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Recap: B physics anomalies raikbyu. virste

1. Ry anomalies: b — ctv vs. b — c(e, y)v

_ BR(B— DM1v)
~ BR(B — D()¢v)

Rpe)
2. Ry, anomalies: b — sup vs. b — see

BR(B — K®putpu~)
BR(B — K(*)ete™)

Ryt =

3. b — suyuy anomalies

» Angular observablesin B — K*utu—
» Branching ratiosin B — K*u™p~—,B — Kutu=,Bs — @uTu~
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How significant are the “anomalies™?

Statistically sensible questions to ask:

1. What is the siginificance of the deviation from the SM prediction in a single
observable (pair of observables)?

> is the uncertainty dominated by statistics, systematics, theory?
2. What is the likelihood ratio between a given new physics hypothesis and the SM?
» model-independent new physics hypotheses using effective field theories

David Straub (Universe Cluster)
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Significance of Ry
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» HFLAV quotes 4.10 combined
> Theory uncertainties due to form factors sermlochner et al. , Grinstein and Kobach
Bigi et al. & QED Boeret al. under scrutiny, but very small
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http://www.arxiv.org/abs/1703.05330
http://www.arxiv.org/abs/1703.08170
http://www.arxiv.org/abs/1707.09509
http://www.arxiv.org/abs/1803.05881
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Significance of R, )

1.2

0.9 1 = combination 1-4o0

— SM 1o

Ry~

0.8
0.7 4

0.6
fldvio
0.5 AN T T T T T T
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Ry

» 3.10 combined (only using 1-6 GeV? bins here)
» Theory uncertainties due to QED Bordone et al. completely negligible
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http://www.arxiv.org/abs/1605.07633
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Significance of b — sy anomalies
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Significance of b — sy anomalies

More complicated

- — T |
o ok | | I I > Several modes, many bins, sizable
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1= [ SM from DHMV » Larger theory uncertainties
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Significance of b — sy anomalies

More complicated

= T T T B
o 2 A » Several modes, many bins, sizable
LHCDb ] correlations
1 [0 SM from DHMV —: » Larger theory uncertainties

» Need new physics hypothesis
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B — K®utu—: theoretical challenges

frias)

M+

()

David Straub (Universe Cluster)

Form factors

> Require non-perturbative calculation, e.g. lattice
or light-cone sum rules (LCSR)

» Good agreement between lattice and LCSR
Horgan et al. , Bharucha et al.

“Non-factorisable” hadronic effects

> Problematic since operators like (¢ y*b.)(5.y cL)
generated by tree-level W exchange

> analyticity + experimental data on b — scc
allow to constrain this Khodjamirian et al.
Bobeth et al. , Blake et al.


http://www.arxiv.org/abs/1501.00367
http://www.arxiv.org/abs/1503.05534
http://www.arxiv.org/abs/1006.4945
http://www.arxiv.org/abs/1707.07305
http://www.arxiv.org/abs/1709.03921

b — s anomalies Deviations in Flavor Physics

@® b — s anomalies
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Combined explanations

Effective theory

Deviations in Flavor Physics

NP effects model-independently described by modification of Wilson coefficients of

dim.-6 operators

4GF e
Hett = — —— szcioi+h-c-
V2 16n I,
br(r) b (ry LR br(r) I
ol - >wwy 0 = >-< 04 = >-<
SL(R) SL(R) LR SL(R) LR
0Y) = "2 (80,,Ppr)b)FH 0y = T (50, T°Pau)b)G*"
0Y) = (5y,Pu(rb)(Fy"1) 0\) = (5y,Puirb) (Fv"Yst)
0Y) = (3Pg)b)(70) 0Y) = (5Pr()b)(Pyst)

David Straub (Universe Cluster)



Comments on significance b — s anomalies b — canomalies Combined explanations Deviations in Flavor Physics

Model-independent fit to Cg)m Altmannshofer et l.

Construct a likelihood as function of Cg')m, using measurements of

» Angular observables in B — K*%u*u~ (CDF, LHCb, ATLAS, CMS)
» BO+ —, K*0.&+ 1~ branching ratios (CDF, LHCb, CMS)
» B0+ _, KO+~ branching ratios (CDF, LHCb)

» Bs — @utu~ branching ratio (CDF, LHCb)
» Bs — @utu~ angular observables (LHCb)
» B — Xsutp~ branching ratio (BaBar)

NB, Rk & Rk~ not used as constraints (yet)!

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1703.09189
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1D results

Coeff.

ChP

s

B

Cly
CNP Ca\lg‘
CNP _CNP

Cia = Cﬁo

Cé = _Clm

David Straub (Universe Cluster)

b — s anomalies

b — canomalies

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]

Combined explanations

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)

Deviations in Flavor Physics

pull
5.20
0.90
3.40
0.60
1.30
4.80
0.30
0.80
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Comment on significance

In a pure EFT analysis, discussing number of degrees of freedom or “look-elsewhere
effect in theory space” is completely pointless.

Likelihood ratio is well-defined, everything else is neither basis nor scale invariant.

For the same reason, more sophisticated statistical tools like Bayes factors are of little
use here.

What you should care about:

1. Is the likelihood ratio of the best-fit NP hypothesis in the space of EFT large?
2. Is the resulting NP hypothesis credible from a UV (model building) point of view?

David Straub (Universe Cluster)
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2D results

20 > best fit (C§7, C¥) = (—1.15,+0.26)
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Q
~ 0.0
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flavio vo.203
—-1.5 T T T T T
—2.0 —1.5 —-1.0 —0.5 0.0 0.5 1.0 1.5
Re C)P
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http://www.arxiv.org/abs/1704.05446
http://www.arxiv.org/abs/1704.05340
http://www.arxiv.org/abs/1611.05060
http://www.arxiv.org/abs/1704.05447
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Combined explanations

Semi-leptonic vs. charming new physics

— u=48CeV
05 —— =160 GeV
0.0

~1.5

—2.0 1

-05 —-04 —-03 -02 —0.1 0.0 0.1 0.2
bscc
Cyizn)
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0.3

» Operators like
Of3%¢ = (SLy"bi)(ELy,bL)

can induce a (LFU!) shift in Cy (and in
addition have a g?-dependent matrix
element)

Jageretal. , Talk by S. Jager

> Fitto b — suu observables (no Ry)!)
equally good

Deviations in Flavor Physics


http://www.arxiv.org/abs/1701.09183

Predictions for LFU tests

Using the model-independent fit to b — su*u~ observables and assuming the
corresponding b — sete~ observables to be free from NP, can predict LFU ratios
Rx = BR(B — Xup)/BR(B — Xee)

0.6 0.8 1.0 1.2
AL Ch - Cﬁlo fit
A2
AL
R
R%’s] L
Rge,m] |
SM
1.0 1.2
David Straub (Universe Cluster) =} = = = = 9aoe
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Comments on significance b — s anomalies

LFU ﬁt Altmannshofer et al.

Now, fit Wilson coefficients of lepton flavour dependent operators:

05" = (8v,Purb)(T*0) 055" = (5¥uPLb)(Fy"s!) M

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 — spyp fit!

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1704.05435
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1D results
Coeff. best fit 1o 20 pull
@5 ~-1.59 [-2.15,-1.13] [-2.90,-0.73] 4.20
ct, +1.23 [+0.90,+1.60] [+0.60,+2.04] 4.30
Cs +1.58 [+1.17,+2.03] [+0.79,+2.53] 4.40
cs, ~1.30 [-1.68,-0.95] [-2.12,—0.64] 4.40

Cy=-Chy —0.64 [-0.81,-048 [-1.00,-0.32] 4.20
Cg=-C5 +0.78 [+0.56,+1.02] [+0.37,+1.31] 4.30

cy —0.00 [-0.26,+0.25] [-0.52,+0.51] 0.00
cih +0.02 [-0.22,40.26] [-0.45,40.49] 0.10
Cie +0.01 [-0.27,40.31] [-0.55,40.62] 0.00
cie —0.03 [-0.28,+0.22] [-0.55,+0.46] 0.10

pull = \/x3, — X2y (for1D)
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2D results: Ry vs. b — supy

> Perfect agreement between best-fit
region of b — spy fit and region
preferred by Ry fit

12
O
Q
=
—0.51 P Ry and R
""" b — spp global fit
— all
-10 flavio w204 ==~ all, fivefold non-FF hadr. uncert.

20 -15 -10 -05 00 05 10 15
ReC¥
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R, model degeneracies

Ry

Combined

Deviations in Flavor Physics

1.0 4 (— —— 1.0 4
0.9 1 0.9 1
084 — sM 0] — sM
— Cf=-16 9 . Cl=-16
~=o G5 =16 ~ -—- Cs=+416
071 e 071 B — CHE=E
e Oy =13 e =13
0.6 1 — Ch=-Cly=-07 061 — CY=—Cly=-0T
——— O =-C5y =07 —=- C5=-Cf =07
0.5 1 flavio wa1s + LHCb 0.5 1 flavio w211 + LHCb
5 15 20 00 25 50 75 100 125 150 175
¢ [GeV?]

» Impossible to distinguish different best-fit scenarios on the basis of R.) alone

David Straub (Universe Cluster)
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Predictions for angular observables

Dp =Py 5(B — K'up) — P, 5(B — K*ee)

45

— SM — SM
0.20 J
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> DPZ,S can clearly distinguish hypotheses with Cg vs. Cqg

David Straub (Universe Cluster)
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® b — c anomalies
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Effective theory forb — ctv

4GF
Hett = —=Veb (OVL + Z Ci0; + h.c.)
V2 I,

Ov, = (CLy¥br)(lLy VL) Os, = (CLbr)(trVz) ~ Or = (CrOM'b)(lROuV1L)
Oy, = (ERVubR)(ZLYpVTL) Os, = (CrbL)(rV1L)
» Oy, is LFU at dimension 6 in SMEFT (can only arise from modification of crkbgW

vertex) = ignore
» Ignoring b — ctve  for simplicity (contributions relevant in concrete models!)

David Straub (Universe Cluster)
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Constraint from B, — tv

c

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

v

L
» 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.

» 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

Model-independent fitto b — ctv

1 1 0.5 ; T T
o Cs, = £4C7 @ 160 GeV
@\ 6 04 4o o Cs, —+4Cr @ 1TeV |
0 > 0
N\ sl O ;
—1 -1
& & = :
S S © S
-2 -2 : EN
N, f
0.0 >
-3 -3 »_;V*" @
—0.1 Z
flavio flavio flavio
N
—4 —4 " 0.2 — -
—0.4 -0.2 0.0 0.2 0.4 -3 -2 —1 0 1 2 -3 -2 ~1 0 1 2
Cy, Csp Cs,

» Fitto Rp, Rp+, Bc — TV
» Not a full fit: dr'/dg?, T pol., R,y missing

David Straub (Universe Cluster)
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@ Combined explanations
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Combined explanations Deviations in Flavor Physics

Combined explanations: SMEFT considerations

» Heavy NP must respect SU(2), x U(1)y gauge invariance = D = 6 SMEFT (ignoring
non-linear HEFT) Alonso et al. , Aebischer et al.

» Only considering operators that affect b — syt~ b — C1v, violate LFU

b— sutu~

> [C,(;)]ZZB — Cq = —C1p
> [C,(q3)]2223 — Cy = —C1p
> [Ciy]??? = Cg = Crg
through RG mixing:

> [Clu]2233 — Cg = —C1qg Celisetal.

(Using “Warsaw” operator basis Grzadkowski et al.

David Straub (Universe Cluster)

b — ctv

v

[C,(;’)]33’3 — Cy,

v

[Cleqq] 3% — Cs,

v

[C ]333/ = C s,

lequ

A\

[C ]333:

lequ - CT

through RG mixing: no qualitative change
Gonzélez-Alonso et al.

+ weak basis where M are diagonal)


http://www.arxiv.org/abs/1407.7044
http://www.arxiv.org/abs/1512.02830
http://www.arxiv.org/abs/1704.05672
http://www.arxiv.org/abs/1706.00410
http://www.arxiv.org/abs/1008.4884
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Tree-level models

David Straub (Universe Cluster)



Single-mediator tree-level models

Model C{) CY Cge Cu Ciedg Claoy Cio)

lequ lequ
V4 X X X
A X
H X X
S X X X X
Rs X X X X
S3 X X
Uq X X X
Us X X
Vs X X
\72 X
Hiller and Schmaltz , Gripaios et al. , Greljo et al. Bauer and Neubert
Medeiros Varzielas and Hiller Becirevi¢ and Sumensari Barbieri et al.
Fajfer and Ko$nik , .. many others (sorry)

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1408.1627
http://www.arxiv.org/abs/1412.1791
http://www.arxiv.org/abs/1506.01705
http://www.arxiv.org/abs/1511.01900
http://www.arxiv.org/abs/1503.01084
http://www.arxiv.org/abs/1704.05835
http://www.arxiv.org/abs/1512.01560
http://www.arxiv.org/abs/1511.06024
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Generic constraints: Bs mixing

SL S

by by

» Forces Z' (or vector triplet) models into regime with strong couplings to muons

gbsz//mzl 5 0.01 /(25TeV)

» Upper bound on Z’' mass

Altmannshofer and Straub

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1308.1501
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Generic constraints: pp — yu, Tt

» Resonances searches
» contact interaction searches

Altmannshofer and Straub , Faroughy et al. , Greljo and Marzocca

David Straub (Universe Cluster)

Deviations in Flavor Physics


http://www.arxiv.org/abs/1411.3161
http://www.arxiv.org/abs/1609.07138
http://www.arxiv.org/abs/1704.09015
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Generic constraints: Neutrino trident

YYY

N

Altmannshofer et al. , Altmannshofer et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1403.1269
http://www.arxiv.org/abs/1406.2332
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Generic constraints: B — Kvv

> S;:CY > Ch
> S3:C/t = 3Ch

> Us: C/¥ =2C

David Straub (Universe Cluster)

S1, S3, Us leptoquarks generate b — svv at tree level
Buras et al.

B factory searches constrain
BR(B — KvV)/BR(B — Kv7)su < 3

Particularly problematic if Ry.) should be explained:
large contributions to b — sv{V¢, b — sv,Vr, b — sviV,

Possible to suppress using cancellation between S;
and S3 contribution Crivellin et al.


http://www.arxiv.org/abs/1409.4557
http://www.arxiv.org/abs/1703.09226
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Combined explanations Deviations in Flavor Physics

Generic constraints: y-e LFU violationin b — c/v

4.3

4.2 1

4.1 A

4.0 1

107 x (V5 + V)2

3.9 1

3.8 1

3.7 1

3.6 1

3.5

flavio

—— B — Dy
—— B — D'y

—0.15

T
—0.10

T T
—0.05  0.00 0.05 0.10 0.15
2 (/e (71
107 x ( ch ‘/cb)/2

David Straub (Universe Cluster)

> Measured precisely at the B factories
(measures the CKM element V)

> Recently, generic NP analysis allowing for
LFUV

ve,/V, =1.01+0.03

» scalar or tensor operators in b — c(e, y)v
very strongly constrained when considering
differential distributions

Jung and Straub


http://www.arxiv.org/abs/1801.01112

b — c anomalies Combined explanations Deviations in Flavor Physics

Comments on significance b — s anomalies

How to write a flavour anomaly paper

The tool used for all numerics in this talk is open source:

. flavio

» Documentation: https://flav-io.github.io/
» Code: https://github.com/flav-io/flavio

Main goal: lower the barrier between model building and flavour pheno

New developments that allow easier combination with other codes, electroweak,
precision tests, etc.:

» . Wilson coefficient exchange format acbischer et al.
> wilson: completely general RG running & matching in SMEFT, QED, QCD

Aebischer et al.

David Straub (Universe Cluster)


https://flav-io.github.io/
https://github.com/flav-io/flavio
http://www.arxiv.org/abs/1712.05298
http://www.arxiv.org/abs/1804.05033
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Example

> Start with import flavio
(C,(;))3323 = (C,(;))3323 = 0.1/TeV2 at from wilson import Wilson
u =1 TeV (motivated by the scalar

LQ Scenario) w = Wilson({'1q1_3323': 0.1 / 1000%*2,
. '19q3.3323': 0.1 / 1000*x*2},
» Compute Rg* and the constraint from scale=1000,
BR(B — Kvv) eft="'SMEFT',
» SMEFT, QCD, and QED running and basis='Warsaw')

matching performed automatically
flavio.np_prediction('Rtaul (B->D*1lnu)', w)

> SMEFT RG effects spoil cancellation - .np_prediction('BR(B+->Knunu) ', w)

and induce B — Kvv radiatively

David Straub (Universe Cluster)
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Conclusions

» Several significant anomlies in B physics

» Rpey: T-LLFUVin b — clv @ 40exp
» Ry: p-e LFUVinb — sll @ 40exp
> More deviations in b — spp (could be LFUV or not) @ 50exp+theo

» Ry and bup anomalies fit perfectly together

» Common new physics explanation of b —+ s and b — ¢ anomalies possible. Single
tree-level mediator: leptoquark U, preferred

» Time for model building to lend credibility (or not) to new physics explanations
» Public tools are available!
» Experimental prospects bright: LHCb Run-Il data on tape, Belle-ll on the horizon

David Straub (Universe Cluster)
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Backup

David Straub (Universe Cluster)
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LHCP 2014: Rk

——LHCb —=—BaBar ——Belle

M 2_ LA AL BN L L B B R T ]
=t LHCb
1.5F ]
1] | .
- 1 SM
i ! ]
0.5r ]
I BN B BN BN

% 5 10 15 20

David Straub (Universe Cluster)

q* [GeV?/c4]

Deviations in Flavor Physics

~ BR(B — Ku™p™ ) g
“7 BR(B — Kete ) g

=0.74575:2%% +0.036

240
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1'5 T T T T T T T T T T T T T T T T T T T
[ SM from DHMV/LQCD
1ok ¢ All Modes ]
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HH  Muon Modes
0.5 B

EA
_05 L -
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_1.5 1 1 1
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Easter 2017: Rk

[rrrr1rrrrroTrTTTT T T T T T T T T T T R BR(B-}K*IJ+“_)
PN ] K7 BR(B— Krete)
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http://www.arxiv.org/abs/1606.00916
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Combined explanations

> best fit (C§F, Cy) = (—1.25,+0.59)
> pull 5.30

Deviations in Flavor Physics
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Impact of enlarging uncertainties
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”

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

> Significance decreases but stays well
above 30

> best-fit point hardly affected
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Impact of enlarging uncertainties

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

Combined explanations
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» NP in Cgy would give helicity and g2 independent effect
» NP inb — ccs would give helicity independent but g2 dependent effect
» hadronic effect could be helicity and g dependent




s anomalies b — canomalies Combined explanations Deviations in Flavor Physics

» Right-handed currents not favoured by

Ry data
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> NPinb — sete™ notrequired by data
(but not excluded either!)
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Right-handed currents (LFU)
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» Differential/angular distributions in B — D*¢v alone allow to exclude large RHC
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http://www.arxiv.org/abs/1407.1320
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Comments on significance b — s anomalies

Scalar operators: endpoint effect

> Atg? — g2, SM & scalar contribution have behave differently:
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http://www.arxiv.org/abs/0801.4938
http://www.arxiv.org/abs/1312.1923
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Comments on significance b — s anomalies

Scalar operators

> Fitto Cs, and Vg, = V(1 4 Cy,) (as e.g. in U; and V, LQ models)
> Large effects excluded by B — D/v due to endpoint sensitivity!
» B — D/v stronger than B lifetime constraint
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Scalar operators

> Cs, vs. Cg, (e.g. charged Higgs)
» slight preference for non-standard values CgR ~ —CgL in muons (but large values in
conflict with B, lifetime)
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Tensor operator: endpoint effect

> At g? — 0, SM contribution to B — D*¢v is fully longitudinal, tensor contribution isn't
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» First bin of 't is extremely sensitive to Ct (much more than total rate!)
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Fit: scalar vs. tensor operator

» Fitto Cs, and Cr
» Cs, = +4Cy predicted at matching scale by Ry, Cs, = —4Ct by S4
» B — D¢v and B — D*/v nicely complementary due to endpoint effects
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Tree-level models

David Straub (Universe Cluster)
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Tree-level models

Model
U, D (v-like fermions)
Q (v-like fermion)
W’ (heavy W)
H* (charged Higgs)
S, (scalar LQ)
R, (scalar LQ)
S3 (scalar LQ)
U, (vector LQ)
V, (vector LQ)
Us (vector LQ)

David Straub (Universe Cluster)

b — canomalies

Cy, Cy
X
X
X
X
X

Combined explanations

Cr

Deviations in Flavor Physics

Cs, = —4Cr
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