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TESTS OF LEPTON FLAVOR UNIVERSALITY

« In the SM, electroweak couplings of gauge bosons to leptons are independent
from their flavor => Lepton Flavor Universality

* Observation of sizeable LFU violation would be a clear sign of New Physics

 Many tests performed in the past, comparing decays to different lepton
families, with strongest limits in the EW sector.

Now LHC is allowing a new bunch of LF'U tests to be performed!
(Main topic of this talk)
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OUTLINE

« Lepton universality tests in b->sll

 Lepton universality tests in b->clv
+ Lepton universality test in W->1v

« Conclusion
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LHCb DETECTOR

VErtex LOcator RICH detectors Muon system
o, ~20 um e(K—K) ~ 95 % e(u—u) ~ 97 %
for hIinh-pT tracks for 5 % n—K mis-id for 1-3 % p—n mis-id

interaction

point

Tracking system 3
acceptance \ | Ap/jp=0.4% @5 GeVicto Calorimeters

2<n<5 0.6 % @ 100 GeVic ECAL: 6JE~1%® 10 % | VE (GeV)

Int. J. Mod. Phys. A 30, 1530022 (2015)
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RECONSTRUCTION OF LEPTONS IN LHCD

G, [MeV/ ?]

Muon reconstruction extremely
performant in LHCb:
dedicated muon chambers;
clear trigger signature;

very efficient tracking system.
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- Phys. Rev. Lett. 11 (2013)
LHCb

Leptonic:
« BR(t—> pvv)=17.41+£0.04 %
- BR(t—evv)=17.83 £0.04 %

Hadronic:

« BR(t— 1v) =10.83 £ 0.06 %

« BR(t— m n%) = 25.52 £ 0.09 %

* BRT->mn®nv)=9.30+ 0.1 %

* BR(t->mntmv)=9.3110.06 %

« BR(t->mntmmnlv)=4.62 £ 0.06 %
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EFFECTIVE THEORY APPROACH

H—4GF

[

o == VaVu 2 GO +Ci(w 0w |

left- handed part right - handed part

sunpressed in SM

Operators O;: long-distance effects, non-perturbative
Wilson coefficients C.: short-distance effects, perturbative

|
Photon pole J/(18S) .
(not in B->PlI) | b->ccs
'! </ (tree level)
, $(28)
dI'
dg?
T C,gl) Cgl) C(I) and C1(6)
interference Long distance
contributions from CC
\J above open charm
threshold
4 [m(p))? —3q°
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1 Tree

3 -6, 8 Gluon penguin

7 Photon penguin
=9,10 Electroweak penguin
S Higgs (scalar) penguin
P Pseudoscalar penguin




THE LU TEST R,

9 s Jo2 LBoHE L)
Jgzmew dg

. dq?
- min H = any hadronic system
RH Q?namd odl'(B—~H{' 0 —) ( Y y )
2. . q dq2

 Expected to be 1 in the Standard Model, apart from precisely predictable phase
space effects and helicity-suppressed contributions.

» Theoretical uncertainty at 103, QED effects at % level (arXiv:1605.07633)
« Not affected by QCD effects (ex: charm loops)
« Different ratios provide complementary information:

arXiv:1704.05446
0.6 0.8 1.0 1.2 1.4
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R,. DATASET AFTER PRESELECTION

« In LHCb we use the double ratio of the rare to the J/1y channel to reduce
systematic uncertainities:

B(B°— K¥u*tpu™) B(B?— K*ete™)
B(B®—= K*°Jj (= M*M‘))/B(BO% K*0Jfip(— eteT))

RK*O —

 Allrunl (3fbl)

. Lq 2 hina- arXiv:
Analysis in two g* bins: 1705.05802

- low-g? [0.045, 1.1] GeV?&/c*

-central-g® [1.1, 6] GeV&/c*

Dataset after preselection

arXiv:1705.05802

q? [GeV?/c4

|| IIIIII

10

mK 1t i0) [MeV/c?) ‘ m(K*ere”) [MeV/c?]
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R,. DATASET AFTER PRESELECTION

« In LHCb we use the double ratio of the rare to the J/1y channel to reduce
systematic uncertainities:

B(B°— K*utu™) B(BY— K*%¢te™)
B(B°— K*°J/i (= M*M‘))/B(BO% K*Jfp(— eteT))

RK*O —

 Allrunl (3fbl)

arxXivs

. . . 2 .
Analysis in two g= bins: 1705.05802

- low-g? [0.045, 1.1] GeV~&/c*
-central-g® [1.1, 6] GeV&/c*
Dataset after preselection arXiv:1705.05880=&

10
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m(K ) [MeV/c?] m(K*re*e”) [MeV/c?]
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R,. DATASET AFTER PRESELECTION

« In LHCb we use the double ratio of the rare to the J/1y channel to reduce
systematic uncertainities:

B(B°— K*utu™) B(BY— K*%¢te™)
B(B°— K*°J/i (= M*M‘))/B(BO% K*Jfp(— eteT))

RK*O —

 Allrunl (3fbl)

« Analysis in two g® bins: arXiv:

- low-g? [0.045, 1.1] GeV?&/c*
-central-g® [1.1, 6] GeV&/c*

Partially reconstructed
backgrounds polluting the signal region

Cut to remove Dataset after preselection arXiv:1708.08802
partially reconstructed o oo T 20" T ;
backgrounds 10* r; 18 5 N
() [B) n
R 16 S 16 ,
"/’(25) = 14 b 100 5 45 10?
12 10 12 3
10
6 6
I central ¢? I">4 = 10 418
S e s I : - = = = - Ty - " - 1
49500 5000 5500 6000 | 4500 5000 5500 6000
m(K*mut i) [MeV/e?] m(K* mete”) [MeV/c?]
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R, . YIELDS AFTER FULL SELECTION

Pulls Candidates per 10 MeV/c?

LHCb
...... BO—> K 0 u + u-
I Combinatorial

0.045<¢*<1.1 [GeV¥/ 41

III|IIII|IITrIIII|IIII|IIII|IIII|IIII|IIII|I

Pulls Candidates per 10 MeV/c?2

$d

{

5400 5600
m(K*mu*tu~) [MeV/c?]

Lowqg?:285+ 18

1.1<¢?<6.0 [GeV?/c*]

80 J =
. LHCb E
o 1 BO—> K 0 u + u _g
% [ Combinatorial 3
40 —E
30 =

5600
m(K*m-utu~) [MeV/c?]

Central g : 353 + 21

Pulls Candidates per 10 MeV/c?2

arXiv:1705.05802
xlOz: : |
o LHCb
50 L e B*—=K™J/yp
40 [ ] gombinatorial
B A —K'pJly
30 B BO—K ")y

20

10

5400 3600 3800
m(K*m-u*tu~) [MeV/c?]

J/y region : 274K

Pulls Candidates per 34 MeV/c?2

3 LHCb E
wE b BO—> K *Oe*'e— _:

[ Combinatorial 7
15 B—Xete~ -

10

—
11

0.045<g?<1.1 [GeV¥/c*

bl

5000 5500 6000

m(K*m-ete) [MeV/c?]

Lowqg?:89+11

Pulls Candidates per 34 MeV/c2

. LHCb
304 B K +e-
25 [ Combinatorial
20 B—Xe"em

B B KTy

1.1<¢2<6.0 [GeV?/ ¢4

5500 6000
m(K*m-ete~) [MeV/c?]

Central g% : 111 + 14

4 8000 ' T3
= 7000 LHCb 3
N 3
e Y I - B'—KJy 3
3 6000 I Combinatorial 3
KT
4000 B B—-KIy 3
2 3000 3
5 2000 3
= 3
& 1000 E
L SE T e :
= 0
a9 S e

5000 5500 6000

m(K*m-ete”) [MeV/c?]

J/y region : 58K
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R, . CROSSCHECKS

arXiv:1706.08802
r,,,ratio : compatible with 1 and flat as function of kinematics and

event multiplicity => very stringent test! (not a double ratio)

_ BB = K*Jfp (= pp7))
T BB = K (— ete))

= 1.043 £ 0.006 (stat) 4= 0.045 (syst)

R, ,)and r, ratios : consistent with expectations
n o B(B° = K28)(= pp7)) /BB = K*9(2S)(= e'en))
$(25) = B(B'— K Jkp (5 utp)) B(B'— KO (— ete))
B(B?— K*9y(— ete™))
B(B°— K*Jh)(— ete™))

Ty =

BR(B->K*uu) : in agreement with published LHCD result [arXiv:1606.04731].
No corrections to MC : less than 5% variation on Ryg..
Population of bremsstrahlung categories : congistent between data and MC.

Kinematic distributions : consistent among MC/background subtracted data.
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R, . RESULTS

arXiv:1705.05802
 Measurement statistically dominated. low-¢? central-¢?
* Compatibility with the SM: Rieo | 0.66 7 08 4+0.03 | 0.60 * 04 40.05
- - iati _AR
g- i 22 sza,nga,r g geV}a,E%ons (lowtqa,)l oo 954% CL|  [052,0.8) [0.53,0.94]
- &I, anaar eviatlons (central-
S s ( a*) 99.7% CL [0.45,1.04] 0.46,1.10]
_I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | ] 2-0 i I I I I | I I I I | I I I I | I I I I |
< 1.0 :_ ......................................................... PP __ < ! T ]
-~ [ ¥ mo-e ] a 1.5 B T _
0.8 - I ]
: | 1 | i i | i 7
‘_}H § [Epssesemessesns. sosssswseessooserss NN NS |
06 N ® LICh 7 10 ‘_— T N
i BIP ] Z }; l - ]
0.4 v CDHMV 7 n T
j B EOS ’ 0.5 B ® LHCb ]
0.2 ® flav.io ! BaBar: PRD 86 (2012) 032012 M BaBar -
- LHCD e IC : - LHCb e PR 103 (2009) 171801 A Belle ]
OO Lo b e b by by by OO TR W SN TR NN NN NN TN TN NN NN SR TN A N S S S
0 1 2 3 4 5) 6 0 5 10 15 20
¢ [GeV?/c! ¢ [GeV?/c!
BIP arXiv:1605.07633
Y CDHMV ~ arXiv:1510.04239, 1605.03156, 1701.08672
B EOS arXiv:1610.08761, https://eos.github.io
@ flav.io' arXiv:1503.05534, 1703.09189, flav-io/flavio
e IC arXiv:1412.3183
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OTHER b->sll RESULTS: R,

« Analysis on the runl dataset: 3 fb! PRL 113, 151601 (2014)

« Performed in the g range [1, 6] GeV~=/c*

-o-1.HCb —m-BaBar —a—Belle

= i LHCb :
0.5F .
T N T T I

OO 5 10 15 20

q* [GeV?/c4]

Compatible with Standard Model at 8.60
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OTHER b->sll RESULTS: BRs

_WmICSR  Lattice +Data _WmLCSR  Lattice +Data o 20 -LC|SR ML '
> B*->Kup % ° B->Koup 1% | B*->K
Q LHCb 39 4 LHCb 3 © 15} LHCb —_
1, 1% 1% | ]
Be 1ot 1.5 10} > :
2 - 12 4t ;gzh‘ + ;
3 ! 13 l;:+_ t 13t 4t 1
Q o 1 A R NP 4 - FEPEEPEET R R R R . E X i
B S S MU L e e T R Y

q* [GeV7/ 4] q* [GeV¥/c4 72 [GeV¥c4]
JHEP 06 (2015) 115 and

PR TE | areA60201309 . arXiv:1606.04731
o LHCb 3 .| IS
% 8] B ->¢[,t[,t BsMped M_ — [1077 GeV~?] | % [ LHSb ]
OED TE = 1.2 d 2 (._\U BO_>K Ouu ]
s o 3N AA |z ]
‘g SE —+— L s} b-> Hu . g - 1
3 4fF — = ]
$E 4 —t— 3 Oﬁk 1 oosF H —+ _, ]
3 oF 3 Mp T i —— -
S 0.2 PR [ ]
m E 1 1 1 L L 1 " n I I 1 n 1 1 l_--_! | ] Il 1 1 L 1 PR S S 1 M M M .-
g 0 B 10 Is "% : 10 15 2 % 5 10 15
-c 2 2/ 04 2 2 2

¢ [GeV7/c* q* [GeV?] q? [GeV?/c4]
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Measured BR with muons are consistently lower than predicted in SM

JHEP 06 (2014) 133

Lattlce +Data




OTHER b->sll RESULTS: angular observables

Angular observables in B->K*uu show about 3.4c0 discrepancy

- w T T T T l T T T T I T T T T I

" 1F 3
- e LHCbdata o ATLAS data ]
IEEH— = Belledata © CMS data ]

0.5H —1 SM from DHMV
ET —— SM from ASZB i
0 i ‘ | i
: N . i
osf- J } g
N 7 = = | i
ol | A B R 1
0 5 10 15
JHEP 02 (2016) 104 g* [GeV?/c4]
PRL 118 (2017) -
ATLAS-CONF-2017-083

CMS-PAS-BPH-15-008
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THE GLOBAL PICTURE

 Adding BRs and angular observables of b->uu, b->sll, b->sy
=>up to 50 deviation from the SM (but QCD effects?)

* Mostly affecting Co, and C;,, Wilson coefficients

arXiv:1704.058340
QT T T

-
R
o [}

NP
Coy
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THE GLOBAL PICTURE

 Adding BRs and angular observables of b->uu, b->sll, b->sy
=>up to 50 deviation from the SM (but QCD effects?)

* Mostly affecting Co, and C;,, Wilson coefficients
* Global fits of LFU only shows about 3o discrepancy from SM

« Remember: LFU tests are not affected by QCD effects (ex: charms loops)

arXiv:1704.058340

[LFUV]

CNP C;“,F,’ CNP
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THE GLOBAL PICTURE

Many other

theoretical papers:
arXiv:1704.05438v1
arXiv:1704.05444v1
arXiv:1704.05446v1
arXiv:1704.05447v1
arXiv:1704.05673v1l
arXiv:1704.05835v1
arXiv:1704.05849v1
arXiv:1704.06005v1
arXiv:1704.06188v1
arXiv:1704.06200v1
arXiv:1704.06240v1
arXiv:1704.06659v1
arXiv:1704.07347v1

arXiv:1704.05435

0.9 1 0.9 1

— SM

Ch=-16
- C§=+1.6
Cly=+13
Cfy=-13
0.6 — C=—Ck=-07 0.6
C§ =—-C5 =07
LHCb 0.5 1

0.8 0.8 1

Ry
1
|
R

0.71 |z 0.7 4

0.5 1 flavio vo.1 +

flavio vo.21

— SM
Ch=-16

C§ =+1.6
Clo=+13
Csy=-1.3

Cf = —Ct = —0.7
C¢=—-Cg =07
4 LHCb

0 5 10 15 20 0.0 2.5 5.0
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7.5 10.0 12.5
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Z,

S

Non lepton universal Z’ ?

Some NP hypotheses mentioned

ot Leptoquarks?
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arXiv:1704.05435
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\
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PROSPECTS FOR LFU TESTS IN b->sll

* Ry, Ri., Rpand similar ratios need to be measured using the full runl+rund
statistics, and in all the gq®bins.

 Perform LFU angular tests [as from Belle: Phys.Rev.Lett.118, 111801 (2017)].

15— L I — T 15 T | — " T T T T T T " ) " '
: = SM from DHMV/LQCD [ 3 SM from DHMV/LQCD ]
Lol ¢ All Modes i Lol ¢ All Modes 1
| 4+ Electron Modes 1 B 4 Electron Modes 1
o HH  Muon Modes I HH  Muon Modes ]
5 ] 0.5 i 7
U | } ; - -
0.0 —" ] E(f’ 0.0
1 i ] |
-0.5 | . ‘ |
: — -0.5 |- Efffiiffffﬂ 7
-1.0} . 3 ——
; -1.0 | 7
-15L T —
0 5 10 15 20 -15 . : '

0 .I‘ 5 .l. 10 ‘ 15 — 20
¢ [GeV?/c?]
e Also search for LFV decays:
By ->Tu, By>e i,
B* ->K* T u, BO->K0 T u,
B*->K*e u, BO->K"e u,
B.->¢ptu, B.->peu, ete...

Francesco Polci IRN-Terascale, Montpellier, 3-5 July 2017 16



OUTLINE

 Lepton universality tests in b->clv
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THE R,,. MEASUREMENT

(B —D"tv)

R, = —— —
" 1B =D
—>
( wwv,)
« SM expectation: 0.252+/- 0.003 [PRD85 (2012) 094025]

* Sensitive, for ex., to charged Higgs or non minimal flavor violating
couplings favoring the tau, or leptoquarks

NP could modify BR and angular distributions
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R,. WITH LEPTONIC v IN LHCD [EZWAA

* Neutrinos => no narrow peak to fit in any distribution
3D template fit. Use discriminating variables calculated in the B rest frame:
- the missing mass squared: my ;. = (plz—p)H—pt)°

miss
- the muon energy in c.o.m. frame: B, *
- the squared four momentum transferred to the di-lepton system: g?

Runl dataset: 3 b1
PRL 115, 111803 (2015)

e e - e s o M magyr
2 B - Dty © 30000 & 200
> 60000 : | 2 >
0 B B - D'H(= WX)X|  w»n o 180
) ~ O
O BB D"l ™ 25000 S
S 50000 Il B - D'uv - A
g Combinatorial £ 20000 ™ 140
-~ <
7 40000 B Misidenified | 3 < 10
g g
= 30000 5 150 5 10
5 10000 £
S 20000 : s

10000 5000;

p— . | .. esrseaedeiene

| O

A 0 500 1000 1500 2000, 230

y (MeV)
R(D")=0.336 +0.027(stat) +0.030(syst)

2.1 o larger than the SM expectation

6 8 I
m2.  (GeV'/eY)

q* (GeVZich
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R,,. HADRONIC IN LHCD (a¥ a2

RHAD BR(B — D’ ‘L'V) BR(B — D "matn)
BR(B — D " atn) BR(B —D uv)

Same final state:

: External input
systematics cancels

 Good vertex reconstruction, but large hadronic backgrounds.
 Specific tools needed to reduce it, for ex: cut on vertex displacement.

Vertex inversion

LHCb-
PAPER-2017-017

D*~ vertex
~ BO vertex

-
-
-
-

- BO
Primary LHCb-PAPER-2017-017
Vertex - 10 E ] =
¢ o - R LHCD simulation
N’ I~ . .
- 2 : D*DX -
m [_% N B Doy §
D*~ vertex Kt 10 ; g
~ B vertex B
-7 7T+ 0
Primary ;
Vertex
T 1
Background topology ) - -10 0 10 20

Az/o
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R,. HADRONIC IN LHCb: RESULTS

Signal yield: 1300 events
$250F T T T o

BaBar had tag ;

PRI 88 (2013) 072012 : —_——
0332+ 0024+ 0018 :

Belle had tag :

PRI 92 (2015) 072014 _———
0.293 + 0.038 = 0.015 :

Belle SL tag

PRD 94 (2016) 072007 D e———
0302+ 0.030% 0.011 :

:

i

g

Events / ( 1.375 GeV?/c*
7
8

0 Belle 1-prong :
0 5 10 PRL 118 (2017) 211801 SR
q? [GeV“/c*] 0270 = 0.035 = 0.027 :
- R LHCb muonic : :
86000 LHCb Preliminary PRL 115 (2015) 111803 ' —
25000 0336+ 0027+« 0.030 '
NS LHCb Preliminary 3-prong | :
=, 4000 LHCb-PAPER-2017-017 s
= 0285+ 0019+ 0.029 : :
S 3000 :
3 LHCDb Preliminary average :
2000 0306+ 0016+ 0.022 *:
1000 Fajfer et al. (SM) :
0 PRD 85 (2012) 094025 -
0 0.1 0.2 03 0.252+ 0.003 :
BDT :
~ . — — . | 1 1 1 1 | 1 |- | 1 | 1 1 1 1 |
8 3000 L?(?tt:l model _; R( D'*‘)
g 250 Som 1 R(D*),., = 0.285 £ 0.019 (stat) +0.025 (syst)+0.014 (ext)
S 2000 DX 3 had = Y* =Y. =J. yst)=0.
Z D*3n X 3
-~ * B * . —
g 150 m—DD0X 3 R(D*) 1 pcp: 0.306 £ 0.016 £0.022 =>2.1 ¢ from SM
2 1000 E .
2 .| Naive R(D),R(D*) world average => 4.1 o from SM

0

0 0.0005 0.001 0.0015 0.002 LHCb-PAPER-2017-017

T [nsec]

Francesco Polci IRN-Terascale, Montpellier, 3-5 July 2017 21



PROSPECTS FOR LFU TESTS IN b->clv
« R(D*) will have 4 times the present dataset with Run&

« Other measurements ongoing:

Decay | Observable

B'—D*t'v_ R(D™)
B'—Dttv_ R(D")
B*—D%*v_ R(D?)
B.—D (rtv_ R(D,)
B f—=Jlytty, R(J/y)
A—AOThy, R(AD)
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OUTLINE

+ Lepton universality test in W->1v
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R, MEASUREMENTS

R,,: ratio of forward production cross

= - I I ' I ' I ' -
i > & 18H LHCb, Vs =8 TeV —
section W->ev (JHEP 10 (2016) 030) S S o
and W->uv (JHEP 01 (2016) 155) L6l — RS, (tot) ]
r g © R}, (tot) ]
B(W+ — ety - ]
( ©) 1024400030019 :
2 B -
B(W— — o= - 2012 data (2 fb) -
( _e> = 1.014 + 0.004 £+ 0.022 1 pl>20GeV —
B(W_ — N_Vu) I — ] ——
. 105 .
B(W — ev N e — .
( ) = 1.020 £ 0.002 £ 0.019 095 L L
BW — uv) 2 25 3 35
l
All experiments in agreement among them and with SM expectations 7
J(.: 511;5 G34, 2457 (2007) ™ 1.018+0.025
New ATLAS It: Eur. Phys. ). C77 (2017) 367
]C)h% Phys. C, 38, 090001 (2014) v 1.123+0.126 e e = e ( )
: ﬁd,c e
{;}113515531;12),1111?9(244 (2013) T 1.007£0.019 Ry = (Tf?;_)eV/ EW _ O-EE_)W _ BREW - evi
M M o BR(W — uv
QESLS D85, 072004 (2012) T 10060024 ey O-W_’”V/EW Wy
e w N 03020015 = 0.9967 + 0.0004 (stat) + 0.0101 (syst)
o = 0.997 +0.010.
LHCb W~ O 1.024+0.019
LHCb W~ O 1.014+0.022
07 08 09 1 11 12 13
BW — ev)/B(W — uv)
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OUTLINE

« Conclusion
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Some intriguing results in the re*e
Ry, Rk.y Ry (+BR and angularl el
No claim of new physics, but the
* Repeat all measurements with
analysis techniques |
i:Xplore new channels
: in angular distributi

e

‘-

QL | 4

" .., 0. e ‘ -
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A new baby is born!

GDR Intensity Frontiers

e CP violation

e Rare- radiative and semi-leptonic B decays
e Charm and Kaon physics

e Heavy flavour production and spectroscopy
e Interplay of quark and lepton flavour

e Future experiments

Mailing list: GDR-INTENSITYFRONTIER-L@LISTSERV.IN2P3.FR
Website: http://gdrintensityfrontier.in2p3.fr/ (to be operational soon)
Contacts: Aoife Bharucha and Francesco Polci
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THE PRINCIPLE OF ANGULAR ANALYSES

« Angular analyses are complex, but a rich L T
framework to measure a variety of
observables, sensitive to different
sources of new physics depending on g*

* Decays with four particles in the final
state are described by:
- three angles in the helicity basis; <
- the di-lepton invariant mass squared g7

 Observables depend on Wilson
coefficients (underlying short-distance
physics) and form-factors Chadronic Example: B->K* Ly

matrix elements) JHEP 02 (2016) 104

(b) ¢ definition for the B" decay
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B-> K*uu ANGULAR ANALYSIS

Study the full angular distribution (0, 0,¢) of the 4 final state particles.

Described by eight independent observables:

d(I' +T)/dg? dg? d§} 327
1

+ Z(l — FL) sin? O cos 26,

— F}, cos? Ok cos 26; + Sz sin? Ok sin? 6; cos 2¢

—(1—F1) sin? 0k + Fy, cos® Ok

1 d4r+r) 9 [3
4

+ S4 sin 20 sin 26; cos ¢ + S5 sin 20k sin 6; cos ¢
+ gAFB sin? 0 cos §; + S7sin 20k sin §; sin ¢

+ Sg sin 20 sin 26; sin ¢ + Sg sin? O sin® 6; sin 2¢ | .

Observables (Agg, Fy and §;) are function of the Wilson coefficients.

A cleaner set of observables, where hadronic form factor uncertainties
cancels at the leading order, can be defined (JHEP 1305(20153)137), ex:

S,
VF,(1-F,)
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B-> K*uu ANGULAR ANALYSIS

JHEP 02 (2016) 104

LHCb performed the first full angular < ' ] dof ' ]
analysis of B->K *uu, using Runl (3 fb!) T e - - ‘
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Global fit to B->K *uu for LHCD is 3.4c from SM.
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NEW PHYSICS OR QCD?

What is this new vector-like contribution C,"F?

v
St it ;Y [+
g ;15
b, i 3 B X

Francesco Polci 32



MUONS RECONSTRUCTION
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« Extremely performing in LHCDb: % ; | ' ' '
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: : S S0F
- very efficient tracking system. e X
. . . o 40F 111.2.35)
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ELECTRON RECONSTRUCTION

« Identified through the electromagnetic calorimeter:

ECAL:-ZE 1% ® _10% 1t 1. Mod. Phys. A 30 (2015) 1530022)

E JE(GeV)

 Resolution degraded by energy loss from bremsstrahlung:
- recovery of bremsstrahlung photons can not be 100% efficient
- significant degradation of the B mass resolution with a tail on the left
- large contribution from partially reconstructed backgrounds
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e Study in exclusive bremsstrahlung categories:

- different resolutions, different purities
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ELECTRON RECONSTRUCTION

« Identified through the electromagnetic calorimeter:

ECAL:ZE 1% ®

10%

E JE(GeV)

 Resolution degraded by energy loss from bremsstrahlung:
- recovery of bremsstrahlung photons can not be 100% efficient
- significant degradation of the B mass resolution with a tail on the left
- large contribution from partially reconstructed backgrounds
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e Study in exclusive bremsstrahlung categories:

- different resolutions, different purities
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R * BREMSSTRAHLUNG arXiv:1705.05802
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R, . CROSSCHECKS

arXiv:1705.05802
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R * CROSSCHECKS arXiv:1705.05802
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R, . SYSTEMATICS

 The double ratio cancels a lot of systematics
« The measurement is statistically dominated (15%)

arXiv:1705.05802

AR/ Ryceo [%]

low-q

2

central-¢

Trigger category

LOE LOH LOI

LOE LOH LOI

Corrections to simulation | 2.5 48 39 | 22 42 34
Trigger 0.1 12 01] 02 08 0.2

PID 0.2 04 03] 02 1.0 0.5
Kinematic selection 21 21 21| 21 21 21
Residual background - - - |1 5.0 50 5.0
Mass fits 14 21 25120 09 1.0

Bin migration 10 10 10} 1.6 1.6 1.6

Ty ratio 1.6 14 17| 07 2.1 0.7

Total 4.0 6.1 55| 64 75 6.7

Francesco Polci

39



STATUS OF THE R,,.., MEASUREMENTS

BEFORE THE LHCb HADRONIC!!!
(but will globally not change a lot)
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EVALUATING CHARM CONTRIBUTIONS IN B'->K"

Purpose: measure the phase difference between =2 NEW
short- (FCNC) and long-distance amplitudes
- Sizeble effect of the long-distance contributions T/, T/, ...
far from the resonances could explain the
observed tensions -

Method: analize the dimuon ma.ss spectrum
- long-distance modeled as sum of BW
magnitudes, phases, Cq, C,, floated

C, fixed to SM

hadronic form factors f, constrained
crucial control of the resolution function

dl' _ Gpa®|VpVil? 2\ 1202 o2, 4mi(my
dg® 275 k|8 §|k| B2 |Crof(@?)|” + 7
1 eff my +m 2
P |1 58] [ )+ 200 T g } CT = Co+ Y mile® Ar(g”
J
% . o dr dq2
Pig(m,) o< R(my, my) © | € (m““)d_q? am,,
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EVALUATING CHARM CONTRIBUTIONS IN B'->K"

 Four degenerate solutions, corresponding to the ambiguities of J/Psi and

Psi(2s) phases being negative or positive
. J/Psi phase is compatible with +/-1/2 =>is small away from the pole | NEW
« Preferred values: |C,,|<|Cp,°M| and |Cq|>|CoSM|

If Gy =Cy oS, |Cq|<|Ce M| Lﬂogﬁﬁfﬁgﬁgé?%
3OOLbeI|I Resonance - or————————1——
250F preliminary I : p(770) O [ LHCb
200;_ _______ ;‘;‘:{resonam ” _ w(780) ~ | preliminary
150 :_ .resonances | ] 3 ¢(1020) )=
|l | === interference | I | b i
- back l | J/ (2
C — — background ’ | ) y. E
i ik WA TE BT
SOE Al ¢ /JJ'J?? L% »(37170) 4t
il T A ot P, 1(4040)
_5051 NI R B . PR w(4160) i
1000 2000 3or(£ 4000 X ) (4415) el
my [MeV/c?] 0 2 4 6

Re(C,)
 BF compatible with previous measurement and smaller than the SM:

B(BT— K utp™) = (4.37£0.15 (stat) £ 0.23 (syst)) x 1077

For the future: improved B->K form factors and more data needed.
More difficult for the K*: helicity states can have different relative phases
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EVALUATING CHARM CONTRIBUTIONS IN B'->K"
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Patterns of New Physics in b — s/7/~ transitions in the light of recent data

Bernat Capdevila®, Andreas Crivellin®, Sébastien Descotes-Genon®, Joaquim Matias® and Javier Virto?

@ Universitat Autonoma de Barcelona, 08198 Bellaterra, Barcelona, Institut de Fisica d’Altes Energies (IFAE),
The Barcelona Institute of Science and Technology, Campus UAB, 08193 Bellaterra (Barcelona), Spain
® Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
¢ Laboratoire de Physique Théorique, UMR 8627,
CNRS, Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay Cedez, France
4 Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics,
University of Bern, CH-3012 Bern, Switzerland

(Dated: April 19, 2017)

The b — s¢™ £~ processes observed by the LHCb collaboration at 1 and 3 fb~! have exhibited a
coherent set of deviations from the Standard Model (SM) predictions, i.e., anomalies, most remark-
ably in the angular analysis of the B — K*u"p~ decay and in the Lepton Flavour Universality
(LFU) violating ratios Rk and (very recently) Rx=. All these anomalies are analysed consistently
by fitting the Wilson coefficients of effective operators which encode the short-distance contributions
to b — s£*¢~ transitions, pointing towards specific patterns of New Physics (NP). We include re-
cent data presented by LHCb, CMS, ATLAS and Belle in our framework, finding several hypotheses
with NP in one and two Wilson coefficients preferred at the 5 o level compared to the SM. One of
the most prominent patterns consist of large contributions to the coefficients Cg,, (C10,) involving a
left-handed quark current and a vector (axial) muon current while the effect in electrons is small,
confirming the indications for LFU violation. We also perform an analysis allowing for New Physics
in six Wilson coefficients (SM-like and chirally flipped), obtaining a pull for the SM at the level of
5 0. Dedicated fits restricted to LFU-violating observables are also presented. We find that LFU
violation is favoured with respect to LFU at 3.30 level in the case of NP contributions to Cg. and
Cop. Finally, we consider the implications of these results for specific models of NP and we discuss
possible correlations to the LFU-violating ratios Rp and Rp-.
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Largest pulls (Ps)1a,6) (Ps)6.,8) R[é’e] RE,({)'.O 45,1.1] R%’.l’e] [sti out e B[;;S_], ot
Experiment —0.30 +0.16|—0.51 4 0.12]0.7457 3057 | 0.661 5 073 |0.68570:022| 0.77 £0.14 | 0.96 + 0.15
SM prediction —0.82 + 0.08|—0.94 £ 0.08|1.00 + 0.01[0.92 + 0.02|1.00 + 0.01 | 1.55 + 0.33 | 1.88 4 0.39
Pull (o) 2.9 -2.9 +2.6 +2.3 +2.6 +2.2 +2.2
Prediction for C)¥ = —1.1{|—0.50 £ 0.11|—0.73 £ 0.12]0.79 4 0.01 |0.90 = 0.05|0.87 # 0.08 | 1.30 £ 0.26 | 1.51 £ 0.30
Pull (o) -1.0 -1.3 +0.4 +1.9 +1.2 +1.8 +1.6

TABLE I: Main anomalies currently observed in b — sf£ transitions, with the current measurements, our predictions for the
SM and the NP scenario cgﬁ’ = —1.1, and the corresponding pulls. In addition, a deficit compared to the SM predictions has
been observed at low and large recoils for B(B®+) — K©) ) [13] and B(B® — K*°upu) [14], as well as at low recoil (above
15 GeV?) for B(B™ — K*tutp™) [13] and B(Bs — ¢utp™) [7).
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All LFUV
1D Hyp. Best fit lo 20 Pullgy | p-value || Best fit lo 20 Pullgy | p-value
Cop -1.10 |[-1.27,—0.92]|[—1.43,—0.74]| 5.7 72 -1.76 |[—2.36,—1.23]|[—3.04,—0.76]| 3.9 69

Con = —Cio, || -0.61 |[—0.73,—0.48]|[—0.87,—0.36]| 5.2 61 -0.66 |[—0.84,—0.48]|[—1.04,—0.32]| 4.1 78
CoY = —Cq, || -1.01 |[-1.18,—0.84]|[—1.33,—0.65]| 5.4 66 || -1.64 |[—2.12,—1.05]|[—2.52,—0.49]| 3.2 31
Con = —3Cor || -1.06 | [-1.23,-0.89] | [-1.39,-0.71] | 5.8 74 -1.35 |[—1.82,—0.95]|[—2.38,—0.59]| 4.0 71

All LFUV
2D Hyp. Best fit |Pullsy |p-value|| Best fit |Pullgy |p-value

%, X)) || ((1.17,0.15) | 5.5 74 || (-1.13,0.40) | 3.7 75
(C5r,¢h) || (-1.05,0.02) | 5.5 73 ||(-1.75,-0.04)| 3.6 66
(C5F,Cory) || (-1.09,0.45) | 5.6 75 || (-2.11,0.83) | 3.7 73
(C5F,Cror) || (-1.10,-0.19) | 5.6 76 ||(-2.43,-0.54) 3.9 85
(C5r,Cov ) || (-0.97,0.50) | 5.4 72 || (-1.09,0.66) | 3.5 65
Hyp. 1 || (-1.08,0.33)| 5.6 77 || (-1.74,0.53) | 3.8 7
Hyp. 2 ||(-1.00, 0.15)| 4.9 61 || (-1.89,0.27) | 3.1 39
Hyp. 3 |/(-0.65,-0.13)| 4.9 61 | (0.58,2.53) | 3.7 73
Hyp. 4 || (-0.65,0.21) | 4.8 59 || (-0.68,0.28) | 3.7 72

TABLE II: Most prominent patterns of New Physics in & — sup with high significances. The last four rows corresponds
to hypothesis 1: (C§f = —Co,Clo, = Ciop)s 20 (Cop = —CorpsCiop = —Ciorn)s 3: (Cop = —Ciop;Cory = Ciory) and 4:
(CSE‘LP = —ci‘{ﬁ, Coryy = —Ci07y). The “All” columns include all available data from LHCb, Belle, ATLAS and CMS, whereas the
“LFUV” columns are restricted to Rk, Rix* and Q4,5 (see text for more detail). The p-values are quoted in % and Pullsm in
units of standard deviation.
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Interpreting Hints for Lepton Flavor Universality Violation

Wolfgang Altmannshofer,'* Peter Stangl,? T and David M. Straub? *

! Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
2 Ezcellence Cluster Universe, Boltzmannstr. 2, 85748 Garching, Germany

We interpret the recent hints for lepton flavor universality violation in rare B meson decays. Based on
a model-independent effective Hamiltonian approach, we determine regions of new physics parameter
space that give a good description of the experimental data on Rx and Rg=+, which is in tension
with Standard Model predictions. We suggest further measurements that can help narrowing down
viable new physics explanations. We stress that the measured values of Rx and Rx= are fully
compatible with new physics explanations of other anomalies in rare B meson decays based on the
b — spp transition. If the hints for lepton flavor universality violation are first signs of new physics,
perturbative unitarity implies new phenomena below a scale of ~ 100 TeV.

1.0 A F 4‘/ 1.0 4
0.9 - 0.9 -
— SM — SM
0.8 0.8 1
v — Ch=-18 & — Ct=-16
o ——- C§=+1.6 A —— C§=+16
0.7 Jm——— 0.7  Ch—+is
——= C{=-13 ——- Cf{=-13
0.6 1 — Ch=-Cly=-01 0.6 1 — CF=-Ct=-07
——- C§=-0%=0.7 ——- C=—-C% =07
0.5 7 flavio vo.21 4 LHCb 0.5 7 flavio vo.21 4 LHCb
0 5 10 15 20 0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
¢* [GeV?] ¢* [GeV?]
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Ry and Rg+- beyond the Standard Model

Gudrun Hiller'>* and Ivan Nisandzié! T
! Institut fiir Physik, Technische Universitit Dortmund, D-44221 Dortmund, Germany

Measurements of the ratio of B — K™ uu to B — K™*ee branching fractions, Rx=, by the LHCDb
collaboration strengthen the hints from previous studies with pseudoscalar kaons, R, for the break-
down of lepton universality, and therefore the Standard Model (SM), to ~ 3.50. Complementarity
between Rk and Rk« allows to pin down the Dirac structure of the new contributions to be predomi-
nantly SM-like chiral, with possible admixture of chirality-flipped contributions of up to O(few10%).
Scalar and vector leptoquark representations (.S3, V1, V3) plus possible (5'2, V) admixture can explain
Rk i+ via tree level exchange. Flavor models naturally predict leptoquark masses not exceeding a
few TeV, with couplings to third generation quarks at O(0.1), implying that this scenario can be
directly tested at the LHC.

Francesco Polci - CKIM 2016 83



arXiv:1704.05444

RK*

1.8

l .6 "‘.

1.4:
1.2:
1.05

06F

0.4

T
[
I
I
[
I
I
I
I
I
l
l
[
[

p . o e e o —

0.6

12 14

N

K

FIG. 2. Correlations between Rx and Rx+ (plot to the left) and Rx and the double ratio Xx+ (plot to the right) in BSM
scenarios. Solid red curve: CTE (C’gI P—_oN
S, or V3), gray dashed curve: Crr = —CYE (no single leptoquark), and red dashed curve: CYE and Crr = —1/10CYE (for
instance, S3 plus 10% admixture of 5‘2). The colored bands correspond to the LHCb measurements of Rx (2) , Rk~ (3) and

Xk~ (10).
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If leptoquarks, low masses preferred by data
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FIG. 3. Constraints in the |(YY*|, Ms,) plane: a) the allowed region by Amp, (light blue), b) the allowed range for R, (.,
(light red) (12). The light green band corresponds to flavor model predictions (18). The dashed dark blue line corresponds to
the upper limit on the mass of the Sz leptoquark (19).
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Tests of lepton-universality as rate ratios in b — s#/ transitions can be predicted very accurately in the
Standard Model. The deficits with respect to expectations reported by the LHCb experiment in muon-to-electron
ratios of the B — K (*)£¢ decay rates thus point to genuine manifestations of lepton non-universal new physics.
In this paper, we analyse these measurements in the context of effective field theory. First, we discuss the
interplay of the different operators in Rx and Rx+ and provide predictions for Rx+ in the Standard Model
and in new-physics scenarios that can explain Rx. We also provide approximate numerical formulas for these
observables in bins of interest as functions of the relevant Wilson coefficients. Secondly, we perform frequentist
fits to Rk and Rx+. The SM disagrees with these measurements at 3.7¢ significance. We find excellent fits in
scenarios with combinations of 05(10) = §y"br, 7y, (7s)¢ operators, with pulls relative to the Standard Model
in the region of 40. An important conclusion of our analysis is that a lepton-specific contribution to O;g is
essential to understand the data. Under the hypothesis that new-physics couples selectively to the muons, we
also present fits to other b — spp data with a conservative error assessment, and comment on more general
scenarios. Finally, we discuss new lepton universality ratios that, if new physics is the origin of the observed
discrepancy, should contribute to the statistically significant discovery of new physics in the near future.
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FIG. 1: Rk and Ry~ (in the [1.1, 6] GeV? bin) parametric dependence on one Wilson coefficient where the nodes indicate steps of AC* =
+0.5 from the SM point and in the direction of the arrows. The red solid line shows the dependence on §C}', dashed blue line on §CY4j,, green
dot-dashed on §Cy" and orange dotted on 6C15.
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In conclusion, while our global analysis confirms the need of NP sources to fully explain
the current experimental situation in B physics, it clearly delineates the challenges and the
subtleties present in the attempt to quantify the size and to identify the pattern of the
underling BSM theory addressing the current experimental situation.
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