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deviation

1. The action of departing from an established course or accepted standard.
> New physics!

2. The amount by which a single measurement differs from a fixed value
such as the mean.

» Statistical fluctuation

3. The deflection of a ship’s compass needle caused by iron in the ship.

> Underestimated systematics (th/ex)
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Semi-leptonic tree-level B decays Rare B ( Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

» Measured from tree-level B decays

» crucial inputs to probe new physics
> ex: Im [(Vis Vig)?] oc V7, sin(28)
> b— s |V V|2 = V2,

Cl

> b= d [V Vi2 ~ VEVE 4 | Vip? + ...
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V;p inclusive vs. exclusive

» inclusive: (B — X.lv) = T'(b — clv) + O(Aacp/mb)

> Systematic expansion in powers of 1/mp, o
> State of the art: VI = (42.2 +0.8) x 1073 Albertiet al.

» exclusive: B — D*{v, B — Dfv

> requires knowledge of form factors, e.g. from lattice QCD
» PDG 2014: V& = (39.5+0.8) x 1072

» 2.40 tension

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1411.6560

Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

B — D{v recent developments

» FNAL/MILC 2015 with BaBar data: Bailey et al.
Ve = (39.6 £1.7) x 1073
» HPQCD 2015 with BaBar data Na et al.
VE = (4024+21) x 1073
> New Belle analysis Oct. 2015, using FNAL/MILC & HPQCD CGlattauer et al.

VE = (40.7+1.1) x 1073

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1503.07237
http://www.arxiv.org/abs/1505.03925
http://www.arxiv.org/abs/1510.03657
http://www.arxiv.org/abs/1510.03657
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B — D*fv

» FNAL/MILC 2014 Bailey et al.

VY =(39.0+0.7) x 107°

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1403.0635

Semi-leptonic tree-level B decays Deviations in Flavour Physics
Summary: V., tension end 2015
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New physics?

> Scalar/tensor operators: no interference with SM, cannot change incl.
vs. excl.

» “Right-handed W coupling™: i(HD,H)(Tiv"d;) — (cry*br)(Liyuve)

Crivellin

br

David Straub (Universe Cluster)


http://www.arxiv.org/abs/0907.2461

Semi-leptonic tree-level B decays Deviations in Flavour Physics

Impact of right-handed W coupling on V_,

updated (and corrected) version of plot in Crivellin and Pokorski
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Doesn’t improve the situation
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http://www.arxiv.org/abs/1407.1320
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@ Semi-leptonic tree-level B decays

m V,, inclusive vs. exclusive
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vub

Vud Vus Vub
Ve = | Voo Vos Vb
Vie Vis W

o
&
‘excluded area has CL > 0.95

-0.4 -0.2 0.0 0.2 04 0.6 0.8 1.0

ol

» PDG 2014: VIl = (4.41 +0.22) x 1073, V], = (3.28 + 0.29) x 1073
» 3.10 tension

David Straub (Universe Cluster)
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Inclusive V,,: the challenge

» B — X,{v swamped by B — X (v background except at endpoint region
» Cutting away most of the spectrum spoils convergence of OPE

dI'(b—>c)/dE,

dIvdE,
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[plot by B. Pecjak]
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Semi-leptonic tree-level B decays

David Straub (Universe Cluster)

Inclusive V,,: status

HFAG Ave. (BLNP)
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Exclusive V,,: B — mfv recent developments

» FNAL/MILC 2015 Bailey et al.
= (3.72+£0.16) x 1072
» RBC-UKQCD 2015 Flynn et al.

" = (3.6140.32) x 1072

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1503.07839
http://www.arxiv.org/abs/1501.05373
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Exclusive V,,: B — (w, p)fv recent developments

» Using a LCSR computation of B —vector form factors, BaBar & Belle
data on B — wlv and B — pfv can be used to extract V,;, Bharucha et al.

—— {B-plv LCSR + Belle, ¢?< 8 GeV?
—— {B-plv LCSR + Belle, ¢?< 12 GeV?
— {B-plv LCSR + BaBar, ¢*< 8 GeV?>
— 1 B->wlv LCSR + Belle, ¢?< 7 GeV?
— 1B-wlv LCSR + BaBar, ¢*< 8 GeV?
—_— 1 B-wlv LCSR + BaBar, ¢’< 12 GeV?
—e—i +{B-rtlv, global fit
—e— {B-X,lv inclusive, global fit
re—i 4 CKMfitter indirect
et 4 UTfit indirect
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http://www.arxiv.org/abs/1503.05534
http://www.arxiv.org/abs/1503.05534

Semi-leptonic tree-level B decays Deviations in Flavour Physics

Summary: V,, tension end 2015
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New physics?
» Using again a “right-handed W coupling”:

i(A' DuH)(@ry" o) — (Gry"ba) (Euyu)
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http://www.arxiv.org/abs/1407.1320

Semi-leptonic tree-level B decays Deviations in Flavour Physics

Vub/ Vep from b-baryon decays
> LHCb recently measured the ratio of A, — puv vs. Ay — A uv
» Can be used to extract V,/ Ve

> Relies on a single lattice form factor calculation Detmold et al.
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http://www.arxiv.org/abs/1503.01421
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@ Semi-leptonic tree-level B decays
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Semi-leptonic tree-level B decays

Lepton flavour (non-)universality in b — cfv

Rpx = ; l=e,pu
p BR(B — D(*)(v) ’
~ 05 ; ; .
la) — BaBar, PRL109,101802(2012) AXZ =1.0
E’ 0.45 — Belle, arXiv:1507.03233
LHCb, arXiv:1506.08614
=— Average
0.4
0.35— =
03= =
0.25 =
SM prediction
PR PR TR PR | " "
092 0.3 0.4 06

P
"

Rp:1.70 Rp~ : 3.00 combined: 3.90
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New physics?

o)) = (@.a7"ba)(117"10)

O(S/) = (er.LbLR)(fRVL)
OT - (ERO'MVbL)(&qO'#VI/L)

» Qg can be generated by scalar exchange in two Higgs doublet models

> but does not agree with the g* shape of the measurement

» Oy gives good fit — could stem from W’ exchange
> Good fit also with (7acf)(b§rL) = —30s + §O7
> generated by scalar leptoquark exchange

cf. Freytsis et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1506.08896

Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

Models explaining Ry : W’ or leptoquarks

Spin  Quantum numbers

1 (1 , 3)0
0 (§a 1 )1/3
0 (3,3)1/3
1 (§a 1 )2/3
1 (5’ 3)2/3
b c b v b T
w’ ELQ LQ
T o T oy
see e.g. Greljo et al. , Calibbi et al. , Freytsis et al. , Bauer and
Neubert , Fajfer and Ko$nik , Barbieri et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1506.01705
http://www.arxiv.org/abs/1506.02661
http://www.arxiv.org/abs/1506.08896
http://www.arxiv.org/abs/1511.01900
http://www.arxiv.org/abs/1511.06024
http://www.arxiv.org/abs/1512.01560

Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

Semi-leptonic tree-level B decays Rare B decays

Relation to V., tension?

» If B— X,7v is truly enhanced relative to the SM expectation, background
to B — Xclv from B — X,7(— X{vv)v might have been
underestimated.

» This would not affect the exclusive decays

Greljo et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1506.01705

Rare B decays Deviations in Flavour Physics

® Rare B decays
mBy—
m Exclusive b — s¢™ ¢~ branching ratios
B Ry

m Angular observablesin B — K* it~

David Straub (Universe Cluster)
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By, — ptp~: LHCb & CMS

CMS and LHCb (LHC run 1)
T T
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Agreement with SM:
1.20 for Bg — put ™, 2.20 for By — pp~, 2.30 for the ratio
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B— wutu~

_ *LHCb APR13 # HKR15 @& FNAL/MILC15

LHCb

dB/doR (10° GeV-2c?)

o 10 20
o (GeVZcH)

» Looks OK inspite of considerable hadronic uncertainties

» If large enhancement in By — p 11—, more likely from scalar operators

David Straub (Universe Cluster)
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@ Semi-leptonic tree-level B decays

® Rare B decays

m Exclusive b — s¢™ ¢~ branching ratios

® Dimuon asymmetry

@ Direct CP violation in K — 77
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Bt — KTutp~ (3fb™")
| CSR Lattice -e-Data

B - K utu~
LHCb

dB/do2 [10°8 x c4/GeV?]

ol v v v
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[4—5] GeV?: 1.50 local Altmannshofer and Straub
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http://www.arxiv.org/abs/1411.3161
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B —» K'utpu~ (3fb™")
B[ CSR Lattice -e-Data

5 BO—» KO/J+H_
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150
P [GeVHcH

[0.1—2] GeV?: 1.90 local Altmannshofer and Straub
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http://www.arxiv.org/abs/1411.3161
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http://www.arxiv.org/abs/1411.3161
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Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry Direct CP violation in

B — K*®utpu~ (1fb™ 1)

Theory M Binned

—o—| HCb
T ™

=
3

LHCDb

dB/dg2 [107 x c* GeV ]

1
| ;

M 1 M M M M 1 M M M M
5 10 15 20
g2 [GeV?/c4]

P b
O rTrTrr

[2-4.3] GeV?: 1.80 local

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1411.3161

Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

B; — ¢utp~ 37

LHCb

I SM pred.

“*Data

il

o
B
.

S = N Wk NN 0 O

dB(B’—ouu)/dg? [10°GeV2c4]
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[1—6] GeV?: 3.30 Bharucha et al.
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http://www.arxiv.org/abs/1503.05534

Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

b — s branching ratios vs. V,,

» SM predictions depend on |V, V|

» Expressed in terms of “tree” quantities:

% v,
|Vip Vi = Vep (1 - 7“3 + Vyscosy % + o(X‘)) = (0.983 4 0.003) Vyp
Cl

David Straub (Universe Cluster)
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Extracting V,, from b — s¢T¢~ BRs

07 T T T T T T T T T T T
0.6
0.5
0.4
0.3
b->sl*I" branching ratios
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@ Semi-leptonic tree-level B decays

® Rare B decays
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©® Dimuon asymmetry

@ Direct CP violation in K — 77
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Rk : lepton flavour (non-)universality in B — K£€T ¢~

——LHCb —=—BaBar ——Belle

LHCb

1.5F ] ]
s |
F | SM
—1

0.5 B
0— 1 1 1 1
0 5 10 15

20
q* [GeV?/ct]

N BR(B — K/~L+M_)[1,6]
“ 7 BR(B— Kete )i q

=0.745733%0% +0.036, R ~1.00

> 2.60 deviation from lepton flavour universality (LFU)

» Cannot be explained by a parametric or hadronic effect!

David Straub (Universe Cluster)
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@ Semi-leptonic tree-level B decays

® Rare B decays

m Angular observablesin B — K* it~
® Dimuon asymmetry

@ Direct CP violation in K — 77
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B — K*(— Km)utp~ angular decay distribution
cP

o'T _ 9,
dq? d cos 0 d cos O+ dop 327

{AS sin® O« + I{ cos® Ok + (15 sin® Ox+ + 15 cos® Ok ) cos 26,

+ 15 sin® O+ sin® 0) cos 2¢) + . sin 20~ sin 26, cos ¢
+ /5 sin20k= sin 0, cos ¢ + (IS sin® Oy + [ cos® HK*) cos 0,

+ 17 8in20k= sin 0, sin ¢ + Is sin 20+ sin20,sinp + Is sin? Ok sin’ 0, sin 2(75}

David Straub (Universe Cluster)
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B — K*(— Km)utp~ angular decay distribution
cP

o'T _ 9,
dq? d cos 0 d cos O+ dop 327

{ + 15 sin® O+ (3 4 cos 20,) — /52 cos® O sin 0,

+ 15 sin® O+ sin® 0) cos 2¢) + 1. sin 20~ sin 26, cos ¢

+ I sin 20+ sin 0, cos ¢ + I sin® O+ cos b,

+ 17 8in20k= sin 0, sin ¢ + Is sin 20+ sin20,sinp + Is sin? Ok sin’ 0, sin 2(75}

David Straub (Universe Cluster)
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oT _ 9
dq? dcos 0 dcos Ok~ dop 327

{ + 75 sin® O+ (3 4 cos 20,) — 152 cos® O+ sin” 0

+ Ts sin® O+ sin® 0) cos 2¢) + I; sin 20~ sin 26, cos ¢

— I sin 20~ sin 6 cos ¢ — I sin® O+ cos 0,

+ T sin 20y« sin 6, sin ¢ — s sin 20+ sin 20, sin ¢ — s sin” O sin” 0, sin 2¢}

David Straub (Universe Cluster)
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Basis of observables

» CP-averaged angular coefficients

» CP asymmetries

A = (17 - 1) /22D

» Alternative basis S. Descotes-Genon et al.

. 25, , S

VAR =R) no FL(1=F)

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1303.5794
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“B — K*utp~ anomaly” after 1/fb
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“B — K*u*p~ anomaly” after 3/fb

LHCb
[ SM from DHMV
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Semi-leptonic tree-lev

Deviationsin B — K*putp~

Deviations in Flavour Physics
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“Method of moments”

LLJ T T T ] W o5k T T T ]
- L LHCDb
+ : : Il SM from ABSZ :
4 I
o + ! ]
LHCb [ + + #
B SM fromABSZ ] 05| _\L
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New physics?

Oas  (Sa¥" ba) (18 Vu 18)

» Significance of global fit improvement over the SM

CLV 3.70
CLA 2.00
C[_R 0.90
CLL 3.1o0
C,q\/ 0.80
CRA 0.90
CRH 0.30
Cp 0.90

David Straub (Universe Cluster)
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Global fit results
Co = Cry, C1o = Cia

3F ; ; 3 o =
: £ Branching Ratios
oL 1 ol __ Angular Observables (P) |
Al :
1t s .
— ¥ X
[=9}
z2 ao
O ot ;=5 o \
[ 1
=R i I T I \‘
—-1F 4 _1r ‘\\ ’\ i
—of j 1 of o ]
-3k . . I . . i -35L ; I I i !
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Re(Gy") oy
Altmannshofer and Straub , Descotes-Genon et al.
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Physics beyond the SM or unexpected hadronic effect?

-
Y

B

» Hadronic effects are photon-mediated = vector-like coupling to leptons

> just like Cg = Cpy
» How to disentangle NP <> QCD?

» Hadronic effect can have different g2 dependence
» Hadronic effect is lepton flavour universal (— Rk!)
» Hadronic effect is does not introduce new CP phases

David Straub (Universe Cluster)



g? dependence of Cqy best fit

1F

0 5 10 15
q* [GeV?] %

» New physics interpretation: should be g*-independent. Consistent at
~ 1o

» g? dependence could also be indicative of hadronic effect

David Straub (Universe Cluster)
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Predictions for LFU violation

Observable Ratio of muon vs. electron mode
CeP=—-15 —-15 —07 —13

C;=0 0.8 0 0
N =0 0 0.7 03
107 3 (B° = K*UH07 )1 g 0.83 077 079  0.81
107 i’%q?(éo — KT )5 29) 0.76 0.69 076 0.75
Arp(B® — K*UT L ) g 0.18 0.10 075 0.27
S5(B® — K*UTU ) g 0.66 0.66 0.93 0.71
10° 92 (B — K0 ) g 0.75 0.82 077 0.74
10% 92 (B" — K00 )1s.19) 0.75 0.83 077 0.75

Altmannshofer and Straub

David Straub (Universe Cluster)
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Tree-level models explaining b — s¢T £~ data

» Z' or leptoquarks

Spin  Quantum numbers

1 (1,1)o
1 (1,3)o
0 (5’ 3)1/3
1 (§’ 1)2/3
1 (3,3)2/3

David Straub (Universe Cluster)



Direct CP violation in Deviations in Flavour Physics

Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry

Simultaneous explanation of Ry, Rk, etc.

> For a single tree-level mediator and arbitrary (tuned couplings), one can
go with

> triplet vector (W, Z')
> scalar (3, 3);/; leptoquark
> vector (3, 1),/ or (3, 3),/3 leptoquark

» Models motivated by dominant couplings to the 3rd generation work with
Calibbi et al. , Barbieri et al.

> triplet vector (W', Z')
> vector (3, 1), /3 leptoquark

> scalar (3, 1);5 leptoquark: works as well, contribution to b — st~
loop-induced Bauer and Neubert

see also Fajfer and Kosnik , Greljo et al.

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1506.02661
http://www.arxiv.org/abs/1512.01560
http://www.arxiv.org/abs/1511.01900
http://www.arxiv.org/abs/1511.06024
http://www.arxiv.org/abs/1506.01705

Dimuon asymmetry Deviations in Flavour Physics

©® Dimuon asymmetry

David Straub (Universe Cluster)
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Observables

» CP asymmetry in flavour-specific By s decays (a.k.a. semi-leptonic

asymmetry)
P M(B3(n) — 1 —T(B3() = 7)
s F(BS(t) — f) + T(BY(t) — f)

» Dimuon asymmetry
NEFE e
CONeTRt N *

Acp

Aly

1
ACP = Cdag| + Csa; + *CArdi
2 Mg

David Straub (Universe Cluster)
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Experimental situation

S ¥ T T Sandadmodd [T T T
Lf 0: ] F\\‘_i ]
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S % | .
rfx 1 .
=g LHCb bty . ]
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-3 -2 -1 0 1
ag [%]

Artuso et al.
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http://www.arxiv.org/abs/1511.09466

Semi-leptonic tree-level B decays at Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

New physics?

ATy

1
Acp = Cdag + Csag, + =Cary,—
2 [y

Al
aj = Ay %,
q

» Large modification of ¢3, now ruled out since

52— [B52lsm = 6% — [67]om

David Straub (Universe Cluster)



Semi-leptonic tree-level B decays Rare B decays Dimuon asymmetry Direct CP violation in Deviations in Flavour Physics

¢s from b — ccs

014 Do8 b HFAG
'
— 012 Cg'\gsfb , 68% CL contours
. (Alog £ =1.15)
2,
— 0.10r | cDF 9.6 fb "
w
~
<1 008
0.06 ATLAS 19.2 b1

04 —02 0.0 0.2 0.4
¢5°% [rad]
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Can the dimuon asymmetry be due to new physics?

ATy

1
ACP = Cdag| + Csa; + —CArd—
2 Mg

» Modification of Al 4/I 4? Possible with

> modified tree-level decays b — ccd Brod et al.
» modified FCNC decays b — d7 7~ Bobeth et al.

> Look for modification of these decays directly

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1412.1446
http://www.arxiv.org/abs/1404.2531

Direct CP violation in Deviations in Flavour Physics

@ Direct CP violation in K — 77

David Straub (Universe Cluster)
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Direct (¢’) vs. indirect (¢) CPVin K — &

(€'/€)exp = (16.6 £2.3) x 107*

» First lattice computation by RBC-UKQCD Bai et al.
(€/€)sm = (1.4 +6.8) x 107*

> 210

> Improved estimate Buras, Gorbahn, et al.

> assuming real parts of amplitudes to be dominated by SM
(€'/€)sm = (1.9+4.5) x 107*

> 290

David Straub (Universe Cluster)


http://www.arxiv.org/abs/1505.07863
http://www.arxiv.org/abs/1507.06345

Semi-leptonic tree-level B decays Rare B ¢ Dimuon asymmetry Direct CP violation in

New Physics?

> Yes, by generating some (5d)(gq) penguin operator
s d

™

» In many models, correlated with K, — v

see e.g. Buras, Buttazzo, et al.

David Straub (Universe Cluster)

Deviations in Flavour Physics


http://www.arxiv.org/abs/1507.08672

Direct CP violation in Deviations in Flavour Physics

Instead of a summary

New Physics

> just my (strongly biased) GUT feeling!
> radius o< significance in o

> Th./Ex.: underestimated theoretical/experimental systematic

David Straub (Universe Cluster)



Backup
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Experiment: B — Dfv

ALEPH
215+0.18+ 045 =

CLEO
219+0.16 +0.35

BELLE
208+ 0.12+ 0.52 .

BABAR global fit
2.16+0.03+ 0.13 e

BABAR tagged
2.14+0.11+0.08 b

Average
2.13+0.03+0.09 i

HFAG

X¥/dof = 0.5/ 8 (CL = 100.00 %)
I | I | |
15 2 25

B(B® - D' 1) [%]
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Experiment: B — D*flv

ALEPH
535+ 0.25+ 031 O
CLEO

562+ 0.18+0.26
OPAL excl
505+ 0.19+ 0.42 .,
OPAL partial reco
546+ 0.25+ 0.52
DELPHI partia reco
488+0.13+0.72
DELPHI excl

535+ 0.20+ 0.37 A
BELLE

4,56+ 0.03+0.26 ——
BABAR excl
454 +0.04 +0.25
BABAR D*0
497+0.07+0.34 e
BABAR global fit
4.95+0.02+0.20 e
Average
493001+ 0.11 E
Xldof = 30.0/23 (CL = 15.00 %) HFAG
| | | | I

2 3 4 5 6 7
B(B® -~ D " I"v) [%]
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