
Q
T |
‘_.20—
S |
510-—
. . 1 o[
tanf/my+ (GeV™1)
ol " Phys.Rev.D 92,
 (Can also compare kinematic T T T 072014 (2015)
. . . 0.0 0.5 1.0 1.5 2.0
distributions to narrow down model b [GeV/c]
pOSSibiIitieS. (c)R2 type leptoquark model with

Cr = +0.36.

Difficult in general to explain with a scalar particle, constraints from B¢ disfavour
this (arXiv:1611.06676).
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BB — K®putpu)
B(B — K®ete™)

R g+

Plots liberally borrowed from Simone Bifani’s recent CERN seminar: https://indico.cern.ch/event/
580620/
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B — K&y

» The decay B — K ¢¢ is a semileptonic b—s>s transition.

=

- [T

b u, C,t

* Q2 IS the four-momentum
transterred to the di-leptons.
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JHEP 11 (2016) 047, JHEP 04 (2017) 142

* The branching fraction of the muonic mode has been well measured
and is slightly below the SM prediction.

Patrick Owen
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I g (#)

* Here take ratio of light leptons,

B(B— K" ptpu™)
B(B — K®ete™)

Ry =

* Muon and electron masses small compared to b-quark.
e Rkis essentially unity in SM, with no uncertainty.

» QED effects can be large but this is accounted for in the
measurements.

Patrick Owen 19 Benasque workshop



Measurement at LHCDb

L HCb-PAPER-2017-013, arXiv:1705.05802
 Most precise measurements of Ry« from LHCD.

 Results use run 1 data - 3fb-1 of luminosity.

» Measure the double ratio with the resonant mode B — K™ (J /¢ — ¢1¢7)

RK*O —_—

B(B°— K*u*tu™) B(B’— K*%ete)
B(B°— K*Jfip (= ptp~)) /B(B°—> K*0Jih(— eteT))

e Use normalisation channel to correct simulation and signal mass shapes.

 Fit B mass in low and central g2 regions:

low’ region ‘central’ region
0.045 < ¢* < 1.1GeV*?/c* 1.1 < ¢° < 6.0GeV*?/c*
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Bremsstranlung issues

ECAL
 Electrons more difficult than muons due to i &
bremsstrahlung. e
Upstream T - Downstream
brem == brem

e (et background from the J/P and (2S) leaking

Into signal region. Air E,
LHCb-PAPER-2017-013
:& ?g LHCb Prelimin : -
% 16 e 2} s 3 = 1
S 12 f oy ::"'_ - o = = E ]
| () R el il P, ol
8 2 ' 10
6 n
4
4500 5000 5500 6000 6000
L HCb-PAPER-2017-013 m(K " utu) [MeV/c?] m(K*me*e”) [MeV/c?]

arXiv:1705.05802
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Bremsstranlung issues

HCAL

o Easier to confuse signal with ‘partially reconstructed’
background.

.-
-
-
-

.
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

- e
- ——
- —
- ——

K,(1270)

LHCb-PAPER-2017-013, arXiv:1705.05802

jz LHCb jz * LHCb.
------ Signal ====== Signal
%0 " Combinatorial 25 " Combinatorial
50 0 B—X(—=YK Vete
40 W B"—K"J Iy (—e'e)

15

30

1.1<¢’<6.0 [GeV?*/c*]

1.1<¢’<6.0 [GeV?/c*] 10

20

9,1

10

Candidates per 34 MeV/c?
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5 5
T U T S S S O S $ —= P O S e S S G S E
5 Pttt S L AT B o ettt
-5 . . . _ -5 ) . . —
5200 5400 5600 5800 4500 5000 5500 6000
m(K*m-u*tu-) [MeV/c?] m(K*me*e”) [MeV/c?]
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Correcting for efficiency

 The double ratio means that only efticiency differences due to
kinematics can aftect the result.

e Simulation is also corrected for using control samples.

* |f these corrections are not used, the result only changes
by 5%.

e Split data depending on how event was
triggered.

* |Important for cross-checks.
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C rO S S — C h e C KS LHCb-PAPER-2017-013

 Most powerful cross-check for efficiency, measure single ratio
for the J/ modes.

BB = K (= ptum))
P = B(B°— K*Jh)(— ete™))

— 1.043 £ 0.006 (stat) £ 0.045 (syst)

Other cross-checks include other double ratios who's precision is known.

o _ B(B"= K*y(25)(= H+M_))/B(BO—> K74 (25)(= e”e”))
Y(2S) — B(BO—> K*OJ/¢ (_> 'u+'u—)) B(BO—> K*OJ/w (_) e+6_))

B(B°— K*y(— ete))
B(B°— K*Jh)(— eTe™))

Ty =

Both of which are found to be compatible with expectations.
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Cross-checks (|

 Compare bremsstrahlung/trigger categories between data and
simulation.

— 60 I I I I I I — 80 I I I I T T
§ N LHCb Preliminary 7 § LHCb Preliminary E
9 50 - B 5 o Kyeo) Daw) ] n 70 B 5’ - Ky (Data) _:
E - B’ K J/y(ee) (Simulation) E 0 B’ - K™ (Simulation[]
> 40 = - 1 not possible to 3
3 - 1 = 50 assign
= - biguously 1
L — ] - unam 3
S 30F [ S 40 one photon to a 2
5 [ D 30 track due to 3
8 20 1 8 very small -
s [ = 20 opening angle —
10 o between 5
E 10 electrons S
0 | | | | | | ] 0 l l .

LOE LOH LOI LOE LOH [LOI LOE LOH LOI LOE LOH LOI LOE LOH LOI LOE ©LOH LoOI
Oy ly 2y Oy ly 2y
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Cross-checks

e Also compare kinematic distributions of signal peak between data/
simulation.

Fraction of candidates [%]

Fraction of candidates [%]

0.5

04

0.3

02

0.1

T T T
LHCb
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Data Simulation
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Cross-checks (V)

 What about the signal yield?

60t LHCb | || (a)

LHCb
0k A e Signal : :
25 Combinatorial 50F + B+ﬁ K+7T+7T-,Ll+u_
B—X(—YK *)e*e
B’ =K J/y(—e'e) 40F THIE

1.1<¢*<6.0 [GeV?/c*]

Candidates per 34 MeV/c?

Candidates per 35 MeV/c?

| )y
5
=HRRRT T e I b 4 20¢ ++ +
Q:; 0 hﬁ*#ﬁ”#t ++++ 444414 LA ] 10¢ + ﬁ +++ +++++ +‘+*+ +
5k . , ; E ] ] | ] | | ] ] l 1 ﬁ|“i ]
4%00 5000 5500 o 6000 0 1000 1500 2000 2500
m(K*m-e*e) [MeV/c?] b4 - 3
JHEP 10 (2014) 064 m(K " z*r") [MeV/c?]

« Part. reco background controlled in two ways:
* Using B— K*(J/¢Y —eTe)
« UsingB — Kamptp~
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Cross-checks (V)

* What about modelling of signal yield?

U 8000 - =
Ny = LHCDb Preliminary =
> 7000 E- . =
é) = 2 Signal =
< 6000 =3 Combinatorial =
5000 3 Bl A, —pKJ/ y =
8. 4000 - W B, KUy -
& 3000 - =
< = =
S 2000 =
S E =
S 1000 E- =
@) = -
3 b E
= ettt bttt 15302 TS AANPUI E
= 0F + ¥+ +3 W
a¥ . :
skt Ty ++. ++ + +. E
4500 5000 5500 6000

m(K ee) [MeV/c?]
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Results

e Take ratio of signal yields and correct for efficiency to get Ry .

LHCb Preliminary low-g? central-g>
Ry = 0.7457005, (stat) 4= 0.036 (syst) ‘ ‘
: Roiceo 0.660 * 9119 4+ 0.024 | 0.685 * $543 +0.047
—— [ HCb —®BaBar —Belle
M 2 L ' ' ' ' l ' ' ) ' I ) ' ' ' I ' ' ) l ' - 1-2 I I I I | IIIIIIIIIIIIIIIIIIII |
= [ LHCb : = f HCb-PAPER-2017-013
L - < 1.0 o D G ]
1.5 I - & e ]
[ i 0.8 F I .
]“:” SM 1 0.6 F } -
[ I ] X ® LHChH ]
05 - LHCb: Phys. Rev. Lett. 113, 151601 (2014) — 04 N B SM from CDHMV ]
[ BaBar: Phys. Rev. D 86,032012 (2012) i N SM from EOS
B . 0.2 ¥V SM from flav.io 7]
B II Ph R L 103171801 2009 [ .. i
ol 0 ele. yS oV ett : ,( ) 7 - LHCDb Preliminary & SM from JC ]
0 5 10 15 20 OO I T B A A B S B A A B S
qz [GBVEKC“] 0 1 2 3 4 5) 6

 LHCDb results are 2.6 (Rk), 2.4 and 2.20 from the SM predictions and
all in the same direction.
* Error dominated by the statistical uncertainty.
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Remarks |

e All of the muonic b—>sll branching fractions tend to be below the SM
pred|ct|on. See Fernando’s talk for more details.

* |t NP doesn’t couple (strongly) to first generation, one would naively
expect Rk to be less than unity.

FNAL/MILC, Phys. Rev. D 93, 034005 (2016)
807

, , , , 6 JHEP 02 (2016) 104
s Form factors + CKM + Others mmm=m JHEP 09 179 (2019) NH()_15>(1.0. —————————————
v I Form factors only g T ———— 7 T = > -
S 0.6 LHCb14 (B7) —e % 9§ LHCb § & LHCb
S 05 L LHCb14 (B%) —— S 8E 4 ¥
= Babarl2 ———— 3 7F SMpred 3 O, 0 1+ -
% 04 L—4— CDFll —— i oloo 6 E_ “*Data - N@
~ eyl A l Belle09 ——— = E 2
'+ 03 11 ] T v °F ‘I‘ —’— I_ S ]
;102-‘ %I ST Qe % ;E —*— 0.05F e —4— —}—_}__
N eliag ij e T E - [+ —+]
0.1 F 1 ’ — ' T E E
—T = =
= iy v(@s) + BN s N I
1 1 1 1 1 A — 0- llllllllllllllllll =
= A 5 10 15 0 5 10 15
0 5 10 15 20 25 o
¢*(GeV)? q* [GeV?/c?] g2 [GeV?¥ 4]

* |ts not particularly significant, but at least things are consistent.
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Remarks |

 We are also seeing something strange in the angular distribution
of the muonic decay, B — K" upu. See Fernando’s talk for more detalils.

JHEP 02 (2016) 104

aﬂ v 1 B T T T | | |
L i\ SM from DHMV )
0.5 ® LHCb Run 1 analysis —
- + 0 Belle arXiv:1604.04042 7
0 —1—
l

_ e
0 5 10 15

g* [GeV?/c*]

* The global significance here is about 3.5, although now the theoretical
uncertainty is not negligible.

I
\/
——

-
N
| | | | | | | | |
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Remarks Il

« Global fits suggest a mostly vector like contribution is destructively
interfering with muonic amplitude can cause such a discrepancy.

e This matches with low BFs and angular analysis of K*up.

Altmannshofer et al. arXiv:1704.05435v1

10 n r J 10 .
0.9 - 0.9 -
0.8 1 SM 0.8 1 SM
k Cl = —1.6 L Cl = —1.6
~ CS = +1.6 g C¢ = +1.6
0.7 i ==t 0.7 — Clea
e 0%y =—1.3 e Oy =—13
0-61 Ol = —Cly = —0.7 0.6 1 M=t =07
e OS=—C5 =07 e OS5 =—C5 =07
0.5 1 4 LHCb 0.5 1 <4 LHCb
0 5 10 15 20 00 25 50 75 100 125 150 175
q* [GeV?] q* [GeV?]
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Remarks |V

e |f we assume NP is heavy, its hard to accommodate the shitt
in the first g2 bin.

12"+ 77 d d
- i i >
§ 1.0 e e oo N W-
(W -+ i -
0.8 B ] BO // \\ K 0
B i / \
1 : : SN
0.6 |- . / T \
i i 3 | ~
i ® LHCh i b - - - - s
0.4 B SM from CDHMV ]
i SM from EOS ] Y, ZO
0.2 - o Vv SM from flav.io 7]
. LHCb Preliminary ¢ SM from JC ] n e
OO I T B R B i B R A R B
0 1 2 3 4 5 6

nt e+

« Atlow g2, the decay amplitude is dominated by the photon
diagram - must be lepton universal!

* There are models which get around this with light mediators (see
e.g. Sala, Straub, arXiv:1704.06188).
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Summary and outlook

* TJests of lepton universality are excellent ways of looking for new
physics.

* |In B decays, one is naturally sensitive to models coupling more
strongly to the 2nd or 3rd generations.

* We have two anomalies in both tree- and loop-level semileptonic B
decays.

——]1HCb —®BaBar —Belle

T T I T T T T I T T T T I T T T T - 2
BaBar, PRL109,101802(2012) 2 i YA | r | | L i 1.2 LI S S B s B B N S B B B B B B I B S |
- Belle, PRD92,072014(2015) Ax” = 1.0 contours . S i i
045 [~ ——— LHCOPRLISIIISOSQ01S) oy SM Prcictions = - LHCb N e g
B Belle, PRD94.072007(2016) R(D)=0.300(8) HPQCD (2015) 15 - h o L. L,
B Belle, arXiv:1612.00529 R(D)=0.299(11) ENAL/MILC (2015)  } ~L . | B
0.4~ [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) ] B | 08| |
035 1P M 0.6 - ]
: S — . [ ® LiCh ]
03F [ 1 04r B SM from CDHMV
" 0.5 =] r SM from EOS
025 C [ ] 0.2 N LHCH Prelim VvV SM from flav.io 7]
r C reliminar
= Moriond EW 2017 | L Y ¢ SMf JC
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Summary and outlook

* Updates from LHCb are coming soon so there’s no need to make your
mind up yet.

* All these results are based on run | data, the LHC has already
produced the same number of B hadrons in our detector.

* Expect improved precision on R(D*,D9%) and Rk.
 Measurement of R(D*) with hadronic tau decays expected very soon.

 Can also compare the angular distribution of these decays between
the electronic and muonic versions.

* Next one should be very soon.
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Back-ups
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R(D™) control samples

Anti-isolate signal to enrich particular backgrounds.
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R(D™) 3D fit

3D fit used to discriminate signal from backgrounds
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Good agreement seen everywhere
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K mm decay distribution
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The decay B° — K*¢t 0

« Now we move to a P—>VV decay.

* Rich angular structure.

* Angular analysis desirable because:
o Partially cancel QCD uncertainty.

* Probe the helicity structure of NP, R
PL=\2—

(AGAT —AGAT")
VIAPUALR + A2
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