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The Flavour Problem
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Introduction
Consequences of the Flavour Problem
Higher precision necessary

e Experimental challenge:
Control systematics at high luminosities

e Theoretical challenge:
Reduce hadronic uncertainties

More complex analyses, e.g.

e Inclusion of neglected contributions M oy |
» Differential distributions even for rare decays | Tﬁ: ]
® Possible due to experimental advances! %t

7 [GeVc]
Combination of many observables
e Use more available information

e Tests of more realistic models
® Danger of higher model-dependence

e Model-independent analyses e.g. in HEFT
® Rather weak statements regarding flavour
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Importance of (semi-)leptonic meson decays

In the Standard Model: B.>_ we
e Determination of |Vj| (7/9) b -
® Minimal hadronic input

. o » . .
Systematic improvements possible i y
Beyond the Standard Model: .
. 2 ‘\W
e Leptonic decays ~ mj ,
® large relative NP influence possible (e.g. H*) ;

e NP in semi-leptonic decays moderate (— precision!)
o New measurements at LHC (e.g. search for t — H¥b)

|One of the remaining puzzles [Lees et al.'12,'13] :

Br(B — D7
Rp) = SHB=2DTI) 64404 0,058 +0.042 (~ 20),
Br(B — D¢~ )
Br(B — D*1 ;)
Br(B — D*(~1y)

R(D*) = 0.33240.024 £ 0.018 (~ 2.70).
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Experlmental Situation 2015
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R(DW) ;
e R(D*) from LHCb [1506.08614]
e Update from Belle [1507.03233]
% 4.30 tension
Further b — c7v inputs:
e Differential rates from Belle, BaBar
e b— X.tv by LEP

% model-independent statements

| R(D) = 0.379 + 0.044, R(D*) = 0.327 + 0.020, p = —0.31 |

® Within (classes of) models all (semi-)leptonic decays involved
® Naturally non-universal contributions for scalars, possibly light
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Charged scalar effects in (semi-)leptonic decays

A charged scalar generally results in

4GF

ﬁeﬁf:—ﬁ

Viuga [Elu ( auadlpy 4 gf?’“qleR) qd} [IPLv]

e Model-independent as long as gq”q“’ general

® connects processes/observables with identical transition
® Phenomenologically gq”qd ~ mgq,,m (e.g. Type Ill)

e “Universal” models, e.g. Type IILX)Y, MFV, A2HDM,

| quaql ; _auayl’
8LrR /8LR —mqu,d’”l/(mq'mdm/')|

® no FCNCs, connects all (semi-)leptonic decays
® g9 can be complex
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Model-independent interpretation of R(D™)), R(X.)

| Tension of R(D*) with LEP measurement: [Ligeti+'15]
R(D™))BR(B — D™¢v) > BR(b — X7v)|LEP
® No space for B — D**1v (25% of B — X lv) |

Reflected in bounds on scalar couplings: [Celis/MJ/Li/Pich('15)]
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The differential distributions dF(B — D Tz/)/dq

B-Drv

H* fit

[ = SM

Data stat. uncertainties only, BaBar rescaled
Bands 68% CL (bins highly correlated):

Grey: NP fit including R(D)

Red: SM fit (distributions only)

Green: Allowed by R(D), excluded by distribution

8
¢ GeV)

Need better experimental precision, ideally dR(D)/dq?

Parts of NP parameter space clearly excluded
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e Data stat. uncertainties only, BaBar rescaled
e Bands 68% CL (bins highly correlated):
Grey: NP fit including R(D*)
Red: SM fit (distributions only)
Green: Allowed by R(D*), excluded by distribution
o Need better experimental precision, ideally dR(D*)/dq?

e Not very restrictive at the moment
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Model-independent interpretation of b — c7v data
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Model-independent interpretation of b — c7v data

T 15

Im ( Jéh)
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e B — Drv data:
e SM acceptable (improved by dI/dq?)
o Differential distribution excludes second real solution
e B — D*rv data:
o Differential distribution tends to exclude solution closer to zero
e For present R(D*), huge values of A7, preferred
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Model-independent interpretation of b — c7v data

20l ' dBR/da2 f 1 Real couplings:
R(D(¥)

e 2 solutions excluded by
differential distributions

¢ Remaining two in tension
with R(Xc)
T % Scalar NP challenged
] model-independently

% Smaller R(D*)?

T
ch

T
6cb

e B — D7v data:
e SM acceptable (improved by dI/dq?)
o Differential distribution excludes second real solution
e B — D*rv data:
o Differential distribution tends to exclude solution closer to zero
e For present R(D*), huge values of A7, preferred
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Reducing model-independence

From the model-independent analysis:
1. The data are in tension among themselves
2. Related: difficult to accomodate even model-independently

® Let's try anyway to relate with other (semi-)leptonic data

LT implicitly assumes charged scalar exchange: gf’“lg’df = gZ””I;’dge
Require abesence of FCNCs at tree-level:
qudd — gqu, g’guqd = qu (Sl)

% g% flavour-diagonal, g% =
e Can accomodate (semi-)leptonic data
(MI tension persists), including
B — 1v, D — uv, Ds — (u, 7)v,
T = (K,m)v, (K,7) = uv
» Only one of R(D™)) solutions survives
(the one closest to the SM)

e Fine-tuned: large gq,.q, everywhere

gc gr
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Consequences of the g° shape [celis/MJ/Li/Pich('15) prel ]

Re ( 5ap)

Universality (gf ~ my) for b — qy cTv:
e BR(B — 1v) = (1.07+£0.21) x 10~*
e Purple: Solution for B observables
(R(D),R(D*), B — Tv)
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Consequences of the g? shape [celis/MJ/Li/Pich(15) prel]
Universality (gf ~ my) for b — qu cTv:

e BR(B — 1v) = (1.07+£0.21) x 10~*

e Purple: Solution for B observables
(R(D),R(D*), B — Tv)

% Excluded by the g?-dependent
measurement!

Im (6¢p)

Re ( 5ap)
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Consequences of the g? shape [celis/MJ/Li/Pich(15) prel]
Universality (gf ~ my) for b — qu cTv:
e BR(B — tv) = (1.0740.21) x 10~*
e Purple: Solution for B observables
(R(D),R(D*), B — Tv)
® Excluded by the g2-dependent
measurement!

cbt

Description with g/°” only:
e Relates 67 and A7
e Possible with R(D™)) [Crivellin+'13,'15]

Im ( gzb')
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Consequences of the g? shape [celis/MJ/Li/Pich(15) prel]
Universality (gf ~ my) for b — qu cTv:
e BR(B — tv) = (1.0740.21) x 10~*
e Purple: Solution for B observables
(R(D),R(D*), B — Tv)
% Excluded by the g?-dependent
measurement!

Im (6¢p)

Re ( 5ap)

Description with ngT only:

e Relates 57 and Ab™

e Possible with R(D™)) [Crivellin+'13,15]
. » Excluded by the g2 shape

RE(QL )
® Both cases: improvement over SM gone

® Relations among gr beyond S1 very difficult to do

Im ( gib')
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Fits in universal models (mi/pich/Tuzén'10,Celis/MJI/Li/Pich'13('15)]
Universality — R(D*) due to fluctuation
® Include full set of (semi-)leptonic B, Dy s, K, 7, T decays

Here: consider more specifically two models: iz‘gzws —
1. Aligned 2HDM [Pich/Tuzén'09,4+-MJ'10] v v o,
2. Type I 2HDM [Lee'73,Paschos,Glashow/Weinberg'73] %ojzaa‘-.
® Allows to include t — HT b(c3, Tv) searches %%2 s

[ATLAS’13'14,CMS’14] 96106116120 130" 140" 156160

m,; (Gev)

0.15
-010 -005 000 0.05 010 015 020
200 300

Re (£q4 &) [ M3:) My | GeV




Introduction Scalars in (semi-)leptonic decays Model classes Conclusions

Fits in universal models (mi/pich/Tuzén'10,Celis/MJI/Li/Pich'13('15)]
Universality — R(D*) due to fluctuation
® Include full set of (semi-)leptonic B, Dy s, K, 7, T decays

Here: consider more specifically two models: iggzm —
1. Aligned 2HDM [Pich/Tuzén'09,4+-MJ'10] v v o,
2. Type I 2HDM [Lee'73,Paschos,Glashow/Weinberg'73] %oﬁa"‘a
® Allows to include t — HT b(c3, Tv) searches %%2 s

[ATLAS’13'14,CMS’14] 96106116120 130" 140" 156160
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Conclusions

SM still prevails, flavour problem requires new strategies

B — D™ v “rule out” SM and universal scalar NP. . .
but tension between R(D™*)) and b — X7v
® wait for further checks of especially R(D*)

e g2 shapes important, already ruling out scenarios

Collider and flavour complementary in global fits

Additional observables / more precise data. . .
e help to tell experimental issues from theoretical ones
e can distinguish between various scalar NP scenarios
e can distinguish between scalar NP and other contributions

| Charged current (semi-)leptonic decays remain important!




Differentiating the SM and different NP scenarios |
How can we tell for sure?

e Improvement of the measurements (Belle (I1), LHCb)

e Measurements of other processes (Ap — ATV [Datta+'15] )

e Consider additional observables:[Korner/Schuler's8,Hagiwara et al.’89)

e Forward-backward asymmetry Ay
e T-spin asymmetry Ay
e Longitudinal polarization fraction R, in B — D*

05| \
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(Data from 2013, not yet updated)




Differentiating the SM and different NP scenarios Il

Generic statements for scalar NP in these modes:
o B — D) depend on one complex parameter each (A7,,47,)
o R(D™), R (D*), A\(D™)) depend on the same combination
® Combinations independent of scalar NP
% To determine A7, /67,, Ag(R™)) important observable

e

A,D) Re(Al,)
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