S

433' N
‘,' 5
I

;ICS

i . '- '

R X(Quar tFIavot

~ § VRN on behalf of the LHCb Collaboratlon
%De éirfmeﬁ’f fPh sics & EE)"‘?"‘TBW’@F‘N#' liclear'Scierice” ~ -
..‘r._, IVIasl usetts nstltf TecnoT’fgy . sl

& 4l
b » . A [Dq'

: } L"r ' "”’H“!'"'-ﬁnmv- LI Y=

ST - /Februaryzo 2015 =

T

B



il Indirect Observation

Indirect observations of “new physics” have historically been the portal used
to predict the existence of particles before experiments with sufficient energy
to produce them have existed.

. QED&QCD conserve
quark flavor making Weak
physics clearly visible. J,

As a famous example, consider
the B decay of the neutron: 1 GeV
phenomenology reveals physics
at 100 GeV.
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At its core, flavor physics involves searching for new physics by performing
precise tests of the SM in reactions that do not preserve quark flavor.

A = Asm + Apsm

Focus on where O(100 TeV) particles can make significant contributions:

** AA : compare rates vs SM:
< Ad :compare ¢ vs SM or “same” ¢ in different reactions;

** 5A : compare distributions vs SM.
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i Probing New Physics

e

Model-independent limits on new particles can be set using all quark-flavor-
changing-current data.

const

A x

operator product expansion
Hepr o Y (Conr + Chsar) O
i

The “C” are the Wilson coefficients and “O” are local operators of all possible
Lorentz structure, e.g., (V-A)[aq’T*V(II’), (V+A)[aq’]*S(I),...

In principle sensitive to any mass scale (limited by experiment/theory
precision).
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T Where?
Flavor factory Hadron Collider
pro: - pro:
**known initial state makes it | % large signal rates;

possible to reconstruct “invisible”

‘ "
decays via missing E,p: %* access to all hadron types;

*» possibility for “parasitic” data

** low-background. o
aking.

con. con.

** lower signal rates; ¢ unknown initial state;

*®* access to specific hadron types. ** background!

In summary: These are complimentary; it’'s best to have both! For some
things dedicated experiments are required, e.g., L—e, rare K decays, etc.
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The size of a BSM amplitude is inversely proportional to the BSM mass scale,
so we want to focus on measuring processes where a small amplitude can
cause a measurable effect (and also where we know the SM prediction).

- == —-

Bl o
" no tree-level |
- amplitude in |
= 2
S > A <€ H
b - b L

The SM predicts the Bs (bound s-b) decays into two muons once every 3.4B
decays (about 1/1.6 trillion pp collisions at LHCb)
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How would BSM affect these decay rates? That depends on the BSM mass
scale and what quark flavor-changing currents exist in the theory.

20 Y v Y N
/ David Straub |

-
)
{ E §
15 MSSM-LL :
M L

pre-LHC limit

1.0

arXiv:1107.0266

BF(Bq— p*u-)x10°

30 40

/ 20

SM BF(Bs— p+p-)x10°9

E.g., this plot shows various SUSY predictions prior to LHC running.
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After 30 years of searching for these decays, both LHCb and CMS crossed the
40 significance threshold in Run 1 for the Bs decay.

CMS&LHCb [CMS-BPH-13-007,LHCB-PAPER-2014-049]

CMS and LHCb (LHC run I)
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CMS and LHCb combined our results to obtain >60 for the Bs decay and >30
for the Bq decay.
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CMS&LHCb [CMS-BPH-13-007,LHCB-PAPER-2014-049]

MS and LHCb (LHC run 1)
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LHCb&CMS results are consistent with °
the SM expectations, but there is some ¢

small tension (luckily Run 2 is almost -
here). 2
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LHCb+CMS
Excluded

SM BF(Bs— u*u-)x10°
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The mass scale probed depends on how BSM contributes. The highest mass
scales are probed in diagrams that aren’t otherwise suppressed.

loops (could be MFV or not) tree (requires FV)
_ B _ +
b uh e ut b H
+ 0 & NS 0
Bg a/)(__:)(__o Bg / ” Bg >—\X~<
1 _
S e S W= e S [

If BSM affects this process, it must also affect other processes. The game is
to find all discrepancies (and agreement) with the SM, then solve the puzzle
(i.e., figure out how to explain all the results in a single (new SM) model).

e - = — ==
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imm __Lepton Universality {5

In the SM only the Higgs boson has non-universal lepton couplings. This
results in SM predictions of nearly unity for various decay-rate ratios.

SM prediction
Ry = 1.0003 £ 0.0001

differs from 1 only due to H penguin
diagrams and phase space

IQmaX B+_>K+/’l+/’t ]dq
mm

Ry =

IQmax B+—>K+€+ ]d 2
mm

Rk @ LHCDb (most systematic effects cancel in double ratio)
R, = (NKWW‘) (NJ/W(€+6)K+)(€K+6+6> (GJ/W(M+/4_)K+>
X =
Nkt et e J\/J/l/f(/ﬁ/«t‘)K+ €Ektutu=/) \€Jjy(ete )K"

1<q?<6 GeV  |Rg = O.745f8'8792(stat)

' —

2.60 from SM
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i Lepton Universality (g5

If the LHCDb result is due to BSM, then other similar ratios (e.g., involving tau
leptons) should also show discrepancies. B

T

VV—/Lrjx//:///FT
B{, " & _ F 9. D"
B(lé—) DT_?T)’ (D*) — B(l?—) D*t7 ;)
B(B — D(~vy) B(B — D*(~vy)
BaBar PUB-13/001

R(D) =

Type Il Higgs Exclusion

100

R(D*)

400 600
mg+ (GeV)

200

800 1000

Belle results show similar excess but are less precise, hopefully they will be
updated to the final Belle | data set soon.
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Can also look for BSM effects in annihilation-type decays:

V* T
ub
BT /:/57_
W—I—
b
‘(-\ T B
Pt CEEEETEEE
&
Belle-CONF-1401 SM prediction
B(B'T = 1Tv,) = [1.2540.28(stat.) —41(0.7531) 055) x 10~

Consistent with the SM at about the 10 level (and with enhanced coupling to tau leptons.)

e = = —
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The LHCb Rk result was from b—s “penguin” decays
where loop suppression in the SM permits BSM E&
contributions to be sizable. Unlike RK, however, most |
observables require control of the hadronic SM calculation.

SM calculations need

B—K form factors BSM?

L

The B(s) — K(¢)uu family of decays provide many sensitive observables
(accessible via angular analysis) to measure.

————
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dB/dg? [107 x ¢* GeV?]

Many observables here show ConS|stency with the SM while problng the O(10 TeV) scale.
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LHCb results are 2011 data only, 3x stats in hand.
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SM arXiv:1303.5794

[ sm arxiv:1212.2263

—4— LHCb 1b"

10 15

l 20
g* [GeV?/c4]

Also, general trend in decay
rates is that they are lower
than expected for all di-muon

b—s penguin processes.

|s this BSM or QCD artifacts?

Mike Williams
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However, there are a few interesting exceptions,
e.g., angular observables constructed to have
minimal hadronic form factor dependence show
some discrepancy in the same di-lepton mass

range as Rk.

Horgan, Liu, Meinel, Wingate [1310.3887]

1.2 | | | | | | | | |
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Neutral mesons can oscillate between particle/anti-particle. In the SM this is
loop and CKM suppressed so could be affected greatly by BSM particles.

¢ - - ¢

-
S

Yi,cu B

b t.c,u S b W
BY W 0% Eg BY t,e,u A
S tv C, U b S W_
- - e .
=
particle decay;g
= detector
El effect
anti -
particle

LHCb-PAPER-2013-006
[arXiv:1304.4741]
\ ; | | | | | ;

e Tagged mixed
o Tagged unmixed
—— Fit mixed

............ Fit unmixed

2 | 3 |
decay time [ps]
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Interference between mixing and decay amplitudes gives rise to a CPV phase
ds = Pm- 2d4. BSM could give a non-SM measurement.

Pd
/_"\A
J/PY(KK,mm)

\_,BS

LHCb-PAPER-2014-059

This phase is accessible experimentally via a time-dependent angular
analysis to measure the time-dependent CP asymmetry.
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Model-independent limits on new particles can be set using all quark-flavor-
changing-current data using the OPE:

operator product expansion

Hepr o > (Copr + Chsnr) O

Fitting all available data simultaneously gives the following picture:

% Constraints on ICI for (V-A)[qq]*(V,A)(II') roughly < 4/3 C(SM).

See Blake,
¢ Constraints on ICI for (V+A)[qq’]*(V,A)(II') roughly same. Gershon, HI:IIert for
an excelien
@, : summary.
** Strong constraints on scalar, tensor, etc., operators. [1501.03309)]

Overall the data is largely consistent with the SM and global fits place
constraints on BSM particles of about 0.5-50 TeV (depending on model).

e - = — ==
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We shouldn’t get too excited about a few 2-30 discrepancies given how many
“sensitive” flavor physics results have been published in the past few years
(we do expect a few 30’s).

The optimist regards the future as

uncertain.
Eugene Wigner

But let’s follow Wigner’s advice and be optimists and see what this means if
we are, in fact, seemg the flrst hmts of BSM phySICS
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Assuming the observed discrepancies are really BSM, this means that:

*** BSM couples to leptonic V and/or A currents.

** BSM has non-universa

¢ BSM may couple to RH

leptonic couplings.

quark currents.

One viable option is a O(1-10 TeV) Z’ which in a simple model suggests the
following triple correlation which is consistent with data.

Glashow, B(BT — K+tutu
Guadagnoli, Lane  Rpr = ( il )exp

B(Bs = i )eap

12

[1411.0565] B(B* — K*tp*tp~)sm  B(Bs = ptu)su

Another option is leptoquarks which “naturally” explain non-universality in
the lepton sector. Both leptoquarks and Z’ may be visible directly at CMS
and ATLAS, but only if they’re light enough. Hiler, Schmaitz [1408.1627]

Mike Williams
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‘Why are these all made of matter?

»

How did we end up with such“a huge matter/antl matter |mbalance'7
This is a mystery! ' :



e =

Use interference b/t AP% = A, e+ and A2¢ = A, to extract .

b—u b—c

(DID)X

\b_Dx/

Ni = |Ap_px + As_px|*

= [Ap|* + [Ap|* + 2| Ap||Ap| cos (Abstrong £ 7)

Can look for BSM by comparing to “Y” from “trees” and “loops” and also this
measurement is vital in the global CKI\/I constraints.

e S o e e e S ——— = s S = = = —= = =
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CPV can be large in some processes.

process anti-process

i: 80_ T o 1 v I N 1 1 ' I ' 1 ' |
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LHCb-PAPER-2012-001
[arXiv:1203.3662]
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4 Belle
EPRL 100, 142001 (2013)

40 Many exciting results in exotic spectroscopy in recent
o 350 years have come from “flavor” experiments, e.g., first
E 30 (unambiguous) 4-quark state observed!
~ 25
= 20 Bound states containing heavy quarks are an excellent
g 15¢ lab for studying QCD.

@ 10f
.
O ...;;A‘u‘,. .A ..“A,.“..A;‘.A.A; p.‘; [LHCb-PAPER-2014-O14] IN
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‘Dark Mattero ,

KLOE ee—yee WASA
preliminary

. dark'boSQns that. .
couple to'mass-

NA48/2
preliminary

'searches underway @ LHCI:‘)

-1
10 m,, GeV/c®

. . .. _ & 4 o i, i
. '-FIqur\experime‘nts?ﬁten dre the best places to lgok*for light BSM.
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Historically in particle physics, new physics has first shown up at the precision
frontier (beta decay, GIM, CPV,...). Will that again be the case?

flavor physics (now) flavor physics (2018)?

We are really now just reaching a level of sensitivity where one might expect
“realistic” BSM effects to become significant.

—
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The optimist regards the future
as uncertain.

Eugene Wigner
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