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B physIiCS <—> HIQQS physSICS

Two main ways to find new physics with b-hadrons

Study the CKM matrix

Arises from Higgs Yukawa interactions

Unitary in the SM, with one CP violating

phase.
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Test unitarity with many measurements.

Find new sources of CPV
wru anti-matter!?

Measure decays of
ground state b-hadrons

Properties influenced by virtual particles
iINn NP models

Compare results to SM predictions
(need QCD input).

Particularly sensitive to NP models
preferring third generation.

Both approaches sensitive to extended Hig%s sector
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B physIiCS <—> HIQQS physSICS

Two main ways to find new physics with b-hadrons
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Concentrate on righ
3

Measure decays of
ground state b-hadrons

Properties influenced by virtual particles
iINn NP models

Compare results to SM predictions
need QCD mput
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Particularly sensitive to NP models
preferring third generation.

t-hand column today
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Why semi-leptonic decays”?

A decay is semi-leptonic it its products are part leptons
and part hadrons.
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 These decays can be factorised into the weak and
strong parts, greatly simplitying theoretical calculations.
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Types of semi-leptonic decay

Two types of semi-leptonic b-decay

Charged current

v

b >

B D /D’
q

Can proceed via tree level -large O(%)
branching fractions.

Factorised up to (small) QED corrections.

When you factorise, QCD part broken

down into form-factors.
Patrick Owen

Neutral current
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Forbidden at tree level - low O(10-6)
branching fractions.

Factorised up to corrections from
B — h(— p*pu~)h decays.
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Anomalies

 Joday | will talk about three anomalies in these
decays.
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Anomaly #1

B(B — DY rv)
B(B — D™){v)

R(D™) =
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R(D™)
* Large rate of charged current decays allow for measurement
IN semi-tauonic decays.

B(B — D™ ry) « Form ratio of decays with different

() lepton generations.
B(B — D"tv) * Cancel QCD/expt uncertainties.

R(D™) =

* R(D*) sensitive to any physics model favouring 3rd generation
leptons (e.g. charged Higgs).
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Who has made measurements

* [Three experiments have made measurements

BaBar Belle LHCDb
#B’s produced | O(400M) O(700M) O(800B)*
Product.ion Y(4S)— BB | Y(4S) - BB | pp — g9 — bb
mechanism
Phys.Rev.Lett 109, Phys.Rev.D 92, Phys.Rev.Lett.115,
Pubhca’uons 101802 (2012) 072014 (2015) 111803 (2015)

Phys. Rev. D 88,
072012 (2013)

arXiv:1603.06711

* during run 1 of the LHC9
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Experimental challenges

* Three neutrinos in the final state (using T—>uwv).

 No sharp peak to fit in any distribution.

* At B-factories, can control this tag side  signal side
using ‘tagging’ technique. t, 48 /

Btag 51g ‘

t
4 U

* More difficult at LHCb, compensate
using large boost (flight information)
and huge B production.
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Signal fits

* Three main backgrounds:
B — D*fv

B — D* /v
B— D*"DX
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e Fit variables which discriminate between muon and tauonic mode.
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Results

* All experiments see an excess of signal w.r.t. SM prediction.

% U_S: " —— BaBar, PRL109,101802(2012) | '2 | =
- - == Belle, PRD92,072014(2015) A" =10 1
& 0451 LHCb, PRL115,111803(2015) -
- Belle, arXiv:1603.06711 7 _
04— HFAG Average, P(() = 67% 4 Horizontal bands refer to R(D*),
A e SM prediction - : *
- = ellipses refer to both R(D*,D)
0.35— —
0.3 =
U.ZSE = j
R(D), PRD$,054510(2015)
R(D*), ?%5,094025(2012} -
] 1 1 1 1 ]

02 /03 o4 05 06
R(D)

QCD uncertainties very small - unlikely to be explanation.

Latest HFAG average [1] quotes 40 from SM prediction

_ [1] http://www.slac.stanford.edu/xorg/hfag/semi/
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http://www.slac.stanford.edu/xorg/hfag/semi/winter16/winter16_dtaunu.html

Possible NP models

PhyS Rev. D 88, 072012 (2013)

* The central values of R(D*) and
R(D) cannot be explained by

2HDM type |l
x2/ndf=35.1/19,p=14%
30_
S
3 |
. : 1 ‘_.20—
tanB/mg+ (GeV™1) e |
‘qu:,m}
e (Can also compare kinematic 03 Phys.Rev.D 92,
distributions to narrow down 1 072014 (2019)
model possibilities. P e

(c)R2 type leptoquark model with
Cr = +0.36.

Still several 2HDM models can explain it, related to H—>Tp?

A. Crivellin, J. Heeck, P. Stoffer, Phys. Rev. Lett. 116, 081801 (2016)
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Anomaly #2

B(BT — K u"u™)

R —
" B(Bt — Ktete™)
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BT — K00

e The decay BT — K T¢1/¢~ is a semileptonic b—>s transistion.

/N

A 0.7 T T T T T
- Form factors + CKM + Others mmm
[ C 06 L Form factors only |
O LHCb14 (BY) —e—
S 05 L - LHCb14 (B%) —e— |
It = ' Babarl2 ————
| ~ i : Belle09 ———
W e==~d | = 03 1] e | D
2 N ! iaaaiazan N N
,I \ e 0.2 L %E t G S
o —————— "ot T =
U, = 0 R
, = 0 5 10 15 20 25
e Q2 IS the four-momentum ¢*(GeV)?
transferred to the di-leptons. Fermilab Lattice and MILC, Phys. Rev. D 93, 034005 (2016)

* The branching fraction of the muonic mode has been well measured
and is slightly below the SM prediction.
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Rk

* Here take ratio of light leptons,

B(BT — K u"u™)

K= B(BT — Ktete™)

* Muon and electron masses small compared to b-quark.
* Rkis essentially unity in SM, with no uncertainty.

* QED effects can be large but this is accounted for in the
measurements.
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Measurement at LHCDb

 Most precise measurement from LHCD.
» Electrons difficult due to Bremsstrahlung.

e |f miss one of two hadrons, known as ‘partially reconstructed’ background.

JHEP 06 (2014) 133 Phys. Rev. Lett. 113, 151601 (2014)
%1000— B* — K'utu § 405_ <‘» LHCDb -
> S 20
= LHCb - 30: Signal B
= I i - Part. Reco.
o 500 % 20E Combinatorial 7
3 0 S I
s - = s
= I 3 10
YA SHR toL
5200 5400 .. _ 20600 ) 5000 5200 5400 5600
m(K'uw) [MeV/c?] m(K*ete”) [MeV/c?]

Part. Reco.
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Result

e Take ratio of signal yields and correct for efficiency to get Rk

Ry = 0.74570-9% (stat) +0.036 (syst) (LHCD)

——LHCb —®BaBar —Belle

¥ T ] —TT T
R : i
. LHCb 1 LHCD: Phys. Rev. Lett. 113, 151601 (2014)
1.5 1 BaBar: Phys. Rev. D 86,032012 (2012)
i 1 Belle: Phys. Rev. Lett. 103,171801 (2009)
]“;r { SM -
0.5F -
0 [ i i i i I i i i i I. i i i Il I L i 1 i I i ]
0 5 10 15 20
¢? [GeV?*/c*

 LHCDb resultis 2.60 from the SM prediction of unity.

"We take double ratio with J/ control channels to further cancel systematic uncertainties.
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prediction.

Remarks

e All of the muonic b—>sll branching fractions tend to be below the SM

* |t NP doesn’t couple (strongly) to first generation, one would naively
expect Rk to be less than unity.
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FNAL/MILC, Phys. Rev. D 93, 034005 (2016)
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JHEP 09 179 (2015)

15
g [GeV?/c4]

|

N

dB/dq? [c*/GeV

0.15

0.1}

0.05}

[LHCb-PAPER-2016-012]

LHCDb preliminary

SM from BSZ

15
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* |ts not particularly significant, but at least things are consistent, and
that's before anomaly #3 ...

Patrick Owen
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Anomaly #3

o _ 5 RelASAY AGAR)
VIAPUALR +1417)
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The decay B° — K*¢t 0

* Now we move to a P—>VV decay.

* Rich angular structure.

 Angular analysis desirable because:
o Partially cancel QCD uncertainty.

* Probe the helicity structure of NP, R
PL= 12—

(AGAT —AGAT")
VIAPUALR + A2

Patrick Owen 21 e D




Results

e Measure 15 observables, most consistent with SM.

* One particular one, Ps’ shows a significant discrepancy.

JHEP 02 (2016) 104

5.4 Vo) 1 B ' ' ' | [ |
L ) SM from DHMV )

0.5 ® LHCb Run 1 analysis —

- + 0 Belle arXiv:1604.04042 }

0 i 1 i

- [ -

‘O 5 __ ] * ' C}— O __

1 i | | i

0||||5||||10||||15|
g% [GeV?/c4]

* Residual uncertainties under debate (see discussion session).
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INnterpretation

o (Global fits say purely vector contribution is destructively interfering with
penguin diagram can cause such a discrepancy.

e This matches with low BFs and Rk.

3 | S ST | 37 | |
i | | - Branching Ratios. ] [....i BR(B-Ky) + BR(B-Kee) within [1,6]
@®)) i | | 1 Angular Observables (P) | - [ Alb-suuand bosee
= o~ Oa T @)) | |
o | S | ] <
3 [
O 1 A/ N a
am O
Z . n_
O - ) Z
o :' S
) S -
B T O i
IS o
< o |
< _2j ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LL] _2j ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
-3 | N S I N S
-3 -2 —1 0 1 2 3 -3 -2 —1 0 1 2 3
Vector NP coupling Muonic NP coupling

Descotes-Genon, Hofer, Matias, Virto, arXiv:1510.04239
(consistent results found by Altmannshofer, Straub, arXiv:1411.3161)
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But is it QCD or NP?

_Optimists view point

St

>
by H

Vector-like contribution could Vector-like contribution could
come from new tree level point to a problem with our
contribution from a Z’ with a understanding of QCD, e.g.
mass of a few TeV (the Z’" will are we correctly estimating
also contribute to mixing, a the contribution for charm
challenge for model builders) loops that produce dimuon

pairs via a virtual photon.

* Related to how tactorisable b—->sll diagrams are, more
on this in the discussion session ...
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Propsect for controlling charm

* Charm contribution dominated by J/{ resonance.

e Size known but

phase w.r.t. penguin not.

—e— P, JHEP02(2016)04

o DiY L e Can have significant
| W e Bsz15 66% © effect on predictions

FF BSZ15 68% ()
FF BSZ15 68% (nt/2)

g% (GeV?/c*)

 We plan to fit for t

Nis phase using our data (see K.

Petridis talk [here

Patrick Owen
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https://indico.cern.ch/event/466933/contributions/1974107/attachments/1259378/1860456/BarcelonaWorkshop2016_KAPetridis.pdf

Summary and outlook

* The Higgs sector and b-physics are inexorably intertwined.

* Not only is SM flavour violation due to the Higgs, but b-physics in
particular is sensitive to Higgs extensions.

* Always fight QCD when searching for NP in these decays.
* (Control this by
* Looking at semi-leptonic decays (factorisation)

* Measuring ratios of observables (LFU, angular analysis).
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Summary and outlook

* | discussed three anomalies in these decays.

——]LHCb -®BaBar —*Belle

o~ . T T T T T T T T T T T T T T T T T T T T T T - w 1 T T T T T T T T T T T T T T
% 0.5 —— BaBar, PRL109,101802(2012) ! ) 2o 2r ! ! ! U] A - ! ! ! s
e = Belle, PRD92,072014(2015) Ay =1.0 R~ - b . = .
Ed 0.45 LHCb, PRL115,111803(2015) i LHC ] (RS S SM from DHMV ]

Belle, arXiv:1603.06711 .
. 7 1.5 — 05 ® LHCb Run 1 analysis —
04 : gf:?e i\éﬁ;ﬂfe P(zH =67% - i 7 }*_ 0 Belle arXiv: 1(>04.%,)4042 ]
035 = IF SV O ———=
0.3= - :—%—— ] [ L :
- : 0.5 . 0.5 + .
0.25 - HFAG I ] i .
R(D), PRD92,054510(2015

E REDL). PRD85,094022(20 1%) [ ] i ]

0.% 1 1 L L | 1 | 1 1 1 | 0 1 1 1 1 1 1 1 L 1 | L 1 L i | L i 1 L 1 1 _ 1 , , , , | . " | , | , , , , ,

2 0.3 0.4 0.5 0.6 0 5 10 15 20 0 5 10 15

R(D) g [GeV?*/c*] ¢* [GeV?/cH]

e (Can have models which link all of these: L. calibbi, A.Crivellin. and T. Ota, PRL, arXiv:1506.02661
* Updates from LHCb are coming soon so there’s no point in getting too excited yet.
* Expect improved precision on R(D*,D0), R(K).
* Expect new LFU tests like R(K*) soon and improvements to R(K).

e Plan to use data to control hadronic uncertainties in Ps .
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Back-ups
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Linking with R(D*)

A(1):A(3):_1
ot B-K"tu
* There are models which can link .
these anomalies together. =
e.g. Tree level lepto-quark with large 3 0
couplings to third generation.
aap Parameters proportional ratio of 32|
NP coupling between fields a and b taigy
-\ 1 201

37
8

IR
BN
ME

Will these anomalies hold up with more o

data” o o
L. Calibbi, A.Crivellin. and T. Ota,

PRL, arXiv:1506.02661
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Quark hadron duality

* [heoretical calculations live In the partonic world.

e Jo translate this to reality, rely on quark-hadron duality.

I ‘ I I T ‘
0| ! les | i
B zh
10 2 ;— é
o(eTe” — hadrons) i o 1° 0
R o R B l / \ ]
olete” — utu™) 0 | I /o
¢

1 B g —
- 4 -
-1 E ..,ﬁﬁ*.. g | ‘ | E

-IO LI | I | | | | L1 1 | | | | | L1 1 |

1 10 102
Vs [GeV]

* Important not to mix the two!
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R(D™) control samples

Anti-isolate signal to enrich particular backgrounds.

(W)

N

-]
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T

2000F
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Candidates / ( 0.3 GeV?/c*)

500}

20 2 4 6 8 , 10
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miss
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Misidentified

Candidates / ( 0.3 GeV3/c*)
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R(D™) 3D fit

3D fit used to discriminate signal from backgrounds

A7OOOO_"'I"'I"'I'"I"'I"'J — i —
3 : e % 30000f 2
N 3 B B — D*tv = - N>
5 60000F B B 5 D*H (= VX)X a C >
O : B B D = 25000 o
s 20000F I B — D'uv P - >
= - Combinatorial = 20000 =
» 40000 W Misidentified § : >
g . S 15000F 2
3 @) - =
= F 2
S 10000F E
5000F
. 075500 1000 1500 2000 25
m2.  (GeV°/c?) E,* (MeV)

Good agreement seen everywhere
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K mm decay distribution
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