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THE STANDARD MODEL

@ A remarkably successful theory!
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@ Has withstood experimental tests for over 40 years...
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Introduction

YET, MAJOR DIFFICULTIES...
@ How does gravity fit in?
e Matter-antimatter asymmetry, neutrino oscillations, origin of mass.

@ Ordinary matter (SM) accounts for only 4% of universe. What is dark
matter/dark energy?

DARK
75% enerGy

e Compelling evidence for beyond the SM physics. But how do we
search?
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INDIRECT SEARCHES

@ Historically, indirect observations of “new physics” has often been the
portal to infer properties of heavy particles before experiments with
sufficient energy to produce them.

@ (3 decay: particles of mass ~ 1 GeV reveals physics at ~ 100 GeV.

€ Exchange of heavy )
_ : e
v virtual boson
n ~80 GeV G
>@ w*- (—
\p =

u
Fermi's 4-point interaction n |u unp
Theory of beta decay d } d
~1 GeV
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BSM SEARCHES IN (QUARK) FLAVOR FACTORIES

@ Core principle: precision tests of SM X
in processes that do not preserve %

quark flavor.
@—-

A = Asm + Apsm

e Heavy {b, c} quarks decaying to
lighter g € {u, d,s} quarks.

Cesm . . : L
o Apsm X —> involves virtual heavy particles running inside loops.
BSM

o Carefully choose scenarios where the SM part is well-understood and
suppressed (helicity, Cabibbo, FCNC, ...)

o Difference in rates or angular distributions wrt SM = optimally
chosen “clean” observables that reduce theory uncertainties.
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“ANOMALIES” IN B-PHYSICS

@ Set of very interesting 3-4 o tensions with the SM:

o Taonic decays B — D")imy, £ € {1, e, u}
o Rg: BY — KTt 1%, 0 € {e,u}

o | V| and | V| from inclusive and exclusive measurements.

o Several anomalies in the b — su~ ;" sector.

[ Statistical fluctuations? QCD effects?...
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“ANOMALIES” IN B-PHYSICS: NP PORTAL?

@ Set of very interesting 3-4 o tensions with the SM:

o Taonic decays B — D")(w,, ¢ € {r,e, u} (LFU violation).
o Rx: BT — Ktet*, ¢ € {e,u} (LFU violation).

o |Vyp| and | V| from inclusive and exclusive measurements. (RH
currents?)

o Several anomalies in the b — s;~ " sector. (heavy Z'?)

[ Statistical fluctuations? QCD effects?...New Physics?
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Flavor Factories







The LHCb Collaboration
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THE LHCB DETECTOR

o Dedicated single-arm forward spectrometer
with unique pseudo-rapidity range
1.8 <n < 4.9.

e pp collisions in Run 1: LHCb MC

o 2011: 1/fb at 7 TeV e
o 2012: 2/fb at 8 TeV

@ High bb and c¢ cross-sections:
o o(pp — bb) = 286 ub at 7 TeV "ot
o o(pp — ct) = %20 larger

o Complementary 7 =
coverage wrt -
CMS/ATLAS.
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Introduction

THE LHCB SUBSYSTEMS AND TRIGGER

LHCb 2015 Trigger Diagram

Calorimeters  Muon Id 40 MHz bunch crossing rate

. HCAL
ECAL M4 M5
Tracking Hadronld g ,iG3 M4 Es Es Es
Magnet RICH2 Mg
3

LO Hardware Trigger : 1 MHz

Vertexmg readout, high Er/Pr signatures

150 kHz
e/y

1530022

450 kHz 400 kHz
h* H/pp

:'Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, ure
of inclusive and exclusive triggers

Int.J.Mod.Phys. A30 (2015)

12.5 kHz Rate to storage

e Tracking: Magnet, VelLo, T-stations: 20 um (/P), 0.5% (p), 45 fs (7).
@ Hadron Id: RICH system, good K /m seperation in 2 < p <100 GeV.
e Calorimetry: HCAL and ECAL for 7, e, 7°

@ Muon detectors: 97% efficiency, < 2.5% 7 <> p mis-ID
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THE b — s¢™¢~ “INDUSTRY” AT THE LHC

e Everybody's favorite rare “penguin” decay!
e Flavor-changing-neutral-current (FCNC).

@ No tree-level diagram in the SM. Many
ways where NP can enter.

@ Several ways to explore this:

wW/?
o Bs — ity BF @ LHCb/CMS b ——— —S
o B — K™ 7., @LHCb t/? w
o (*) —y+ * *
By — KW=+ @ LHCb/CMS Z/y'/?
o Bs — gutp~, Ap — AWt w
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THE OPERATOR PrODUCT EXPANSION (OPE)

+
o Exactly as in the the case of Fermi's 4-point \ / w
interaction theory of 5-decay. /\
e Expand Heg in a basis of local operators (OPE): S W
i Operator
1,2 | Tree

3-6,8 | Gluon Penguin
7y Photon Penguin
9,10 EW Penguin
S Scalar
P Pseudoscalar

Hor = ——= Vi Vs Z( GO, + C

N———

@ The Wilson coefficients Ci(/)(ozs,u) encode short-distance physics,
sensitive to E > Mgy ~ My, Mz. Computed at p ~ my.
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THE WILSON COEFFICIENTS

@ Clues to NP signature hidden in
the C;'s.

e SM hierarchy: C7,y ~ —0.331, Cg\/ ~ 4.27, C10A ~ —4.173.
Everything else small or negligible.

o Lots of complementarity in Cyp searches:
o B(Bs — (*L7): (Cs,p— Csp), m;(Croa — Cipa)-
o By — Xsypoi: Cz. Photon polarization: ;.
o By — K&t~ angular analysis: Gz, Gov, Gioa + ...
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Bas — pp~
o After 30 years of search, > 4 ¢ in LHCb and CMS for B;.
e LHCb and CMS combined results (Nature, 522 (2015) 68):

o B(By)=3971% %1071, 320
o B(Bs) =2.8%07 x 107%, 6.2 o first observation

CMS and LHCb (LHC run I} . gg CMSand LHCh [LHC ni 1
e e e e — T c ]
g“’:— —4— Duin =a8
-3 T wgans o
fg’: I:I‘L.::_ i
2 [ Comtinatoral bkg. g IE
B “f ™ as
gn:— o4
uE— a3
FE oz
g'w'— ~
E at

o 2 3 4 H E 7 E
m,., e BHE — w1109

@ Some slight tensions, but mostly compatible with SM.
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http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html

Bgs — pip”

o B(Bs — putp~) expected to be particularly enhanced (~ (tan )8,

EFFECT ON NP MODELS

large tan ) in the two-Higgs doublet models.

@ LHCb+CMS result has a huge impact on SUSY parameter space.

2.0

Straub, 1107.0266 |
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PHOTON POLARIZATION IN b — s7

e Long history of radiative penguin B — Xs7y (inclusive) at CLEO,
BABAR, Belle, LHCb.

o Rate: B(b — sv) o |G| + ]C§7|2, with G, strongly suppressed in
the SM.

o Novel feature: outgoing photon is almost fully left-chiral for b quark.

Wz o Asm < mp5.0,,G” br + Ms5r0,,,GV by
b7 T 5 e G /Gy~ me/my 2 0.02 < 1
t
‘q |2 - |C77‘
1 TGP 1G] \b/(v)

o NP can enhance (7. : left-right symmetric models (w/ a heavy Wg).
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MEASUREMENT OF A, AT LHCB

e Parity-odd triple product g, - (pr x pr) in
B* — K*nTr%~ decays is sensitive to Ay

o Complicated Dalitz structures in Knm system
pushed into Ckrr ~ 0.1 (for BY)

e Up-down asymmetry (Gronau 0205065):
_ Nc059>0 - Nc059<0

Aup = N N = CKﬂ’ﬂ'/\’y
cos >0 1T Neos <0
Recent results from LHCb (SSI 2015)

K* decay

@) 2

™ (p1)

Kou et al.
7 arXiv:1011.6593

August 12th, 2015
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http://arxiv.org/abs/hep-ph/0205065

MEASUREMENT OF A, AT LHCB

K* decay .
plane =~ =

e Parity-odd triple product g, - (pr x pr) in
B* — K*nTr%~ decays is sensitive to Ay

o Complicated Dalitz structures in K system =
pushed into Ckrr ~ 0.1 (for BY)

(1)

Kou et al.
7 arXiv:1011.6593

400253310 240

1 LHCb :

e Up-down asymmetry (Gronau 0205065):

A o Nc059>0 - Nc059<0
UbD =

= CK7r7T/\ 2
~ =
Ncos 0>0 + Ncos 6<0 < 01

0.05

First observation of photon
polarization in b — s

Q

ombinedi5.2 o { 7

PRL 112,161801] _]
(2014) ]

-0.05

(=3
T T[T T[T T[T T

-0.1

o Further theory input needed on Cg,r to 1200 1400 1600 1800 .
M(Knar) [MeV/e]
extract \.
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http://arxiv.org/abs/hep-ph/0205065

ANGULAR ANALYSES OF B — X/,

@ So far so good. No spectacular deviations from SM.

o As we will see, the “interesting” anomalies involve B — X{1/5.
o Electroweak Penguins (EWP): ¢~ ¢", ¢ € {e, u}

o Semileptonic (SL): (v, £ € {e,p, T}
o X is a mesonic system € {7, K, mm, Km, KK, D, Dr}

o Four kinematic variables: ¢ € {¢°%,0,,0v, x}

(see for example 1505.02873, 1506.03970)
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THE HELICITY AMPLITUDES
o Three helicity amplitudes for the spin-1 dilepton {W*, Z*, ()}

2mBk —L,R — sz
HYRL = C " R(g*) + Cr———Fr(q?
)J:O r { 1(q7) + [ 7(q%)
LR _ k \'7' e o 2mp, o - )
Hy ‘JZI =B (E C7 (mg + mx)A(qa”) + 7("73 my)C7T2(q")

_ V(g2 2
T 2mgk {C“‘Ri(q ), Cé—;';B Tl(qz)} }

mpg + mx
LR ay k \77! [k
Hb ‘ - Y (X c
J>1 2my+/q? \ mx

4m%k?
(m} — mk — ¢*)(mp + mx)A1(q?) — BA2(q2)]
mp + mx

— 4m3k
+2mpCy (mQB + 3m§< - q2)T2(q2) - 27"32 T3(q2) }
mg — mx

o QCD form-factors are the largest source of systematic uncertainties.

o Also, non-factorizable hadronic effects hy(q?) (more later).
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THE “CLEAN” OBSERVABLES

o If the X system is in spin-J, the amplitude squared reads:

2

MPE=3"1 S S varrHP dl o(0v)d}, (0™

LR | xefo,+1} J

= Z Fi(a®) fi(61,0v, x)

e Matias et al. (1303,5794): ratios of the ['; observables.

o Leading order FF uncertainties cancel in the g°> < 6 GeV? regime.

e Forward-backward zero crossing point long known to be theoretically
clean.

e New observable P, turns out to be particularly sensitive.
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B® — K*0u Ty~ STATUS WITH 1/FB DATA
e Good agreement with the SM (JHEP 07 (2011) 067)

ire B . ; i

) _’m?:r‘. W Einned _._E-...ih [_EEE _._T:.::-, [ ™

o 1 T T T < T T T - T r T =
3 Diff. rate LHCb LHCh ] E LHCb ]~
g 4 F im
] ne R —f * o

o 4 - EN
o e E F Fwd-bkwd 1=
o = . . L ]
3 t o Longitudinal E 3 asymmetry 40
fraction . ) . ) o

L .; ‘. 20 [-] - o 15 ~ o 1 -] . LL]

7 [GeV¥Ic & jaavicd @ |eavic] T

. )
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B® — K*0u Ty~ STATUS WITH 1/FB DATA
e Good agreement with the SM (JHEP 07 (2011) 067)

. , —
) £ Meory WM Girned Ty WSt ey e ™
18 T T T < . T 7 F T T 7
3 Diff. rate LHCb LHCh ® [ LHCB i
= ] 3 ; h_: b
: = + o] B 1 &
5, ] # 3 Fwd-bkwd 15
3 t wf  Longitudinal E asE asymmetry ER=)
fractlon ) X ) 10
L s : - o 5 .T I:Q-ICGM' S %
\?[G‘:‘V C‘: F j3oVics il
=
e Except 3.70 local deviation in P from SM (JHEP 05 (2013) 137):
1 T T T T

i LHCb SM Predictions T é

0.6 - - E;

04 4 oata - :

02 49
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15 20
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3/FB: ANOMALOUS TRENDS NOW SEEN IN 5

0w GV

_'x:

Biplab Dey Recent results from LHCb (SSI 2015)

@ Isospin channels: B tend to lie below SM (PRL 112 212003,

arXiv:1411.3161)
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b — sit

3/FB: ANOMALOUS TRENDS NOW SEEN IN 5

@ Isospin channels: B tend to lie below SM (PRL 112 212003,

arXiv:1411.3161)

ENICSR  Lafiice = Data ENICSE  Lattce +Dala
a T TTr T T = T T T T T T
3 Y S B K
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x 1 % s 3
-tE +++ é 2| ] E
55 1 b + E
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= % = g 10 1=

J—|GL\ fed] g2 1GeV3icd|

T a8t K%t 4

= s,

3 5

o Updated lattice /E 5
calculations at high ¢  — :
reflect this as well g e

L ) | :
15 16 17 18 19
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EFFECcT ON WILSON COEFFICIENTS

o With 2013 data, Co and (7 seen as

Descotes-Genon et al. main players.
[arXiv:1307.5683]

o All theory groups find G < 0
il e Altmannshofer, Straub 1308.1501, Beaujean,
Bobeth, van Dyk 1310.2478, Horgan et al.
1310.3887 Hambrock, Hiller, Schacht, Zwicky

1308.4379.
e Different bins, observables, statistical
-4 o approaches...
I‘IE‘—DI‘I[)—DI‘[)S 0.00 EIJIZIS [I‘IE‘:I [I‘IE!
av NP

o Contentions whether Cé ~ —Cy" or
Cy — 0 (Matias et al.)

(More info. on global fits in backup)
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ANOTHER UNEXPECTED DEVELOPMENT: Ry

@ Other than a tiny effect from mass difference, e/u behaves the same

in SM
-9 LHCh -mBaBar —4 Belle
3 Z_ T T T T ]
S LHCbh |
B(B = Kup) IV 2 R
Rk =—————2>=1.04+0(10 ~F ]
® K B(B — Kee) ( ) r I ]
1F N I SM
05 =
o RIHCP —0.745%3-990 4+ 0.036 g 2.60 tension
L S T T T
PRL112, 161801 (2014) @2 [GeV¥/¢Y]

Hints towards lepton universality violation in
1st and 2nd generations for the first time
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ANGULAR ANALYSIS OF BY = K*ete™ AT LOW ¢?

@ Since q]rznin > 4m§, ee mode allows to explore the very low g? region.

")

, competitive with

o Sensitivity to C!
rad. penguins.

o New LHCb results: angular analysis - _]_w e
in g% € [0.002,1.120] GeV?? H"FH;’\-I-S H;H;]E:H;H#

l * " arxiv:1501.03038

RN |

@ Results consistent with SM. e ' T

@ Ry~ could be very interesting

o Experimentally much more challenging than pu: trigger and modeling
of bremsstrahlung inside detector material.
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b — sit

THE ANOMALY PERSISTS! (MORIOND 2015)

[LHCb-CONF-2015-002]

o 1_ T T T T T T T T T ]
r Combined: 3.7c  LHCh ]
050 I | preliminary h
ﬂ-— SM from DHMV 1
L ll [1407.8526] i
0
; i 1b, 3lfb ]
0.5F —+ [ 1 ]

#}

10

(a0 5

7 [CeVZ/c I

o Excellent consistency between 2011 and 2012 results.
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AND IF WE ARE AGGRESSIVE...

1.0
[~ Moves closer to
05 + Ipreferred NP model —»w .
+ NP =—C=-0.6
Ao 0.0+ ‘
—0.5¢ .
_+_
—1.0} ‘ ‘ ‘
0 5 10 15

F(GeV?)
o Moves closer to C)'" < 0 as well (Quim Matias, Moriond).
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b — sit

ZERO-CROSSING POINT IN Afg

[LHCb-CONF-2015-002]
L L L
0.5 -

I —~+ .

O T
— LHCh
preliminary

I M SM from ABSZ
0.5 [1503.05534][1411.31611
PR S T PR R L PR | L L L

0 15
7 [GeVZ ]

’11"8

(=}
(&)

o Slightly lower than SM. ZCP: qg ~ 3.7 GeV2.
@ Publication of full set of angular observables in preparation.

e CMS has also recently entered the game (1507.08126).
Recent results from LHCb (SSI 2015) August 121, 2015
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http://arxiv.org/abs/1507.08126

HEAVY Z" WITH NON-UNIVERSAL FLAVOR COUPLINGS?

@ Numerous theory papers combining all b — sf¢ measurements
Descotes-Genon et al [1307.5683], Beaujean et al [1310.2478], Gauld et al [1308.1959], Hurth et al [1312.5267], Straub

et al [1308.1501], Horgan et al [1310.3887],Altmannshofer et al [1403.1269], Biancofore et al [1403.2944]...

@ Simplest explanantion of CgNP ~ —1.5is a Z’' boson with specific
flavor couplings.

Heavy (TeV range) Z’ boson with FCNC at tree-leve d
Couples only to LH quarks.

Couples equally with ¢g 4, but differently to e/p

CPV in Bs-Bj places strong limits on the couplings. N\

Difficult to accomodate within MSSM. r4
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3/FB Bs — ¢u~ " ANGULAR ANALYSIS (NEW!)

e 3.5 ¢ tension with SM (Altmannshofer/Straub arXiv:1411.3161) in
the g2 € [1,6] GeV? bin. Overall BF lower than SM.

arXiv:1506.08777

{‘ 9: T T T —E
LosE 350 L
O TF Z%JWMC)_;
DICE 6 F +l)zuu (wide)—z
N7 % + My
< L 3
T E
EN E
g0 5 1015

q* [GeV¥c4

@ Angular observables mostly consistent with SM, though.
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3/FB Ap — Ap~ " ANGULAR ANALYSIS (NEW!)

e LHCb is uniquely capable to do b — s¢/ in the baryonic sector (unlike
Belle II).

@ Branching fractions and Agg in the leptonic and hadronic helicity
angles (JHEP 06 (2015) 115).

@ SM predictions from lattice (1401.2685, 1212.4827).

= . . s 1 : . . : g 05 T . . .
g 3 < 08 1 HCh fedicion < 04 LHCb SM predicion 3
2 E 0.6F E 0.3 K
g - 3 04 - Dun E 02 " Duw E
= 02F E 0.1 E
3 E o] e + < of E
: : - -[- E 02F - 0.1 k
206 S E 04F E 0.2 hadronasym. t+  =f= E
I, 04 3 -06F lepton asym. E VK] 3 E— E
g0 LHCb 08f E 04 +
10 15 20 0 5 10 15 20 0 5 10 15 20
& [GeVYet) ¢ 1GeV/ct] ¢ [GeVcY

e Some tension in Af:B at high ¢°.
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CHARM-LOOP EFFECTS: POTENTIAL SHOW-STOPPER?

e Lyon-Zwicky (1406.0566): non-factorizable ¢ loops are large and can
accomodate the P, anomaly.
see also D. Straub @ Moriond'15

@ OPE breaks down. Very hard to calculate.

o Can we disentangle b — s¢¢ from b — scc?

. b O, §
B SM@HEPfit, full fit

19 T LHCb 2015, 3 fb ' data
05-

== o hy(g?): non-factorizable

Ao + : hadronic part, quadratic ansatz
o Fits can incorporate data.
Ayan Paul, EPS’15

a 6
g% [GeV? /et
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IMPORTANCE OF |V|/| V|

Via Vus Vb @ In SM, unitary CKM matrix = flavor-mixing
Vecu = | Ved Vs V.
o o e U o Fantastic success of the CKM paradigm
Vie@ Vis Vb i
thru' the years...
1995: 2014:
15[ Cls HH‘{H
10} -

0.5 E -0.5 L —
a0F 10 A
E E solwicos <0 |
F == o seia09 1
45 L S | | b Y
%0 05 00 05 10 15 20 G0 05 00 05 10 15 20
P P
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IMPORTANCE OF |V|/| V|

o Side opposite to /3 proportional to |V,p|/|Ve|. Both 8 and | V|

known better than 3%.

o Closure test of UT mainly limited by | V|

0.7 —————
06

0.5

excluded area has CL > 0.95

0.4
0.3 €
0.2

0.1

T
fi

Summer 14

s0l.w/'cos < 0
(exclat GL > 0.95)

-0.4 -0.2 0.0 0.2 0.4

p
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INCLUSIVE AND EXCLUSIVE |V,

e Exclusive B — 7/~ 7;. Need QCD form-factors.

o Inclusive B — X ¢~ 7. No form-factors (sum of states), but
kinematics cuts to reduce x50 large charm background.

e Different experiment/theory techniques. Persistent ~ 30 tension!

Exclusive Inclusive
PDG
version[~— 1 v T T T T T T T

2004 —_—

2006 —_————
2008 —_———
2010 ——

2012 —_—

2014 —

P T U T
0.003 0.004 0.005

vV 1

ub
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[Vup| and | Vep|

|Vip| AT LHCB VIA Ap — puv

|Viub|/|Veb| long thought to be impossible at a hadron collider

@ LHCb probes b — u in exclusive baryonic A, — puv decay.
o High statistics (O(10%)) even for a rare decay!

o Critial role played by latest lattice calculations at high g°.

st A, =N (- pKT)pv

(ps™ Gev?)

dr/dg?
(Va2

normalization

Detmold et al. (1503.01421) * ¢
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TWO EXPERIMENTAL CHALLENGES

@ Dominant charm backgrounds have additional

tracks close to the py vertex. P P
@ Multivariate classifier trained to discriminate A~ Acé:
~e_ %
between red and blue tracks. b t\
@ 90% rejection with 10% efficiency. u
e Two-fold ambiguity in g o Require both g% solns. > 15 GeV?:
_ < 0 T T T
’V—T & 80F LHCDb simulation PR
: é’ 70 v both solutions .().'0'0 =
1PL -5 60F o one solution > _'_":1
! ES0F v 4
i o wf ~
1 S 0F o E
. ~ UV :Pi ke 10E o 3
sign opr unknown "~ ! & 08 e l(*;f' -'15 =
S v 5
4 [GeV?/c4]
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[Vup| and | Vep|

M,opr FITS

o Fit the corrected mass: Meorr =

\/Pi-FMgu—l-pJ_.

(min. b-mass compatible with flight dirn.)

2)

Candidates / (40 MeV/c

Biplab Dey Recent results from LHCb (SSI 2015)
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I LHCD preliminary
I WAy

3000F 55 4
[ B Combinatorial

2000

1000

0
4000 4500 5000 5500
Corrected pK m*u” mass [MeV/c?]

N, =17687 + 733

T T
[ Combinatorial LHCb
Mis-identified ..
0=
. pu reliminar
Aluv

WAy

Candidates / (5 MeV/c?)

0
3000 4000 5000

Corrected pu~ mass [MeV/c?]
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[Vup| and | Vep|

WHAT CAN LHCB SAY ABOUT |V/|?

o |ViplLacop = (3.27 £ 0.15(exp) £ 0.17(theory) £ 0.06(| Ves|))

(Nature Physics 10 (2015) 1038)

o Total uncertainty is 7.2%. World's best
exclusive measurement.

o Consistent with WA of sin(2/3) and new
LHCb measurement (PRL 115
031601).

LHCb-preliminary
Inclusive |3
Exclusive Irs)
-
. o
3.90 tension S
o
—_— ki
LHCb
0.0025 0.003 0.0035 0.004 0.0045 0.005
I\/ubl

Large tension between inclusive and exclusive | V| persists
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.031601

[Vup| and | Vep|

RIGHT-HANDED CURRENTS IN THE SL. SECTOR

@ SM: weak interaction is purely LH. Add a small RH admixture €g.

o If e real and negative, can help resolve the | V| tension:

° ’Vub|incl. ~ 1+5%?v |Vub‘excl. ~ 14e€gr

e Several papers (1408.2516, 1411.1177, 1407.1320) w/o clear

picture.

@ cp difficult to decouple from the FF norm.

e Similar 3¢ tensions in the |V | sector as well.

e Solution: B — {p, D*}/v, angular analysis?

Biplab Dey Recent results from LHCb (SSI 2015)

P. Gambini .

05 Y

8% /

probability density
s e
\
=

Latest lattice results for
exclusives (F'NAL/MILC)
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http://arxiv.org/abs/1408.2516
http://arxiv.org/abs/1411.1177v2
http://arxiv.org/abs/1407.1320

THE 7 CASE IS SPECIAL
e For massive 7, chirality # helicity. The W* can have spin-0.

o Charged-Higgs enters at tree-level.

o Type 2 two-Higgs doublet model:

2
amplitude scales as m; (%) )

—_
in
T

L

Al g2 10" Gey =1y
-

A dy W 10 eV

H 0 o 5 [T
7 (GeV') T (GeV)
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THE BABAR R(D™)) ANOMALY (1205.5442)

e Measured the ratios: o 2-d fit in pZ;, and p;:
R(D() = B(B — D\Yru,)

N
B(B— DOy’ T Y

@ Same final state in numerator and denominator.

Many uncertainties cancel. i
:
:
e R(D™) > 3 o tension with SM: i
N 0.4_— E
2 0
& 03[
SM
02 0.4 06 : PR
Combined: 3.40 R(D) @B-+Drv. BE-DCR,  MB- DU

BB~ Dy, EE-DCs O Bakgound
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http://arxiv.org/abs/1205.5442

R(D™) rroMm BELLE AND LHCB (FPCP’15)

o Full Belle | dataset + updated

at.) £ 0.026(syst l‘ SM

at.) £ 0.015(syst.)

tagging algorithm (1507.03233). Nig -
o Consistent with both BABAR and 02 |
SM :aar 5320534502:&05?:0042
- 05 T T T ]
T oo e moiozn =10 3 e Very challenging at LHCb due to multiple
oaf — M 3 missing neutrinos. Only muons!
0357 7 @ Isolation from excellent tracking +
°F E background-enriched control samples
oxsf = = '
ogb A 40 LHCh R(D*) (1506.08614) is consistent
R(D) with BABAR.

SM: PRD 85, 094025 (2012)

e HFAG EPS'15: SM tension is 3.9 o
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http://arxiv.org/abs/1507.03233
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.094025
http://arxiv.org/abs/1506.08614
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See today’'s PRL viewpoint
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http://physics.aps.org/articles/v8/77

LHCB’S LATEST EXOTICS: PENTAQUARKS (NEW!)

@ Pentaquarks allowed by QCD, but not seen for 50 years.

e LHCb (1507.03414): two P_ states in Ay — {J/¢p}K
e 3/27, mass (width) = 4359 (151) MeV, 9 ¢
o 5/2", mass (width) = 4450 (49) MeV, 12 ¢

= 2200F —=— data
%’ 2000 t —e— total fit

e}

T 1800]

®

g 1600

> 1400]
1200
1000]
800|
600|
400|

200

q.4 16 18 2 2.2

2426
my, [GeV]
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http://arxiv.org/abs/1507.03414

Pentaquarks

LHCB’S LATEST EXOTICS: PENTAQUARKS (CNTD.)

@ Large number of poorly known A* states is the weakest link.
e Final fit including P_.'s is not perfect.

@ Phase-motion looks consistent with resonance interpretations:

B L s L A A A S LA A Al AR A LAY MM A AR B

@ EC) 3
005[- + E

Im A%

P,(4450)

ot EN P.(4380) E
o1sf- £ E
o2f k3 3
025 : z
03 :LHCb
2. bbb b b Fobo oo b b b oo Lo d
035 -03 025 -0.2 -0.15 -0.1 005 0 005 01 0716 -01 -005 0 005 01 015 02 025 0.3 035
Re A% Re A%

o We need to see these in other modes (photoproduction @ JLab?).
Also, where are the ground states?
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Run 2 and beyond

Run 2 @ LHCB

e No major hardware changes. Improved trigger (low pr), real-time
tracking, calibration, alignment and PID goes into HLT.

e Write to disk: 5 kHz (Run 1) = 12.5 kHz (Run 2).

o Already analyzing online reconstructed data (EPS talk,
LHCb-PAPER-2015-037 in preparation):

%
[=" ~ .

s . LHCb Preliminary
Ste prompt J/psi Vs= 13 TeV, L =3.02 pb
[ 3<y<3s
Q14
210 2<p, <3[GeV/c]

3

g . X

f:;“’ J/psi from b
S10?

glo

-10 -8 -6 - -2 0 2 4 6 8 1
t, [ps

6 [ub] (J/y-from-b)

_ N w &

=)
S = LN WA n

£ T T
—+—— LHCb J/y-from-b, uncorrel. uncert.
—+—— LHCb J/y-from-b, total uncert.
[ FONLL

Preliminary

IYTTY FRTTY PYUTY PP PYevi o

T
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https://indico.cern.ch/event/356420/session/5/contribution/183

LHCB AND BELLE 11

e Complementarity with Belle Il. CMS/Atlas also coming into the fold.

100

Integrated Luminosity 50 ab

muon, exclusive, baryons
10 LHCb [fb-1]

23 fb1

electron, neutrino,

tagging, inclusive modes
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Belle-1l [ab1]
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SUMMARY AND OUTLOOK

@ We are in a unique situation where several very interesting tensions
exist with the SM in the heavy quark flavor sector.

e Happening times — both Run Il at LHC and Belle Il. Much more data
expected soon.
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SUMMARY AND OUTLOOK

@ We are in a unique situation where several very interesting tensions
exist with the SM in the heavy quark flavor sector.

e Happening times — both Run Il at LHC and Belle Il. Much more data
expected soon.

@ The higher Anp is, the more unexpected non-CKM type flavor
violations. Measure everything!

/‘Cﬁm‘nws’ LSS = F Lwd’ Gnln_
v

) {4';/’?{ ‘

e di

TV N#E kAl & ek

wl«? WN

il ke

10T/ Qe el 75
Nima Arkani Hamed

Ty kn- ke L

£ AT A WIDE NET
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LHCB UPGRADE

20‘10 20‘11 2012 2013 2014 2015 2016 2017 2”‘1% 20‘19 20‘20 20‘21 20‘22 20‘23 2024 2025
e e
[ [ Gograae
4w | o=
Runl Runll Run |||50 fb'in less than 10 years
e Higher track multiplicities, ghost rates, interactions/crossing,
vertices...

e Replace current hardware LO trigger (1MHz) to more flexible software

tigger
Read out everything (40 MHz) and HLT output 20 kHz
Velo and tracking (new Upstream Tracker, Fiber Tracker)

RICH system: new photo-detectors, upgraded optics
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LHCB UPGRADE

Type Observable Current LHCh Upgrade Theory
precision 2018 (50fb~1)  J uncertainty
BY mixing 28, (BY — JJi &) 0.10 [0] 0.025 0.003 ~0.003
283, (BY — Jf f3(980)) 0.17 [10] 0.045 0.014 ~ 0.01
Ag(BY) 643102 [15] | 0.6x107° [J0.2x 10" §0.03 x 10°°
Gluonic 23 BY — 6¢) 0.17 0.03 0.02
penguin 23(BY — K*OK*0) 0.13 0.02 < 0.02
23°T(B° — ¢KY) 0.17 [15] 0.30 0.05 0.02
Right-handed 23°(BY = o) - 0.09 0.02 < 0.01
currents (B = &) /7m0 - 5% 1% 0.2%
Electroweak  S3(B° — K*%utp=;1 < ¢° < 6GeVZ/h) 0.08 [14] 0.025 0.008 0.02
penguin so App(BY = K% p—) 25% [14] 6% 2% 7%
AKp 1 < ¢ < 6GeVeY) 0.25 [17] 0.08 0.025 ~ 0.02
B(B" — 7ty )/B(BY = Ky p) 25% [16] 8% 2.5% ~10%
Higgs B(B" = i p) 15107 J05x10 7 |f05<x107f03x107
penguin B(B® =y ) /B(B® — p ) ~ 100 % ~ 35% ~ 5%
Unitarity v (B —= DWK™) ~ 10-12° [19, 20] 4° 0.9° negligible
triangle v (BY = D.K) - 11° 2.0° negligible
angles 3 (B" = J/vKY) 0.8° [15] 0.6° 0.2° negligible
Charm Ar 2.3 x 107° [15] | 0.40 x 107* [J0.07 x 1077
CP violation AAcp 2.1 x 107* [3] ] 0.65 x 10~* [§0.12 x 10~*
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Back-up slides

THE BRECO TECHNIQUE AT B-FACTORIES

T
o Inete” — T (4S) — BiigBtag, Y /e' T/'n
B

full hadronic reconstruction of Biag

. P Seed
o A single missing v: reconstructed (50,5

as Pmiss Via kinematic fit.
o B— Xu~pt (LHCb) and B — X¢~ 7, (BABAR) on a completely
equal footing now (resolutions).

o Low efficiency, but de facto method in Belle Il era for neutrinos.
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RELEVANT OPERATORS IN b — s{/~

O(/)(u) are composite operators depending on hadronic matrix
element (Kt 0= 0+0~|Hog| B)

Tree-level like with charm fields: O1 ~ (5.7y,¢.)(Siy"br)

Radiative penguin: O7y ~ (5.0, b)F*
o Electroweak: Ogy ~ (§L7pr)(l7’y“€), O10a ~ (§L'y#bL)(l7fy“75€)
o (pseudo)scalar: Os ~ (3.b.)(2¢), Op ~ (5.b.)(L7st).

e Many more operators if one includes tensors (leptoquarks), etc...
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GLOBAL FITS TO b — suu

@ 388 measurements of 76 different observables from 6 experiments.
BY - K*u—ut, B = Kep—pt, BY — KOt = pt Bs — gu—pt, B — K*v,
B® — Xsv, Bs — p~p*. Altmannshofer/Straub, 1503.06199.

Coeff. best fit lo 20 \/XI-))f -xdu %]
oNP —-0.04 [-0.07,-0.01]  [~0.10,0.02] 1.42 2.4
ch 0.01  [-0.04,0.07]  [~0.10,0.12] 0.24 1.8
[CQ‘P ~1.07  [-1.32,-0.81] [~1.54,—0.53] 3.70 11.3]
) 0.21  [-0.04,0.46]  [~0.29,0.70] 0.84 2.0
oy 0.50 [0.24,0.78] [~0.01,1.08] 1.97 3.2
Clo —0.16  [-0.34,0.02]  [-0.52,0.21] 0.87 2.0
OYP =CN' —0.22  [-0.44,0.03]  [-0.64,0.33] 0.89 2.0
CfP =-CP  —053  [-0.71,-0.35] [-0.91,—0.18] 3.13 7.1
ch =y -0.10  [-0.36,0.17]  [~0.64,0.43] 0.36 1.8
Ch=—C4 0.11  [-0.01,0.22]  [-0.12,0.33] 0.93 2.0
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http://arxiv.org/abs/1503.06199

q°> DEPENDENCE?

° Cé\IP should “mostly” be g? independent. Charm-loop effects instead?

1FT |

¢ [GeV?]
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ONGOING WORK IN THE b — s{T¢/~ SECTOR

e Go closer to g% = mw by improving resonant ¢ ((')) vetoes.

o CP asymmetries. Imaginary C;'s. CPV?

Angular analysis of A, — pKu~p". LHCb is a Ay factory.

In By — Kmp~ 't look at higher K*/ states, especially around the
K3(1430).

Rk k=41 hadronic effects can't violate LFU.

Vup| from Bs — K*lv,. “Tagging” using B, — BT K™ might allow
s2
B+ — p°ut v, angular analysis.
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2HDM MODELS CONFRONTING BABAR DATA

o type Il 2HDM: the two Higgs
doublets couple to up- and
down-type quarks separately.

@ Favored scenario in MSSM.

E . . . . @ However, can't explain R(D)
0 0.2 04 0.6 0.8 1 .
tanf/mys (GeV™) and R(D*) simultaneously.

e Can be accomodated in type Il 2HDM (both doublets couple to up
and down-type quarks). Crivellin et al. (1206.2634v2).
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CONNECTION OF R(D®)) MODELS TO ¢g

o Effective Lagrangian approach with genaric 4-quark operators (Datta
et al., 1206.3760) includes gy, ga, gs, gp-.-

gv l+er .
e But =— ~ , so this should affect ¢ € {e, u} cases as well.
EA —€R
Only gy presents Only g presents
B ‘ 15 e A
1.0} 1.0 v
~ 05 - 05
=000 00
S 05 =05
-10¢ -10 .
[
-15 - o st -
25 220 15 =10 =05 0.0 05 20500 05 10 15 20 25
Re[gy] Refg4]

o Angular analysis of B — D*/~7, should place constraints on these
models.
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|Vib|, sin(26) AND THE UT

)
oom.
oy
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