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Introduction b — ctv anomalies

Anomaly, evidence, discovery?

Simplest case: measurement with purely statistical, normally distributed uncertainty,
no theory uncertainties

Hexp = 0.5+£0.1  py=1.0

Particle physics convention:

» Evidence: 30,p=1.3x 103
» Discovery: 50,p =2.9 x 10~/
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Issues of the 50 criterion

» Systematic uncertainties:

Uexp — 05 :l: 0.01stat :l: 0.1sys IJth — 10

» Systematic uncertainty underestimated by factor of 2 = significance reduces by factor
2 = p-value increases by factor 2 x 10*

» Theory uncertainties:

Hep = 0.5+0.01  pyy =1.0£0.1

> Usually systematic in nature, often based on (educated) guesses, unclear probability
distribution
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Introduction b — ctv anomalies

On the “look elsewhere effect” (LEE)

Much discussed especially since the Higgs discovery, the
LEE refers to measurements of a local excess in a
distribution where the location of the excess is not clear
a priory

T

CMS,\s =7 TeV —=— Observed
L=4.6-4.8fo" 5 Expected (68%),

o Expected (95%)

=
o

» Probability of observing such a fluctuation atm = 125
GeV? “Local” significance 3.10

95% CL limit on a/ay,,
[

> Probability of observing such a fluctuation anywhere in
the mass range? “Global” significance 1.50

100 200 300 400 500
Higgs boson mass (GeV)

In flavour physics, the LEE usually plays little role since deviations do not show up as
local excess but as correlated shifts in multiple observables based on the same

partonic process
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Introduction b — ctv anomalies

Dealing with multiple observables: Rp and Rp« example

» both sensitive to the same partonic process, b — ctv
» both deviate from the SM:

(Ro/RIMY=1.36+£0.11  (Rp-/R3M) =1.19+0.05

» 2.30 and 3.00, respectively. How to combine this?
» Option 1: simultaneous enhancement — 1 degree of freedom, weighted average

(Rpe /ROM) =1.22+£0.05  (3.70)

> Option 2: independent enhancement, 2 degrees of freedom: 3.80
» What if theory predicts anticorrelation of Rp and Rj?

General fact: combining significances in more than 1 observable requires a
theory hypothesis!
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Theory vs. experiment
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Effective field theory

We want to study physics at energies much lower than some scale A in a theory where
particles lighter and heavier than A are present.

To this end, we can replace the complicated Lagrangian of the “full”
theory by an effective Lagrangian containing only the light fields and a
on series of local operators built out of the light fields

E

L(Pr, ) — L(pL) + Lett = L(@) + Z CiQi(e,)

This expansion is called the operator product expansion
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Example: modern view of Fermi theory

In Fermi’'s model of B decay, the full weak Lagrangian (that he didn’t know of course) is
effectively replaced by the low-energy (QED) Lagrangian plus a single operator

Gr _ _
Lew = Laep + 7g(ud)(ev)

Local operator = effective vertex!
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Interpretation of anomalies: theory hypotheses

> Effective field theory

> In observables based on the same partonic process (e.g.
b — ctv) only a handful of operators in the operator
product expansion are relevant

» Significance can be defined in the space of Wilson
coefficients

» Simplified models

> Models with a single (or a few) multiplet of new particles
allow to study “typical” pattern of Wilson coefficients and
correlations with other processes, e.g. direct searches

> UV complete models

> Allow to investigate whether successful simplified models
can be embedded in a consistent theory

David Straub (Universe Cluster)
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Summary: anomaly caveats

» When observing sizable discprepancies, we need to pay attention to the dominant
source of uncertainty (statistical, systematic, theory)

» When we can measure multiple observables sensitive to the same short-distance
physics, we need a theory hypothesis to quote a combined significance

» The combined significance depends on the number of degrees of freedom (that is
somewhat arbitrary in a pure EFT analysis)
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How to deal with anomalies (as a theorist)

1. Scrutinize SM predictions & uncertainties (but don't inflate your errors without
physics reason)

2. Try to find an EFT solution and investigate correlation with other observables

3. Try to realize your EFT solution in a simplified model and investigate signals and
investigate correlation with other observables, direct searches

4. Try to embed your simplified model in a reasonable theory

)

David Straub (Universe Cluster)
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Lepton flavour universality (LFU) in the SM

1 _
Lom= — D ZF Y+ giby
F U]

+ [DyH[? + p2[H|? = AH[*

—ILY\Heg — G YqHdg — G, YuHig
» All interactions in Lgy are flavour-blind (large U(3)® flavour symmetry) except for the

Yukawa terms

» In the SM (without RH neutrinos), only the 3 diagonal elements of Y, are physical
= Gauge interactions are lepton flavour universal, only lepton masses and lepton-Higgs

couplings (tiny!) distinguish between flavours
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Testing LFU in B — D®tv

» The decays B — D*)¢v with ¢ = e, y are used to measure
the Vcokm element Ve

» Not arare B decay! BR(B — X¢(e + p)v) ~ 20%
» u-e universality confirmed at the 4% level

> Rpe) = % tests p-T (e-T) universality

» Two sources for Ry.) # 1:

> Phase-space due to m; > me
> m,-dependent terms in the amplitude, in particular multiplying the scalar form factors,
e.g.
I 0(1) x £2(g2) + O(m2/q?) x (q?)
dq? + ¢ olg

David Straub (Universe Cluster)
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B — D) form factors and R,

» Due to the m,-dependent terms, Rg'(‘f) require knowledge of form factors

» Vector form factors can be fitted from measurements of B — D®*)¢v with ¢ = e, u
assuming them to be SM-like

> Scalar form factors need to be predicted by theory: in particular lattice QCD (LQCD) or
heavy quark effective theory (HQET)

» Statusof B — D

> LQCD calculations of both form factors extrapolated to the full kinematic range
Bailey et al. JNaetal.

» Status of B — D*

» LQCD calculations restricted to zero recoil (g2, ), vector form factor gailey et al.
Harrison et al. . Need HQET for scalar, non-zero recoil caprini et al.

David Straub (Universe Cluster)
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SM .
RD(*) . status

> Rp
> Lattice QCD: 0.299 + 0.11 Bailey et al. ,0.300 £ 0.008 naetal.
> Lattice + Fitto B — D(e, p)v: 0.299 + 0.003 Bernlochner et al. , Bigi et al.
> Slight controversy over how conservative to estimate HQET uncertainties
» 0.257 4+ 0.003 Bernlochner et al. ,0.260 4 0.008 Bigi et al.

» this should be settled soon by LQCD
» In both cases, much smaller than experimental uncertainty!
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Effective theory forb — ctv

Assuming no light particles except the SM ones:

AGg
Heft = —=Veb (OVL + Z CiO; + h.c.)
V2 ,.

Ov, = (CLy¥bL)(CLy Vo) Os, = (CLbr)(trVz) ~ Or = (CrOM'b)(LROuV1L)
Ov, = (Cry*bR)(LLY VL) Os, = (CrbL)(PrV1L)

(Strictly speaking, we also have to distinguish between operators with different neutrino flavours. In
particular, the ones with v, ¢, do not interfere with the SM. Neglected here for simplicity.)

David Straub (Universe Cluster)
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Hierarchy of effective theories

InE A
> my < v: weak effective
Hamiltonian
L= Lagy
V~m =" """ " " T T s s s s s s m e
L = LqeD +£g€g +Z mTC/O/ +
7S
AQeD —=---mmmmmmmmmmmmmmommomooomoo o
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Hierarchy of effective theories

InE A
L="7 > m, < v: weak effective
Hamiltonian

> v < Awp: “SMEFT”

/\NP e

V~m =" """ " " T T s s s s s s m e
L = LqeD +£g€g +Z mTC/O/ +

7S

AQeD —=---mmmmmmmmmmmmmmommomooomoo o
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Implications of SMEFT

» The Wilson coefficients of Oy, Os,, Os,, O receive a direct matching contribution

from a SU(2), x U(1)y invariant semi-leptonic operator in SMEFT

» Oy, = ((':Ry“bR)(ZLyuvTL) does not have a direct counterpart in SMEFT: it violates
hypercharge (-3 — 3+ — 7 =-1)

» Additional dimension-6 contributions to Cy, and Cy, from modified W couplings, but
these are lepton flavour universal

= Cy, cannot modify Rp.!

David Straub (Universe Cluster)
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New physics in Cy,

» Oy, is the SM operator

o T LA IO AL BN, SR B L L
g 0sf bare ProsaoGs . AX2= 10 contours 3
Modifying Cy, leads to universal & ousb LHOD FRLIISIIENNS ) Averageof SM preictions
. i Belle, PRL118,211801(2017) R(D) =0.299 + 0.003 E
resca I N g ) F kHc:ge PRL120,171802(2018) R(D*) =0.258 + 0.005 E
0.4 B Aver 3
SM SM El 3
(Ro/R§M) = (Ro- /REM) ]
03f ll l =
» Preferred value ossE l R 3
SM 02F 3

(Rpe /Rpt5) = 1.22 £ 0.05 o

implies Cy, = 0.10 4+ 0.02
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Scalar operators in Ry

» B — Dtv only probes Cs, + Cs,
» B — D*tv only probes Cs, — Cs,

cf. Crivellin et al.
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http://www.arxiv.org/abs/1206.2634
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Constraint from B, — tv

b T
B

BC
c Yr

» Can be strongly enhanced by scalar operators
sensitive to Cs, — Cs,

» Even though the decay has not been measured or searched for, theoretical
arguments allow to constrain BR(B; — tv) < 0.3 Lietal. , Alonso et al.

v

» Reinterpreting an old LEP1 search for BT — tv allows to constrain
BR(BC — TV) S 0.7 Akeroyd and Chen

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1605.09308
http://www.arxiv.org/abs/1611.06676
http://www.arxiv.org/abs/1708.04072
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Combined fit to scalar operators
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Introduction b — ctv anomalies

Differential B — Dtv rate vs. scalar operators

=
:|> 0.00150 flavio Belle
o DOV 60 BaBar
&)

' 0.00125 A

"

N p

£ 0.00100

[N

L 0.00075 4

B-D1v (events)

Q
0.00050
OT — SM
M 0.00025 - — Cs, =Cs, =-15 +
= —— Cy, =01
o Vi
4 6 8 10 12
2 2 8 12
q* [GeV?)
¢ (GeV?)
Celis et al.

Solution with large scalar Wilson coefficients is disfavoured rreytsis et al

Celis et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1612.07757
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Scalar vs. tensor operator

0.5

S » Fitto Rp, Rp~, Bc — v
- Cg, = +4C7 @ 160 GeV
Cs, = £4Cp @ 1 TeV

0.4

flavio
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New physics: naive dimensional analysis

» The SM amplitude is
AGE 2
x ﬁvcb = "
where V, ~ 0.04 and v = 246 GeV is the Higgs VEV
> Tree-level mediator would need O(1) couplings with mass of 2 TeV to get 20% effect

» Lessons:

V,, ~ 870 GeV

> we need fairly light mediators potentially accessible at LHC
» we cannot afford a loop suppression

David Straub (Universe Cluster)
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Tree-level models to explain Ry

» 3 ways to connect the 4 fermions keeping gauge invariance

David Straub (Universe Cluster)
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Tree-level models to explain Ry

Spin  Rep. Name Cy, Cs, Cs, C;r Comments

0 (1,2)% H* X X

1T (1,3 W

0 (3,1)% S X x x Cg =—4Cr
0 (3,3)% S3 X

0 (3,2)% R, x x Cg =4Cr
1 (3,1)% Un X X

1 (3,3)% Us X

1 (3,2)2 Vs X

David Straub (Universe Cluster)
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Correlation with b — svv

» SU(2). symmetry relates the processes b, — ¢, TV, and by — S vy, Vq,.
> SMEFT: 0 = (v, )@v*a)  OF = (v, ™)(Gv*T'q)
> Hesf: Ov, = (@uy"b)(lyyve) O = (BLy*bu)(Very, V)
> Matching:  Cy, VCI[C/(q3)]33i3 Cl" o [C,(;)]3323 - [C,(;)]sszs

> Needi = 2 (Vcs) to avoid CKM suppression. Resulting correlation: C/* = a Cy,

b . ¥ S; S3 U Us
' a -2 2 0 -4
:¢

—>—‘—>—

S 14

David Straub (Universe Cluster)



Introduction b — ctv anomalies Implications of B Anomalies

Limiton B — Kvv

» B — Kvv is a flavour-changing neutral current (FCNC) and thus rare in the SM:
BR(B — Kv¥)sm ~ 5 x 107°

» B factories BaBar & Belle have looked for the decay and set a limit
BR(B — KVV)exp < 15 x 107°

> S1, S3, Us leptoquarks disfavoured as solution to Rp(.) anomalies!

» Possible to suppress using cancellation between S; and S3 contribution
Crivellin et al. but this is not renormalization group invariant — fine-tuning

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1703.09226
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" solution: direct searches

» The W' needs to come as SU(2), triplet, i.e. degenerate W*' and Z%
» Couplings to up/down-type quarks and charged leptons/neutrinos related by SU(2),:

Lo ghava Vu+ g TyHE v,

T T
33 33 33
CX Vei g 0< 9q x gj xX g
Vi Vi
ViL TL

> g;°and g7? strongly constrained by B°-B° and Bs-Bs mixing — large g2* required!

> Sizable cross-section bb — "1~ predicted

David Straub (Universe Cluster)
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http://www.arxiv.org/abs/1608.00890
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Constraint on W /Z' scenario

lgsg-| x v /M3 lgog-| x V2 IMZ

ATLAS 13 TeV, 13.2 o™ I ATLAS 13 TeV, 3.2 fb™"

40¢

®

‘:30'

=

= 20}
°l //_)\33 /_—_8«\/__  —

/—77?/,<r,ﬂbb¢rq
R O e g
02 03 04 05 06 07 0608101214161.82.0
My (TeV) My (TeV)

» W only allowed if light (M < 500 GeV) or broad (I'/M > 30%)
» Similarly tight constraints on H*° (2HDM) scenario

Faroughy et al.
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http://www.arxiv.org/abs/1609.07138
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Summary of single-particle solutions

Spin  Rep. Name Cy, Cs, Cs, Cyr Comments

0 (3, 1 )1 S1 X X X CSL = —4CT
0 (§,2)% R2 X X CSL = 4CT *

* requires imaginary couplings Becirevic

David Straub (Universe Cluster) o & - =


http://www.arxiv.org/abs/1806.07298
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New light particles: right-handed neutrino

» Allowing new particles that are not heavy, an interesting possibility is to add a RH
neutrino, that is a SM singlet, Nz ~ (1, 1)

» This leads to new dimension-6 operators, e.g.
(CRY"bR)(TRY"NR)

» Possible UV completion: W ~ (1,1);

Asadi et al. , Greljo et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1804.04135
http://www.arxiv.org/abs/1804.04642
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Outlook

» Theory

» B — D* LQCD form factors for non-zero recoil will further reduce SM uncertainties
> Direct searches for LQ scenarios will further cut into parameter space

» Experiment

» LHCb measurement of Rp?

» Further modes: A, — AcTv, Bc — J/W1v, ...

> More observables (e.g. T polarization in B — D*Tv)
> Belle ll!

David Straub (Universe Cluster)
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Advertisement: flavio .

» A Python package for flavour phenomenology in the SM & beyond

> repository: http://github.com/flav-io/flavio
> documentation: http://flav-io.github.io

» Features

> SM predictions with uncertainties

> NP predictions for arbitrary Wilson coefficients (weak EFT or SMEFT)

> Fitting SM parameters and Wilson coefficients to data (Bayesian or frequentist)
> Plotting library to visualize fit results

David Straub (Universe Cluster)
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b — s transitions

» Loop- & CKM-suppressed = rare decays with branching ratios around 10~°
» Many decay modes

non-leptonic B — @K, B — n’K, Bs — @@, B — K, Bs — KK, ...

radiative B — XsYy, B — K*y, Bs — oy, ...
semi-leptonic B — Xsl¢, B — K¢, B — K*¢4, Bs — @/, ...
leptonic Bs — uu

neutrino B — Kvv, B — K*vv

» Not only branching ratios but also angular distributions, CP asymmetries, ...

David Straub (Universe Cluster)
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B — K*(— Km)u*u~ angular distribution

CcP

a'r I
dg2dcosB,dcosBk- dp ~ 32m

{I? sin® B+ + I cos? B+ + (I3 sin” Bk~ + /5 cos” B+ ) cos 26,

+ /5 sin? Bk« sin® 6, cos 2¢p + 4 sin 26k~ sin 26, cos ¢
+ /5 sin 26k« sin 6, cos @ + ( ¢ sinZ B+ + [C cos? GK*) cos 6,

+ 17 sin 208k~ sin 6;sin @ + /5 sin 20k~ sin 26, sin ¢ + o sin? Ok~ sin? 6;sin 2(p}

David Straub (Universe Cluster)
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B — K*(— Km)u*u~ angular distribution

d'r _ 9
dg2dcos8,dcosBk- dp ~ 32m

{ + 15 sin® B+ (3 + cos 26)) — 152 cos” Bk~ sin” 6

4+ I5 sin? B+ sin? 6 cos 2¢p + [ sin 26~ sin 26, cos ¢
+ /5 sin 20k~ sin B, cos @ + /5 sin? B- cos 6,

+ 17sin 28k~ sin 6;sin @ + I3 sin 20k~ sin 26, sin ¢ + o sin? Ok~ sin? 6;sin 2(p}

David Straub (Universe Cluster)
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B — K*(— Km)u*u~ angular distribution

d‘r _ 9
dg2dcos8,dcosBk- dp ~ 32m

{ + 15 sin® B+ (3 + cos 26)) — 52 cos® Bk~ sin” 6

+ 15 sin? B+ sin’ 6, cos2¢p + 14 sin 26k~ sin 26, cos 0]

— I5 sin 20~ sin 6; cos ®— Ts sin? By~ cos 6,

+ 17 sin 20k« sin O;sin ¢ — I5 sin 26k~ sin 26 sin ¢ — 1o sin? Ok~ sin? 6;sin 2(p}

David Straub (Universe Cluster)
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Basis of observables

» CP-averaged angular coefficients altmannshofer et al.

» CP asymmetries «rugeret al.

A0 = (7@ 1) /4"

» Alternative basis sebastien Descotes-Genon et al.

S4 / 85

Fi(1=Fp) Fi(1=Fp)

Form factors drop out in heavy quark limit (mp,/Aqcp — 00)

» Beware of various different conventions! See cratrex et al.

David Straub (Universe Cluster)
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http://www.arxiv.org/abs/0811.1214
http://www.arxiv.org/abs/hep-ph/9907386
http://www.arxiv.org/abs/1303.5794
http://www.arxiv.org/abs/1506.03970
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LHCb 3 fb~" measurement of P;

h_l-ﬂ 2:_' T T T T _:
. LHCb ]

1 [ SM from DHMV

] ]
G:*‘* 0 1

C I i —— .

_l'_ Ly — + -

2F 3
R

o2 [GeVZcA

» How reliable is the SM prediction?
» How to combine different bins, other angular observables? (— theory hypothesis!)

David Straub (Universe Cluster)
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Branching ratio deviations

x10~% x10~7
“\:'> = SM (flavio) | = SM (ABSZ/flavio)
CREN + oor 2 109 + cDpF
O, + LHCH O, + oMs
7; N ’g 0.8 + LHCb
=0T :
i + _+__+_ St 06
< =<
T | 104
+ — | =
21 g 0.2
== =
0 5 10 1 20 0 5 10 15
7 [GeV?] 7 [GeV?]
%108 108
a7 401 e SM (flavio) 5 61
o + cor & 51
—~ 304 =
I 44
o5 3
3 X
S
T 20 3 3
T 15 T
_ I - 21
[SIREE _— § - SM (ABSZ/flavio)
= S 17 4 LHCH
%‘g 0.5 ‘%\Lg + CDpF
00l v ; . v 0 y T v T T v T
0 5 10 15 20 25 50 75 100 125 150 175
7 [GeV?] ¢ [GeV?]
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@ b — spp anomalies

m SM predictions: challenges

@ R« and Rk- anomalies

@® Combined explanations

David Straub (Universe Cluster)
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Effective theory for b — sy in the SM

m _ _ — _ —
07 = ?b(SO-IJVPRb)FuV 09 = (Sy,PLb)(ty"?) 010 = (Sy,PLb)(¢y*yst)

David Straub (Universe Cluster)
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B — K*¢¢ amplitude

» “Transversity amplitudes”

2myM 2M?2
ALR o (Co F Cr0)Fa(@?) + ;2 Bc7f1(q2)—16n2q—23m(q2)

» 77 (g?): B — K* form factors
> 7,(q?): “non-factorizable” hadronic contributions

David Straub (Universe Cluster)
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B — K* form factors

» Lattice calculation available, valid at high g2 (low ~+
recoil) in the limit of stable K* Horgan et al. b s

» Light-cone sum rules currently necessary for B O’g mﬁy;%m{) K
predictions at low g2 Ball and Zwicky ,

Khodjamirian et al. , Bharucha et al.
» Uncertainties around 10% — 20% on branching ratios

» For P; observables, only corrections to form factors in
the heavy quark limit required (“soft form factors”),
sometimes called “factorizable power corrections” see
e.g. Sébastien Descotes-Genon et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1501.00367
http://www.arxiv.org/abs/hep-ph/0412079
http://www.arxiv.org/abs/1006.4945
http://www.arxiv.org/abs/1503.05534
http://www.arxiv.org/abs/1407.8526

b — sup anomalies Rk and Ry« anomalies Combined explanations Implications of B Anomalies

LCSR vs. LCQCD form factors sz etal

> Results are complementary
> Results are compatible

» Combined fit valid in the whole
kinematic region

Nevertheless, an improved LQCD
calculation without assuming the K* to be
stable would be very desirable

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1503.05534

b — sup anomalies Rk and Ry« anomalies Combined explanations Implications of B Anomalies

Hadronic contributions

2myM 2M2
ALR o (Co T Cr0)Fa(d?) + % C, 7 (G - 16n2q—ZBH,\(q2)

» Hadronic operators contribute via virtual photon I
exchange it -
» Particularly important: “charm loop” induced by the b s
current-current operators ()@gf Eﬂyyg%mo
B K
Q= (Suy,TPe)(Cy?T°b) Q2 = (Scyyec)(Cuy’'br)

that arise from tree-level W exchange (and QCD
corrections to it) in the SM!

» Partly calculable (e.g. QCD factorization
Beneke et al. )

» Incalculable contributions enter error estimate

David Straub (Universe Cluster)


http://www.arxiv.org/abs/hep-ph/0106067
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b — sup anomalies Rk and Rg+ anomalies Combined explanations

Cartoon: g% dependence of B — K*(*(~

J 29 Broad charmonium
2 W )\ resonances (above the
open charm threshold)

dr/dg?

Photon pole
4« enhancement (from C7)

Sensitivity to
Cy and CYy
—

CKM suppressed

 light-quark resonances

phases;h

Sensitive to C7—Cy pa
interference suppression

15 20
q° [GeV?]

< increasing hadronic recoil
increasing dimuon mass =»

Blake et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1606.00916

Importance of determining hadronic contribution

Al o #00= 0
W6} =x Eiflavio v0.20

» Measurements of
B — J/pK* and
B — w(2S)K* allow
to constrain the
magnitude of the
hadronic
contribution

» Feed-down to low g2

relies on
extrapolation
Bobeth et al. ,
Blake et al.
0 5 10 15 15 16 17 18 19
4% (GeV?/c*) q* (GeV?/c*)
Blake et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1709.03921
http://www.arxiv.org/abs/1707.07305
http://www.arxiv.org/abs/1709.03921
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Numerics

Examplary error bars (using flavio):
(P5)(B® — KOt ) 4.6 = —0.756 + 0.025¢¢ + 0.070p,

LHCb: — 0.3 F0-1381at 4 0.023ys
dBR\ .o .0 4 _ I
TqZ (B - K [V Y] )[1,6] = (480 + 0'65FF + 0‘17CKM + 0-14had) x 10

(“norm”: uncertainty on the normalization channel B — J/p(— pp)K*)

David Straub (Universe Cluster)
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@ b — spp anomalies

m EFT analysis of b — supy anomalies

@ R« and Rk- anomalies

@® Combined explanations
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Effective theory for b — suu beyond the SM

4GF e?
/2 16m2

br(1)
o - o >'< -
SL(R) SL(R) SL(R)

0) = (S0, Pab)F 08 = (r,Pmb)(@*0) 0%’ = (Sv,Purb) Py ysh)
09" = (8y,Puryb)(70) 0y = (8y,Pur)b)(Tyst)

Heit = Vi Vi Z C:0; + h.c.

Inthe SM, C/ = ¢ = ¢{) = 0 and Cq 1 are LFU

David Straub (Universe Cluster)
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b — sup anomalies Rk and Rg+ anomalies Combined explanations

Parenthesis: operators omitted

The following operators have been omitted since they are irrelevant for the BSM
discussion:

» Four-quark operators. Their matrix elements are small; if affected by NP, RG-induced
contributions to the semi-leptonic Wilson coefficients dominate

» Chromomagnetic operator. Only enters via RG mixing into Cg')

» Tensor operators
OS-/)Z = (§O'HVPL(R)b)(€O'IJVPL(R)€)

violate hypercharge and thus do not arise at dimension 6 in SMEFT

David Straub (Universe Cluster)



Implications of B Anomalies

b — sup anomalies Rk and Rg+ anomalies Combined explanations

Sensitivity to Wilson coefficients

Decay ¢y ¢y ¢y ¢y

7
B — Xsy X
B — K*y X
B—Xstem X X X
B—K®ete— X X X
Bs — ptu~ X X

» Different observables are complementary in constraining NP
» For semi-leptinic b — spp transitions, we can restrict ourselves to NP in Cg')g 10

David Straub (Universe Cluster)



b — sup anomalies Rk and Rg+ anomalies Combined explanations Implications of B Anomalies

Global fit of b — suu observables

> Fit Cg){’o, 1or2 atatime

» Observables included:

» Angular observables in B — K*Ou*p~ (CDF, LHCb, ATLAS, CMS)
B%* — K*0-%y+u~ branching ratios (CDF, LHCb, CMS)

B%* — KO*p*u~ branching ratios (CDF, LHCb)

Bs — @utpu~ branching ratio (CDF, LHCb)

Bs — @utu~ angular observables (LHCb)

> B — Xs;u™u~ branching ratio (BaBar)

vVvyvyy

» Performed in Altmannshofer et al. using flavio
» NB, Rx & Ri+ not used as constraints (yet)!

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1703.09189

b — spp anomalies

Rk and Ry

1D results

Coeff.

ChP

s

B

Cly
CNP Ca\lg‘
CNP _CNP

Cia = Cﬁo

Cé = _Clm

David Straub (Universe Cluster)

anomalies

Combined explanations

best fit
—1.21
+0.19
+0.79
—-0.10
—0.30
-0.67
+0.06
+0.08

— 2
pU|| \/ XSM Xbestﬁt

1o
[-1.41,-1.00]
[-0.01, +0.40]
[+0.55, +1.05]
[-0.26, +0.07]
[-0.50, —0.08]
[-0.83, —0.52]
[-0.18, +0.30]
[-0.02, +0.18]

20
[-1.61,-0.77]
[-0.22, +0.60]
[+0.32, +1.31]
[-0.42, +0.24]
[-0.69, +0.18]
[-0.99, -0.38]
[-0.42, +0.55]
[-0.12, +0.28]

(for 1D)

Implications of B Anomalies

pull
5.20
0.90
3.40
0.60
1.30
4.80
0.30
0.80



b — spp anomalies Rk and Rg+ anomalies

2D results

Combine

2.0
—— ATLAS
— CMS
1.5 — LHCb
—— BRonly
— all
1.0 1
g2
O
<
~ 0.0
—0.51
~1.01
flavio vo20.3
-15 T T T T T
-2.0 -1.5 -1.0 —0.5 0.0 0.5 1.0

Re C)P

David Straub (Universe Cluster)
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> best fit (C§7, C¥) = (—1.15,+0.26)
> pull 5.00
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2D results

> best fit (C§7, Cy) = (—1.25,+0.59)

2.0 T
—— ATLAS
— oMs > pull 5.30
1.5 —— LHCb
—— BRonly
— all
1.04
0.5
so
o)
~
0.0
—0.51
—1.04
—0.5 0.0 0.5 1.0 1.5

David Straub (Universe Cluster)
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b — sup anomalies Rk and Rg+ anomalies Combined explanations

Impact of enlarging uncertainties

J

Doubling form-factor or “non-factorizable’
hadronic uncertainties:

standard uncertainties
""" doubled FF uncertainties

207~~~ doubled non-FF hadronic uncertainties > Significance decreases but stays well
above 30

> best-fit point hardly affected

o 1.0 A
zS
O
L
=051
0.0
0.5 1
flaviovozos
-1.0 T T T T T
—2.5 -2.0 -1.5 —1.0 —0.5 0.0 0.5

David Straub (Universe Cluster)
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g’ dependence of Cqy best-fit

1.0

Rk and Ry

anomalies

Combined explanations

Implications of B Anomalies

0.5 1

0.0

—0.5

CNP

—2.0 4

—2.5

-3.0

o —1.04

2 7/
7/
7
;
7
14 m Vi
7/
7/
7
/__\ g
7/
0 /
| o
O -1
<
21 7 ——~ NP-like
v —— 0.04-2.5 GeV?
iy 7 —— 2.00-4.3 GeV?
e —— 4.00-6.0 GeV?
. 7
flavio vo.212 7" flavio w212 — | 6.00-8.7 GeV?
T T T T —4 T T T } T
0 2 4 6 8 —4 -3 -2 ~1 0 1 2
0
¢ [GeV? ACy

» NP in Cq would give helicity and g2 independent effect
» hadronic effect could be helicity and g dependent
» current data not conclusive

David Straub (Universe Cluster)
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@ b — spp anomalies

m Simplified models for b — suy anomlies

@ R« and Rk- anomalies

@® Combined explanations
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SMEFT operators matching on Cg 19
0(1) = (Iv MGy
i = (ivul)(Geyfar)
0,(:’ V= (y, ™) @y 'a)
Oge = (Giv,9))(€xY"e)

:

C((JI) — C5 = —Cqy
3

qul) — C5 = —Cqy

Cqe — Cq = Cl

C,(Jf) - Ch < CY

= Succesful models need C((;,’?’) (and possibly in addition Cyge)

David Straub (Universe Cluster)

Implications of B Anomalies
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New physics: naive dimensional analysis

» The size of the required effect is

4G
\;\Vm \ x 1.0 ~ (34 TeV) 2
» In contrast to the b — ctv anomalies, could well be a loop effect or weakly coupled

model
» Nevertheless, let’s look at possible tree-level mediators for simplicity

David Straub (Universe Cluster)



Tree-level models for b — suu

Spin  Rep. Name ¢ ¢c® ¢
. Z f lq B > Except singlet Z/, all models
appeared also for Rp)

» R, and V, by themselves
disfavoured since Ch = +Ck

1
1
0
0

> S hasCly) = —C{) = Co 19 = O at
tree- IeveI Can be produced at
1-loop Bauer and Neubert

> Except Z/, all 1-particle simplified
models predict Cfj = —CY,

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1511.01900

b — sup anomalies Rk and Ry« anomalies Combined explanations Implications of B Anomalies

Discriminating models

u
0.00 1= . : o . )
—— 10°BR(B, = ptp7) [ o special cases
0B T— | : 9
I
050 | » 1: LQ or V' models
\ » 0: Z’ models involving L,
—0.75 1
> % or % Z' Celis et al.
o
TS —1.00 1 R
7 > —30r 3 Z' Ellis et al.
—1.25 1
>
—1.50 1
—1.75 A
—2.00 T

—1.50 —1.25 —1.00 —0.75 —0.50 —0.25 0.00 025 0.50
s/l
Clo/Ch

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1505.03079
http://www.arxiv.org/abs/1705.03447

b — sup anomalies Rk and Ry« anomalies Combined explanations Implications of B Anomalies

Z' constraints: Bg mixing

St St
» Dangerous contribution to mass difference AM; in the
Bs-Bs system
b, b, » Forces Z’ (or vector triplet) models into regime with strong

coupling to muons - Results in upper bound on Z’ mass:
mz < g7 x 800 GeV
Altmannshofer and DMS

» Lepton flavour universal coupling on the verge of being excluded by LEP-2 4-lepton
contact interaction searches (ete™ — ¢7/7)

» Lepton flavour non-universal models more successful c.g. Altmannshofer et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1308.1501
http://www.arxiv.org/abs/1403.1269

b — spp anomalies Rk and Rg+ anomalies Combined explanations

Implications of B Anomalies

Predictions for LFU tests

Using the model-independent fit to b — su™p~ observables and assuming the

corresponding b — se*Te~ observables to be free from NP, can predict LFU
ratios/differences

_ BR(B — Xuu)

Ry —m —~ =77
X~ BR(B — Xee)

Do = OB — K*uu) — O(B — K*ee)

David Straub (Universe Cluster)
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Predictions for LFU tests

0.6 0.8 1.0 1.2
oY - CHy fit
RS 9 10
}2[,%5'22] L
Rl
Rt
1,6
1#4, 1
Rl |
’ SM
1.0 1.2
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Ll
D[Ps
D
5
ool Ch - cﬂo fit
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
David Straub (Universe Cluster) o & - =

it
N)
yel
o)
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@ R« and Rk- anomalies
m EFT analysis of Ry, anomalies

David Straub (Universe Cluster)
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Rk & Rg+

——LHCb —=—BaBar ——Belle

%M 2_ L B R B | T ]
C LHCb 1
1.5F ]
1F I ]
S 1 Mo
C ! 1
0.5_— ]
L ! 1 | 1 ]
% 5 10 15 20

q* [GeV?/c4]

BR(B — KU1~ ) g
BR(B — Ke+e*)[176]

Rk =

David Straub (Universe Cluster)

Implications of B Anomalies

AL UL L BB L B L AL BB B B
< 1of - ]
~ DR S 2 ]
0.8 ]
% E E
0.61 ® LHCh ]
r A BIP ]
0.4F v CDHMV
B B EOS ]
0.2 ® flav.io
r LHCh .o
OIO’HHMHmuH\HH\HH\HH\’
0 1 2 3 4 5 6
¢ [GeV?/cf]

BR(B — K*utu™)

RK*:

BR(B — K*ete™)
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SM predictions

Rc=1.000+0.001 R =0.926+0.004 RV = 0.996 + 0.007

» QED corrections can be sizable, but are reduced by appropriate cuts and are well
simulated by experiments’ Monte Carlos gordone et al.

These are extremely clean null tests of the SM!

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1605.07633
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b — spp anomalies Rk and Ry« anomalies Combined explanations

Flt tO RK and RK* Altmannshofer et al.

Fit Wilson coefficients of lepton flavour dependent operators:

05" = (v, Prb) ((v0) 0%5 = (3¥,PLrb)(TY*ys!)

Observables:

> Ry (LHCD)
> Dp, . =P} 5(B — K*up) — P, 5(B — K*ee) (Belle)

These observables/measurements are disjoint from the ones used in the b — sy fit!

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1704.05435

b — spp anomalies Rk and Ry« anomalies Combined explanations

1D results

Coeff.
%
o

c§

Cs
Cg = _qu
G5 =—C

David Straub (Universe Cluster)

best fit 1o 20

~1.59 [-2.15,-1.13] [-2.90, —0.73]
+1.23 [+0.90, +1.60] [+0.60, +2.04]
+1.58 [+1.17,+2.03] [+0.79, +2.53]
~1.30 [-1.68,-0.95] [-2.12, —0.64]
—0.64 [-0.81,-0.48] [-1.00, —0.32]
+0.78 [+0.56,+1.02] [+0.37,+1.31]

pull = /x4 — XZost 11t (for 1D)

Implications of B Anomalies

pull
420
430
440
4.40
420
430



b — sup anomalies Rk and Ry« anomalies Combined explanations Implications of B Anomalies

2D results: Ry vs. b — supy

> Perfect agreement between Ry.)
and b — suyp when assuming NP to
affect muonic modes only

> Ry explanations involving
enhancement of electronic modes
only seem contrived

18
O
[}
o~
Ry and Ry
""" b — spup global fit
. — al
107 flavio wa0s ——- all, fivefold non-FF hadr. uncert.

T T T T
20 -15 -10 -05 00 05 10 15
ReCY

David Straub (Universe Cluster)
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® Combined explanations
m Simplified models
m Model-building directions
m Outlook
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Recap: SMEFT operators to solve B anomalies

b—sutu~ b — ctv

[Cl(q3)]33i3 — Cy,

v

> [CI(;)]zzzs — Co = —Cyo

v

> [CI(qS)]2223 — Cg = —C1p [Clegq]**¥* — Cs,

v

1 .
> [qu]2322 — Cyg = Cqo [Cl(egu]%sl — Cs,

[C(B) ]333i ~Cr

lequ

v

David Straub (Universe Cluster)
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Single-multiplet solutions to B anomalies

Spin  Rep. Name Cge Clf) C) Cieag Clag, Clay b—c? b—s?
0 (1,2)% H’ X X

1 (1,1)o z X X

1 (1,3 V x

0 (%,1)% S X X

0 (33); S X

0 (?,2)% R, X X X

(I ER PR x

1 (33); U X

1 (3,2)2 Vs X X

NB: there is of course no strong reason to restrict to single-multiplet solutions, except for parsimony

David Straub (Universe Cluster)
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A closer look at S

» Originally suggested in Bauer and Neubert
» Elegantidea: b — ctv at tree level, b — spp at 1 loop (C,(qs) = —C(3))

» Strong constraints from B — Kvv, violation of e-u universality in b — cév, D decays
Bauer and Neubert , Becirevi¢ and Sumensari , Caietal.

» Numerical scan shows: Rj.) and Ry(., can be explained individually, but not
simultaneously caiet al

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1511.01900
http://www.arxiv.org/abs/1511.01900
http://www.arxiv.org/abs/1704.05835
http://www.arxiv.org/abs/1704.05849
http://www.arxiv.org/abs/1704.05849

b — sup anomalies Rk and Rg+ anomalies Combined explanations Implications of B Anomalies

A closer look at U

» Originally suggested in Barbieriet al

» Elegant idea: weakly broken U(2)° flavour symmetry acting on light generations
explains hierarchy of effectsinb — ctvvs. b — suu

» Relevant coupling: o
=iy, gy
» Wilson coefficients: a
Clij/icrv x — Z VClzg’I:’*glq Cg—>spp _ _Cl130_>3pu g’;’;‘\j/q
i=d.s,b v v

» Need g'rqs*, otherwise large g'q* coupling leads to excessive pp — 1~

Faroughy et al. , Buttazzo et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1512.01560
http://www.arxiv.org/abs/1609.07138
http://www.arxiv.org/abs/1706.07808

Uq: evading direct searches

» Depending on the coupling structure, U, could show up at LHC, but there is no
no-loose theorem suttazzo et al.

pp- T"'c;'SOO fb™'

-
-
-

-

Vector LQ
.0 1.5 2.0
My (TeV)

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1706.07808
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@ b — spp anomalies

@ R« and Rk- anomalies

@® Combined explanations

m Model-building directions

David Straub (Universe Cluster)
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UV completions of the U, leptoquark

» U, is a massive vector: either gauge boson of a spontaneously broken gauge
symmetry or composite resonance

» Interesting observation: the breaking of the Pati-Salam GUT group
SU(4) x SU(2). x SU(2)r — Gsm (“lepton number as the fourth colour”) leads to
Ui ~ (3,1 )% as one of the heavy coset gauge bosons (along with a heavy gluon
(8, 1 )0 andaZ (1 , 1)0) Barbieri et al.

» Practical problem: the Pati-Salam group needs to act flavour non-universally,
otherwise excessive rates for processes like K, — pe (s — due)

» Realizations of this idea:

» Composite PS resonance Barbieriet al. , Barbieri and Tesi

> SU(4) x SU(3) x SU(2) x U(T) biLuzio et al. , cf. v2 of Assad et al.
> PS with additional vector-like fermions calibbi et al.

» Three-site PS Bordone et al.

» PS in warped extra dimensions Blanke and Crivellin

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1611.04930
http://www.arxiv.org/abs/1611.04930
http://www.arxiv.org/abs/1712.06844
http://www.arxiv.org/abs/1708.08450
http://www.arxiv.org/abs/1708.06350
http://www.arxiv.org/abs/1709.00692
http://www.arxiv.org/abs/1712.01368
http://www.arxiv.org/abs/1801.07256

Combined explanations Implications of B Anomalies

@ b — spp anomalies

@ R« and Rk- anomalies

@® Combined explanations

m Outlook

David Straub (Universe Cluster)
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b — sup anomalies Rk and Ry« anomalies Combined explanations

Future projections

| flaviovozzt

Belle (1) inclusive

NP ee
CQ

05

20 —15 —10 —05 00
CgPuu

05 1.0

205 5 —i0 —65 00
c;lP;m

Comparing LHCb (Run 4) and Belle-Il reaches in the planes of Cg:1o Albrecht et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1709.10308
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R in different scenarios

Implications of B Anomalies
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» Impossible to distinguish different best-fit scenarios on the basis of Ry., alone

David Straub (Universe Cluster)
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Predictions for angular observables

Dp =Py 5(B — K'up) — P, 5(B — K*ee)
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» Future measurement could unambiguously establish new physics and identify the

David Straub (Universe Cluster)
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Conclusions

» Significant deviations from the SM in b — spp transitions

> B — K*uu angular observables (unc. dominated by hadronic contribution)
> b — sup branching ratios (unc. dominated by form factors)
> Ry & Rk~ (unc. purely experimental/stat.)

» Simultaneous EFT explanation very easy
» Combined explanation with b — ctv anomalies possible even with a single multiplet

David Straub (Universe Cluster)
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Conclusions

» Significant deviations from the SM in b — spp transitions

> B — K*uu angular observables (unc. dominated by hadronic contribution)
> b — sup branching ratios (unc. dominated by form factors)
> Ry & Rk~ (unc. purely experimental/stat.)

» Simultaneous EFT explanation very easy
» Combined explanation with b — ctv anomalies possible even with a single multiplet

Near-future experiments have the power to unambiguously resolve the question
whether this is new physics or not!

David Straub (Universe Cluster)
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Backup

David Straub (Universe Cluster)



Implications of B Anomalies

b — sup anomalies Rk and Rg+ anomalies Combined explanations

Could tensions be due to new light particle?

Sala and DMS
Need a new particle with mass below m;, leading to a suppression (destructive

interference) of B — K up

» Can't be a scalar (would lead to negligible interference)
» Must be broad, i.e. have sizable I'/m, since no narrow resonances seen

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1704.06188
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Minimal model

_ _ _ _ m?2
L = [(gps SLyybL +h.c.) + guv By U + Gua BY, Vsl + gx Xy, x] V¥ + 7VVVVV

» Coupling to sb (could be loop-induced) and piy
» Strong coupling to new “dark” fermion x to account for sizable width

On-shell exchange of broad V leads to g*-dependent shift in Cg ,,

gbsguV,A/N

Co 10 =
’ g% —mZ +imyly

David Straub (Universe Cluster)
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Impact on b — s¢/ observables

¢ [GeV?|

> Resonance with my ~ 2.5 GeV can explain Rk, R+, and P; anomalies similarly to
“short-distance” C})
» Resonance with my ~ 2 GeV could explain P but not Rx & R~

David Straub (Universe Cluster)
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Main constraints & predictions

B — K®V(— xx)

> has same signature as B — K(*)vv strongly constrained by BaBar & Belle
» |eads to upper bound on gps/my

David Straub (Universe Cluster)
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Muon anomalous magnetic moment

Y
H“L “R

fiL 1R

2 2 2 2
sa. — Jwv =% mi (M
T 12mr m? m¢,

» Goes into the right direction to explain the long-standing anomaly for gf,v > 5g§A
» Fine-tuning g,a vs. guv can be invoked to avoid excessive contributions

David Straub (Universe Cluster)



b — spp anomalies

Rk and Ry« anomalies Combined explanations

Summary of constraints
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Implications of B Anomalies
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Additional constraint: Z — puV sse

» Modifies Z line shape in Drell-Yan at LHC

g m
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(do/dm,,,)

David Straub (Universe Cluster)
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Implications of B Anomalies
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http://www.arxiv.org/abs/1705.03465

Impact of Drell-Yan constraint
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