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Indirect Searches for NP

If the energy of the particle collisions is high enough, we can discover NP
detecting the production of “real” new particles.

If the precision of the measurements is high enough, we can discover NP due to
the effect of “virtual” new particles in quantum loops.

But not all loops are equal... In “non-broken’ gauge theories like QED or
QCD the “decoupling theorem” (phys.rev.DI11 (1975) 2856) Makes sure that the
contributions of heavy (M>q?) new particles are not relevant.

In broken gauge theories, like in the weak interactions, radiative corrections are
usually proportional to A m? (i.e. size of the isospin breaking). Larger effects of NP
through quantum loops expected in third family.

Flavour is not a symmetry of the SM. In general, NP will introduce sizeable effects in

flavour changing processes and modify the Yukawa interactions.
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Indirect Searches for NP

Moreover, through the study of the interference of different quantum
paths one can access not only to the magnitude of the couplings of NP, but also
to their phase (for instance, by measuring CP asymmetries).

Within the SM, only weak interactions through the Yukawa mechanism
can produce a non-zero CP asymmetry. It is indeed a big mystery why there is
no CP violation observed in strong interactions (axions?).

Therefore, precision measurements of FCNC can reveal NP that may be well
above the TeV scale, or can provide key information on the couplings and
phases of these new particles if they are visible at the TeV scale.

Direct and indirect searches are both needed and
equally important, complementing each other.



Status of Searches for NP

So far, no significant signs for NP from direct searches at the LHC. A Scalar Boson has
been found with a mass of ~125 GeV/c? compatible with the SM Higgs.

Expectations were that “naturally” the masses of the new particles need to be light in order
to reduce the “fine tuning”in the scalar sector. Theory departments were (still are?) full of
advocates of supersymmetric particles appearing at the TeV energy scale.

However, the absence of NP effects observed in flavour physics, even before LHC, implies
some level of “tuning” in the flavour sector - NP FLAVOUR PROBLEM

“Non-natural’ solution: / LS J:Lm( Gﬁin_

—> Minimal Flavour Violation (MFV). 4/“(‘\"&52___3_7\__/

As we push the energy scale of NP higher, the ¢\ A .

NP FLAVOUR PROBLEM is reduced, hypothesis " &/ + Juk ealhe

like MFV look less likely = chances to see NP

: ) . . '

in flavour physics have, in fact, increased! o & L Qe le-lhe
N.Arkani-Hamed
ntensi r'ontier: - .\‘L
IV\t/ork:K:p (Nov \TC\/ ‘\’ T \(H \

2011, Washington)
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Flavour in the SM

’/_SM ‘j;aiugc (Aa’ \ljl) + j“mg\(d)a Aa’ \Ill)

-~

The gauge component is the “elegant” part.There is no distinction between
different generations and has a huge degree of symmetry. VWe only need to
know &, 0 ,, M, and & _and everything is determined by the local gauge
symmetry group: SU(3)xSU(2), xU(I)y.

mass - 2.3 MeVic! =1.275 GoVic! =173.07 GeV/c? 0 =126 GeVic?

charge - 23 3 23 0 0
The Higgs component, however, breaks - « D[ @ W | Q, , H

the flavour symmetry. It is the origin of up charm top gluon bigge
the flavour structure of the model. It is 4.8 MeVic! 35 MeVic* ~4.18 GeVie? 0
also the component that is not stable to “"@ @@ | Y’
quantum corrections.To describe this down sirange’ I lbotior Thoton
part we need a total of 14 parameters!
0.511 MeVic* 105.7 MeVic* 1.777 GeVic* 91.2 GeVic*
¥ 8| 1 0
1072 e 072 u 12 T 1 ;‘
The origin of masses and mixings, together dogion e o Zboson
with the origin of family replications is the = ,
. «22eVic <0.17 MeVic? <15.5 MeVic? 804 GeVic?
most pressing problem of the SM - o . @ ||
SM flavour problem @ |- @ |- ' W
lect t
heutrino heutrino heutrino W boson

The Standard Model of elementary particles



Flavour in the SM:Yukawa Mechanism in the quark sector.

—L¥vawa = Y3’ Q1. 6D% + Y7 Q19U + YLy 6B}, + hec.
Vi=hi, Y.=Vi\,
m.q

Ad = diag(ya, Ys, ¥p) »  Au = diag(Yu, Ye, Yt) Yg = —* -

The quark flavour structure within the SM is described by 6 couplings and 4 CKM parameters.
In practice, it is convenient to move the CKM matrix from the Yukawa sector to the weak

current sector. Nevertheless, in the SM quarks are allowed to change flavour as a consequence
of the Higgs mechanism to generate quark masses.

Using Wolfenstein parameterization (A, A,0,7):

Nuclear B decay K— nlv

/ CKM \
VH J G;IIDTI/T"‘;_’ b — ulv I '/12/2' /14/8 /1 A/I.?(p.,' ﬂ)
V eras =17{ZC(D ZCS) V i J b—clv = - 1/12/2 }«4/8(“4/42) A/'L2 '/'0(1.5)

a |V Tl i=oie \NB(lpin) A ptin) 1A

Y ¢ siy \

vrde et A = 0.8020.02
A =sin 0 _=V_ measured precisely in K semileptonic decays. Notice that all | } = 0.225+0.001
V;; couplings can be accessed experimentally using tree-level decays, with
the exception ofV , andV 6
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FCNC: Quark loops zoology

b _ ' _ q d d
NAAZH - ” _ s
w W S S BdDL ¢ s K
@ a
> t > ad },l
) e u i ! .
A F=2 box QCD Penguin EWV Penguin Higgs Penguin

Map of Quark FCNC transitions and type of loop processes:

b>s (Ve Vel @ A%) | bDd ([VyuVeal @ A°) | s7d (Ve Veal @ A%) | cDu (IVpVipl @ 1°)

AMp, Acp(B,2)/ Y @) AMgA(B>)/YK)  AM,, €y x,y, q/p, D
QCD Penguin Ap(B>hhh),B>X 7 Acp(B>hhh),B>X 7 Keno”’ g'le AaCP(Déhh)

EW Penguin B>KOIl,B>X, v B->mll, B>X7y K>mI, KE>mty v D->X,

Higgs Penguin A=l B> u u K> u u D> u u



Tree vs loop measurements

(A, A,0,n) are not predicted by the SM. They need to be measured!

If we assume NP enters only (mainly) at loop level, it is interesting to compare the
determination of the parameters (0, 77 ) from processes dominated by tree diagrams
(Vy sV s 75e-.) with the ones from loop diagrams (AM &AM, B, € ,...).

o
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Tree measurements
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Need to improve the precision of the measurements at tree
level to (dis-)prove the existence of NP contributions in loops.
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Experimental
Facilities

- I Compensation coil

COBRA magnet

LXe photon
detector
Drift chamber
" Sup Timing counter

perconducting Final Muon Detectars Electromagnetic Calorimeters

Solenoid Forward Calorimeters

End Cap Toroid

‘ Muon/Hadron Detector
Magnet Coil

. Electron/Photon Detector

. Cherenkov Detector

. Tracking Chamber

' Support Tube
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LHC is working like a dream!

nstantaneous Luminosity Updated: 18:23:21
In 2012 LHC delivered routinely peak 4500
luminosities of 4x1033/cm?/sec at 8 TeV, for . 4000 RUN.I
a total of 23 fb"' to ATLAS&CMS (6 fb' in x, 3500- '
2011 at 7TGV) € 3000
§ 2500 A
<. 2000
After 2013-2014 LS-I,in 2015 LHC is g e
commissioning RUN-II. Intensity is ramping § el
up, so far ~3.5x10%3/cm?/sec at 13 TeV, for a 2 |
total so far of ~2 fb-! to ATLAS&CMS. /
2 08;00 10:00 12'00 14;00 16;00 18:'00
— ATIAS —— AUCE — (MS — LHCb

Integrated Luminosity (1/fb)

1= SR N S ——1 LHCDb took data at a constant luminosity

B ¢ Remdnawiies 4x10%2/cm?/sec during RUN-I thanks to

:: f e s i e o s luminosity leveling, for a total of 2.2 fb-' at 8

E- A TeV delivered (1.2 fb"' in 201 | at 7 TeV).
“ELLAChRURA | / 12.1b T in 2012 ( )
BT / R0 RUN-II so far has delivered ~0.2 fb-! to LHCb.
06— #F o < . V 4 '| ._) _

o4 7 ’ 1ib  In f' 11 LHCb average number of visible pp collisions
“E << A | per bunch crossing ~2 at RUN-I, while for

Imoa' ' 2:5.'()9 ‘25510‘ ‘2.'.-nA ‘Dalzt:u ATLAS/CMS iS ~20.

P . ' O Lo saden-- '
crns s 31/05 30105 3oar



LHC vs e*e" flavour factories

The bb x-section was measured by LHCb at 7/8 TeV to be: 3x10'' fb (PLB 694 (2010) 209, JHEP 06
(2013) 064) and recently at |3 TeV to be: 5x10'" fb (LHCb-PAPER-2015-037). The cc x-section ~20
times higher! (Nuclear Physics B 871 (2013) I).

0, (LHC)~5x10°0,,(Y(4S)) , Luminosity rate(LHCb)~10-2 B-factories

About 40% of the b-quarks produced at the LHC fragments into B* and another 40% into B°,
while 10% fragments into B, and 10% into baryons. However at the LHC, the two b-quarks
are produced incoherently = extra dilution factor in the tagging of B.

Detector resolution at hadron colliders compensate for the lack of beam energy constraint.
In addition, larger boost helps to fight the background.

Phys. Rev. D82:072006 (2010) Phys. Lett. B712 (2012)

2F BaBar 426 fb"

"y
> 2 | fo! LHCb
2 s Bk Y -
o 14

12 - I+ -
g 1 B> [mK*]m _
(1]

“ena
S

, , - : et Pt Pttty st T syttt
9.2 522 524 526 528 53

Energy-substituted mass (GeV/c?) Invariant mass (MeVi/c?)

Rule of thumb: I
| fb-! at LHCDb is equivalent to | ab-' at the e*e- B-factories before tagging.




...and the LHCDb performance is up to it!

Need decay time - Lmpg : flavour specific BS 9Ds- [K-K+-“--]-“-+

. final state
dependent analysis P

PV By Hadron trigger ~34k candidates per fb!

| : K™ : .
. 3 L R Proper time resolution ~ 44 fs
Decay time PDF: K™ (to be compared with 21! A m'~350 fs)
= £ L m QR 10
Sus e [e (C"Sh( 2 Go=(8 t))] Effective tagging efficiency ~3.5%,D ~ 0.3

New J. Phys. (2013) 05302

Production flavour from .
Need excellent decay time

tagging algorithms O .

el e Am = 17.768+0.023+0.006 ps'
i } e Tagged mixed
= 4 o Tagged unmixed

- (] *).
400~ ¢ — Fit mixed B >DO- u*v X

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

Muon trigger ~I M candidates per fb-!

candidates / (0.1 ps)

200 Effective tagging efficiency ~2.5%

LHCb-CONF-2015-003

Am, = 503.6+2.0+1.3 ns’'

(-)- A & A A A A A A Y A A A A A &
0 1 2 3 4
decay time [ps]

Precision measurements at hadron colliders are becoming routine!
12




(@

Tree Level

Measurements:
Vub y Vcb y

arg(v,,) ,...




Ce
Belle B— DIv,, CLN ARG\
40.93 = 1.33 'l \‘
|
Belle @EPS-HEP 2015} o
. \ . |
Belle B— DIv,. BGL -y
4209 + 1.07 ' N
\s 'I
L — '
HFAG B—-Dlv, old PR —
40.46 + 1.49
(CLN)

HFAG B— D%l v,
39.53 £ 0.75
(CLN)

HFAG B—X, v L &
4272+ 087° ' :

Belle
preliminary

lxxllwlwlx‘\.I'Ilwlwllillllx

32 34 36 38 40 42 M4
IVl 7, 110 7]

V_, andV A updates

|V,ul and |V,| are measured in semileptonic B* and B,
decays using inclusive and exclusive methods. For quite
some time both methods seem to disagree.

New inclusive determination of |V ] including O(
N2qcp/m?,) , gives:

|V, | (inclusive)= (42.21+0.78)x 103 arXiv:1411.6560

Which seems to agree with the most recent determination
from Belle using B> DI v exclusive decays:

V.| (B>D excl.)= (42.09+1.07)x103 | | Belle@EPS-HEP 2015

However, there is still some tension (~3 0') with the
determination using B> D*| v exclusive decays.

The uncertainty in |V | is one of the most important
uncertainties in the SM predictions of very rare decays like:
B2>u U -orK>mv v.

14



See W. Sutcliffe and S. Meinel

talks for more details. vcb and vub 8| pd ates

New exclusive determination of |V | using new lattice form factors for B>11l v from

B G V.| (BT excl) = (3.72+0.16)x103 | [[ariv:1503.07839

seems to be in better agreement with the average from the inclusive method:

IV,| (inclusive) = (4.45+0.36)x10-3 Average from CKMfitter

The decay A\, >p i V is the analogue to B> (4 v, with the advantage that protons are a
cleaner experimental signature. LHCb has measured the ratio:

::,? V Vub _ o +
v ;§‘< B(AS=P) 2, ey  (L00+ 004 0.8)% ‘E‘_0.083_0.004_0.004

u NS
d d B(Ab_}AC uy)q?>7cev
u u
T I 1 1 1 1 I T 1 1 1 I T 1 1 | l 1 ] T 1
\9 p
18000 —— | Nature Physics 11,(2015) 743 Inclusive —8——1 SA
(@] — &
S - - Comblnatonal LHCDb 1
> 15000 __ MIS ldentlfled _—
Q - WEmDpuv . — . PDG 2014
= - AcHv 1 Exclusive . RBC/UKQCD
2 12000 u -] B—>rtlv . arXiv-1501 05373
L - y . (B—mnlv) FNAL/MILC
& 9000 F = arXiv-1503 07839
O L i
— - -
= 6000 F .
st [ - . Detmold, Lehner, Meinel
= C . L;HCb —— (using RBC/UKQCD config)
= - ] (Ap—puv) arXiv:1503.01421
@) 3

W
-
)
)

| UsingV,,=(39.5£0.8)x |OF

0 0 003 O 0035 0 004 0.0045 0.005
3000 4000 5000 IY
b

Corrected pu mass [MeV/c?]




'b w 7 NP in tree decays involving taus?

See C. Rosenfeld talk
u H v for more details.

’
VS . He ek

Belle improved new semileptonic tagging
result is in good agreement with Belle

K\\ : hadronic tagging and with the CKM fit (using
\ Y(45) i average value of V, = (3.71£0.07)x10-3).
g — @ — ‘ i . , , —
Brag l\ V' |Bg = o BaBar semileptonic tagging
, efe. i ? 1.7+08402) 107"
Biag reconstructed from Bsig extracted by using BaBar hadronic tagging
. }-*-‘ f1 00 +0.5 .

* hadronic decays B—D\"hm, etc., * extra energy (“Ecct” or “Eexia”), | (1835 4‘,} 102 1) 10-*
. ileptonic d B—Dlllv. * missing mass squared (“Mpiss2”).

eepTenE g ’ qared| ) Belle semileptonic tagfmg

1 '—*—' 8 M
~800 ; | : (154543 4031) 10-4(01d
% 20 arXiv:1503.05613 | Belle ‘ Z
O] : Belle hadronic tagging
600 —e— 7y 01
o ‘ E (.11
o50 -
— . - BN g,
5400 ,'\‘ Continuum bkg | »==" \)
\ ,
0:)30 . ~~.-Q-—"'
&P | | This resul
; is result
! BB bkg ] Fe——oi (1254028 +027) 107
CKM fit | ”
X ; -z -; \;

Remamlng ECAL energy Egpcp (GeV)

B(B = ) (107%)



See W. Sutcliffe, X.L.Wang

+ [} [} [}
asrmoredeais. " NP in tree decays involving taus?

* +
W - _ B(B—=Dt"v;)
b A Z M R(D ) — B(B—=DITuvy)
«\ _ B(B=D*rtu,)

u u : ) =) WD) = 5@
New results on R(D®) from Belle P «— 8 o o
and R(D") from LHCb seemto  2_(, _, Combination:
confirm earlier results from BaBar. oD E Y R(D')=0.322+0.01840.012

g R(D)=0.391+0.041+0.028
Should we take seriously a (2817)% increase inb>c T v ?

2 o5 — 2 4000;‘ arXiv:1506.18614 | LHCb| £ Wp T AE
Z 7t Belle arXiv:1507.03233 | § _ 1 Q) F  eBaBar PRLIS0IS0201) M=10 ]
L 0 3000'_ N E 045 [ e Belle, arXiv:150703233 -
20 C - "L e LHOD, aiv 150608614 ]
C ~ C - [ e Average -
4 8 000k B>D' 1 /] 0-4:‘ ]
1 :— :8 C F .
r 9 C 035 ]
100 § 1000 : :
C U [ h
'C_t
A 025 = -
C K - S T N SM prediction s
e R R T30 2000 7500 ey, O
: M % (MeV 0
Neural net output % uon £ in B rest frame E,*(MeV) ) 05 06

. ) 04 . .
17 RD)



ty (DK)

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

V., phase (7 ): No change since CKM 2014

K b
W = tanyzﬂB_m
b c p I\/I
B O (D w
- NS
7
color allowed Color_suppressed
B -D°K ~V_ V.. ; B —-D°K ~V,, V.
~ A A3 ~AA%(p+in)
+6. 3

B T e| Cllleeld ;rela hlas |CL|>(|:"9|5 T 171 T T | T T | T T 1 | T T T | L ] (73 2
:_ CKMfitter (2014) _:
Z_ LW+ADS /,—\‘l _I — (0.097 i0.006)
- A3 =(125.477%)
~ GGSZ - ’ To !ae comparec.l WIFh the CKM fit
- 1 indirect determination:
" CPeigenstates D’ = K'K ,n'm [GLW] ]
z Flavour-specific D° =K z*,D’ = K*'a [ADS] __—
[ Muibody | D Kwa KKK (66820 § | ¥ (CKM fit)=(66.9"'03,)°
0 20 40 60 80 100 120 140 160 180

v



‘@

AF=2 Box
Measurements




A F=2 box in b->d transitions: CP asymmetries in B.2>)/ Y K,

V3
A‘Z B = arg(— \/idVC*b)
tan[a’»«—(l——) 28 = ¢ = b — 26p

-p

If we assume the SM, B-factories have
measured the phase of V_,better than 4%
from b—>d transitions in box diagrams.

In fact, the measurement is a precise
measurement of (3 + ¢, NP).

| T T T
BaBar 1 I ).69 + 00 ) . ]
FF.{D?;}]T;'H' 2000 l( i New precise result from LHCDb using all RUN-|
BaBar 3 } L (0950522004200 data (3 fb') in agreement with B-factories and similar

D 80, 112001 (2009 | of : .

BaBar Aw(hadronic)k i precision. Systematic uncertainty expected to
EF‘[ j:A:.:lt;:w:u (2004 | ...  decrease with statistics!
PRL 108! 171802 (2012 i - .
Belless N 57 4+ 0.58 £ 0.0¢ sin(2 8 ) (LHCb) = 0.731+0.035+0.020
PRL 108; 171801 2012 - P
o5 4021 250 z000) | - %; " Average (BABAR+Belle+LHCb): B = (24.3£0.8)°
OPAL ' | L 3.20+ 709 0.5 , e p— >
ERJ CS, 370 (1008 I | To be compared with the indirect determination using
(:[F I | .79 £ q £0.1¢ (13 ”»
PRD 61, 72005 (2000 e ) tree level measurements”: 8= (26.9%1.5)°
LHCD PRL 115 031601 (2015) ' PR - . : : :
Average | ae=002 P, N" can be as large as O(5°) and still be consistent!
naive | 20
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¢, ~-2nA"

Angular analysis is needed in B,2>)J/Y ®
decays, to disentangle statistically the CP-
even and CP-odd components.

LHCb includes also B,2>)/¥Y mm and even
B.->D*.D".. New ATLAS and CMS
analyses have also measured ¢ in

B.2)/Y @ with full RUN-I statistics.

|||||||||||||||||||||

-1
DO 81b HFAG 1B

_. 68% CL contours
(Alog £ = 1.15)

ATLAS 19.2 fb™!

nnnnnnnnnnnnnnnnnnnnn

F=2 box in b—>s transitions: CP asymmetries in B.2>)/V ©

b Ve ! S 4‘ Ji
B + small penguin
B, L we B, i . polluptiong
NP 7 . h*h=
Vi t t ) :
o = —2arg (Vs V24) = 0
Luminosity (fb!) 19 20 3
Effective tagging (%) 1.5 1.3 3.7
® [mrad] -94+83133 -75+97+31 -58+49+16
AT [fs'] 821117 9511317 80.51£9.1+3.3

Combining all measurements:

¢.= (-34£33)mrad = (-2.01+1.89)°

| to be compared with ¢, = (-2.12£0.1)° using “tree

level measurements”. Although, there has been

| impressive progress since the initial

measurements at CDF/DO, the uncertainty needs to

| be further reduced for a meaningful comparison.
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Penguin Contributions to A F=2 b—>d,s transitions

¢;" = ¢q + A¢pengmx’n + A¢BSM

= AF(B! — J/vK ")}
= I[|,l)" - ']“,'v('.l‘-: :
Hy(B" — J/vK™") B

o K
EICR I I JC )
TavaT R ST

o ~
PR AT 8 T 1t P W A

1 n

' -~ Vg o

L]

"

o~ i

.

~

s .

SR % £

ol,»ok ot
L5

W U W [y
B B
Leading Sub-leading
contribution: n!)n’ () contribution: HS)]], (1)
no weak phase weak phaseV

Measure Acbpenguin in processes where penguin
decays are not suppressed.

A~ (1 - A2/2) A('i) [1 + ea('i) eie("')e"y—l
New results from LHCDb, fit for |A’/A| to limit
sensitivity to hadronic uncertainties, assuming:
14/4)(B° — 1w K™) =|ai/a (B 11w ")
Ag/"* =0.000"501 ‘5o0y  Tad
A¢’J/,"’¢ =0.00170019+0.008 rad | arxiv:1509.00400

S

A¢!** =0.003") 14 =0.008 rad

Alternatively look for penguin free (b—>cud)
measurements, Acbpenguin ~ 0. BaBar (0.5 ab"')
and Belle (I ab™') have combined forces to

achieve:
Sin(2 8) (no-penguin) = 0.66+0.10+0.06

arXiv:1505.04147
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Uy Up -uk? tﬁh
d W b d ;b
SM.: CSZM NP: Cnp
'mW A2
Bo 1 7 SM+NP EO _ A‘W BO SM Eo E
g |12 ¢ | =8, \D, M, |Pg

N : _ i9
AT =Re(A,)+i Im(Aq)-‘Aq|e *1

No significant evidence of NP in B, or B, mixing .
Remember that what is named SM prediction in [ Commsnbscisoss  |
these plots, is in fact the determination from other :
measurements (tree level).

New cpAq in box diagrams constrained @95%CL gﬂ

to be <7° (<5°) for B,(B,). -

Need to increase precision to disentangle NP s
hases of few degrees in B, and B_ mixin ]
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AF=1 EW
Penguins




Three impersonations of the EW penguin

@ oep SUPpression helicity suppression

Vib W= Vis

- = -

t—W loop

4'GF . See E. Lunghi talk for
Heff = — th Vts Ci Oi more details.

@g M V2 i i=1,2 Tree
i=3-6,8 Gluon penguin
i=7 Photon penguin

Coupling Strength C; = Wilson coefficient i=9,10  Electroweak penguin
> Sensitive to New Physics i=S,P Scalar/Pseudoscalar penguin
Bs—>¢y Oy ~ mySpo,,bp (3.5+0.4)-10° v polarization

Large theory Nuclear Physics B 867 1-18 (2013)
uncertainties
Oz, ~ myS10,,bpF" 0(20%) (1.16+0.19)-10° angular
Bd_>K*M+M- 09((105)Ngm’ubﬂ?’”(%)f JHEP 07 133 (2012) distributions

(3.66+0.23)-10° (2.8+07,.)-10°

— Ut~ Osp) ~ 5.brl(vs)! ]
B.—~uu s(p) ~ SLbr{(75) helicity suppressed  '\awure 522.68-72 (2015) BR
25



A F=1 Higgs penguins in b>d,s transitions

The pure leptonic decays of K,D and B mesons are a particular b | bVs(VuVela 49 it
interesting case of EVW penguin.The helicity suppression of the < W

vector(-axial) terms, makes these decays particularly sensitive to tA Z -
new (pseudo-)scalar interactions >Higgs penguins! A 3 2

_ * ? 2 |
BR(B > U U ):ﬁ| I'rbIt |- TBQA‘[; fB-q 1- 5 X :: - I B
’ 047" s Oy ’ ’ V M > 60| 6.20 observation —4— Data ]
R 2 , ~0.04 2 g C | of 359 U U over ~— Signal and background .
y .Uéq[l ~ 471{,, }[ Cs —m Cs ] N {U&I( Cp = ,Cp . C_; )] §, 50 . bkg expectation | | |z': Ll: —:
Mg, I+ 4 s E =« = Combinatorial bkg. .
§ ol = B N L s | Semileptonic bkg. _:
. o ~ = = Paaking bkg. .
with w, = m,/m, << | and m /mg << |.Hence  fuf -
. o ™ :
if Csp (NP) >> (2m /mg) X C, ~0.2 the scalar ¢ E 3
contribution dominates. T F :
=10 f- | .
These decays are well predicted theoretically,and ¢ I i :

experimentally are exceptionally clean.

Within the SM,

PRL 112 (2014) 101801

BR¢w(B,> & 1) = (3.6620.23)x10"
BR¢(B, > 1 1) = (1.06£0.09)x10'°

CMS and LHCb (LHC run )
| AL S

5000 5200

New combined values from CMS and LHCb:

o
—

BR(B,D i 1) = (.87, )x107  (35% syst.)
BR(B,D 1 1) = (3.9°'6, )x10'9  (18% syst.)

Compatible with SM at -1.2 0 (+2.20) for B_ (B,)
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A F=1Higgs penguins in b>s,d transitions: Implications

20
Latest results on B, (£ * 1 - strongly
constrains the parameter space for many NP
models, complementing direct searches from _ '
ATLAS/CMS. L:.
<
: .. T 10
In particular, large tan 3 with light pseudo- &
scalar Higgs in CMSSM is strongly disfavored. E’
X 05
=
arXiv:1508.01526 -
02 bt "

0 SUPRESUE SO S . 10° x BR(B, - p*p~)

The precision achieved now is such that
B(s)é U+ 1t~ constrains on C¢are strong enough
such that we cannot longer neglect C,, from the

~0.1
SM (Z, v ) penguin and potential NP contributions.

-0.2 ,. ..... e essnasmmenet . , ......... , -
N DU DU T DU Need to include all observable into the global fit.
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AF=1EW penguins in b->s transitions: B>K* 1/ * £ - angular analysis

B>K" 1 * 1 is the golden mode to test new d | b>s(VoVla A2 | d

vector(-axial) couplings in b=>s transitions. B. - > .
b < s K

K*=> KT is self tagged, hence angular analysis ideal

to test helicity structure. v,z ':l

Sensitivity to C,, C, and C,, and their primed counterparts. This analysis is bound to
be one of the stronger constraints in models for NP with future statistics.

— —‘ 5111 2 05 ow > 0k

%"r 1l
P

+1(1 sin® Oy cos 20,
2 ¢ . 2 .2 c

08” By cos 20, m 0 sin® 0 cos 2¢
in 20 sin 20, cos ¢ in 20 sin 0; cos ¢
sing (¢ cos & in 20 sin 0; sin ¢
in 20 sin 20; sin & i112 O sin? 0 sin 2¢

Results from B-factories and CDF very much limited by the statistical uncertainty.
LHCb, ATLAS and CMS already have the largest sample (~2500 candidates) after
RUN-I.

] AT +T)
d(C+T)/dg*  d6

}
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See F.Wilson talk for more details.

LHCb-CONF-2015-002

SM: Aoife Bharucha, Straub, Zwicky,

arXiv:1503.05534
oy ] 2 R
05 ¢ ~_ LHCb ]
i preliminary
?i Bl SM from ABSZ
0 —— ' 4
A
0.5 .
L L | L L L 1 | L L | L
0 5 10 15
q* [GeV?/c?4]
) T — T T 1
< 0.5 —
i e —]
of == _
B LHCb 1
i preliminary
i I SM from ABSZ
-0.5+ —
L L | L L L L | L L | L
0 5 10 15
g* [GeV?/c4]

LHCb B> K" i * 11 - full angular analysis

« Tour de force » full angular analysis performed
for the first time by LHCb using RUN-| data.

Most of the measurements are in good
agreement with the expectations, with only some
hints for deviations for the CP-averaged

measurements of Sc and A..

S5 sin 26 sin f; cos ¢

sens. at low ¢2

sens. at high ¢*

. ) .
%."11.'” sm- 91\' COSs H[

.................
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< 08 C ESJ¢SM, LCSR y THEP 09 (2010) 089, JHEP 02 (2013) 010
08_ 7] ( SM, Lattice ) PRD 89 (2014) 094501
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dB(BY—pup)ldg? [10°GeV2e4]

A F=1EW penguins in b=>s transitions: Other measurements.

LHCb-CONF-2015-002

B LHCDb ]
o.sE preliminary ]
- —2-0 ) data SM from DHMV E
o——= -
: ——% 201142012 data :
-0.5F 4 l } I -
_1 B 1 1 " " 1 1 1 1 1 1 1 1 1 1 " 1 1 ]
0 5 10 15
q? [GeV?/c4]
,CMS 205 (B TeV)
C —4— Data '

arXiv:1507.08126

PR IR S U N T i (U S S S N

10 12 14 16 18
g (GeVv?)

S = N W H U2 0 O

T T T T
LHCb
1 SM pred.
7/.SM (wide)
-=-Data
-+ Data (wide

—+ v

lJI[THH‘III\lIIII'

—
|

H‘HII“H]‘II

arXiv:1506.08777

10 15
g2 [GeV?/cH)

SM (wide): Altmannshofer, Straub, arXiv:1411.3161

2012 LHCDb data does not contradict the hints

observed with 2011 on P’.. s,

V(1 —Fp)

CMS measurements using all RUN-| data, using I-D
projections, don’t contradict neither LHCb nor the
SM predictions.

P =

LHCb measurements using BSQCD M U angular
distribution in agreement with SM. However
discrepancies in the BR at low q?2.

Many other new EW penguin measurements:

Branching Ratio CP asymmetry
BO* » KO***u*y~ (LHCb,Mar14) ~ B™ 27" wu™  (LHCb, Sep 15)
B - K*0utpu~ (CMS, Jul 15) Isospin asymmetry
0 - HCb, Jun 1
Bs ~dup (LHCb, Jun 1) BO+ — KO+t~ (LHCb, Mar 14)
Bt »mtutu (LHCb, Sep 15) Angular
_ (LHCb, Jan 15
0
Ap—> Aptp (LHCb, Mar 15) RO _, g-0;+-  LHCb, Mar 15
BY,) - Hp (CMS+LHCb, Jun 15) CMS, Jul 15
BaBar, Aug 15)
Lepton universality B* - K+

(BaBar, Aug 15)
B* - K*I*I™  (LHCb,Jun 14) B2 —»¢pu*u~  (LHCb, Jun 15)
A Aptp (LHCb, Mar 15)



A F=1EW penguins in b>s transitions: Implications

The overall fit of b>s 1 1 Decay Obs. ¢ bin SMpred.  Measurement Pull
meassurements assuming the SM -
has a p-value of ~1%. By = outp” 10 o [1,6] 048006 023£005 LHC 43l

Few measurements have a pull B K%t R 2,43] 081002 024019 ATLAS 429

larger than 2 0 B> KOuty~ 108%5 [16,23] 0934012 0374022 CDF 422
b B K%ty S 4,6)  -033£003 -015£008 LHCb  -22

B~ = K*pty 107 ‘(’1—35 [4,6] 054+008 026£010 LHCb  +21
While it could very well be that

NN B L L ! LELEL N UL L L L L ! L LN
theoretical and/or experimental 4: g ] i § :
uncertainties are underestimated, | EP) 75:382 (2015)
it is also a fact that allowing for [ Branching ratios | '. 3t

non-SM Wilson coefficients
improves the p-value.

(S
—r—

combtnation 1

Re(Cy)
Re(Cly))

For instance, allowing
CyNP~-0.25%C/,SM improves to

p~11%.




If we include now b—>see transitions, we

can get rid of theoretical uncertainties v 2r L B HL S S B B B S
using ratios and test LFU. " LHCb, PRL 113, 151601 (2014) | LHCb 1
1 5F _ :

Recent LHCb measurement of R: " » i
i | ]

_BRGB; - K'p'p) _ +0.090 IF Y ]
e - 07480t £0.036(st) T T | S
: ] 05 SM  Bobeth et al. arXiv:0709.4174 ]

Shows a discrepancy (2.6 0') with the SM : BaBar PR D86 (2012) 032012 ]
prediction, (R >M=1.00). i Belle  PRL 103 (2009) 171801 i
0' P PP B B ! ]

2-"""'"""""""""l""'—

EP] 75: 382 (2015)

B oof

L .
'
'
=2 }
L " PRI PR

-25 =20 -1.5 —-10 —05 0.0 0.5
cy

-o-L.HCb -m-BaBar -a—Belle

0 5 10 15 20
g> [GeV?*/c4

B*->KZ*ee agrees with SM. A global fit, hence, shows
Cq¢ ~ SM while Cy# ~ non-SM.

It will be interesting to see other ratios of EW
penguins with electrons and muons.
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s2>d (V. V|l & A7) AF=1EW penguins in s?d trahsitiéns: K("‘)%n(*) VY

K*>1* v v and K>m® ¥ v are certainly the “cleanest”
KKaon decays (not long distance pollution affecting lepton
modes, dominated by a single operator) and provide
sensitivity to |V,4|.

NAG62 physics run started in 2015.Aim to measure BRty
(K*>mw* v v) with 10% precision. Expect S¢,~45 , B<I0

+ + - + + -11
BR;(K*Sm v v) = (7.81£0.75£0.29)x10 per year. Commissioning so far going well.

BR, (K> v ) = (2.43£0.39£0.06)x 10"

RS sEs = Ol 9 observed . . KOTO aims to have a first observation of the decay BRy
B didates © BRE(17211)x10 (K1 v v). Took a short run (100h) at 10% nominal
intensity. Similar s.e.s. than E391 already, but need to

KEK E391 achieved a limit of 2 BR<2.6x10® @90% C.L.
improve bkg (halo neutrons).

1 F e~ I T A A
B [ ® Littenber, S -6 Jems 90% CL 1 : imits
10 ttenberg Courtesy T. Komatsubara +2 10 v leme/LBL L. TO0Z CLupRer IMIte .
10 2F 1 v Cable/LBL '
N + i Courtesy S. Kettell
10 510 7L Asono/KEk S R— |
10 4F ® E731 (Dalitz) .g :
E E799 (Dalitz) C
5 : o (. T m
10 210
61 ® KTeV =
10 ¢ ® KTeV (Ddlitz) '5
-7E ® E391a-Runl [ =
10 8_ . Ezozg-gxlmzf 1 g 10
10 F )
9F Grossman-Nir bound
10 = 10
_10E
10 =
.11 SM prediction — — ———— [
10 = S
-12f ! L | | ! ! 33 10 E ]
10 1985 1990 1995 2000 2005 2010 2015 2020 1970 1980 1990 2000 2010

Year Year of publication
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180°. 4 . CLFV: Muon Decays

Modified from A.Gouvea and PVogel, arXiv:1303.4097

K l \

u —evv

w+(AD —=v, +(AZ-]
MEG at PSI using 3.6x10'* stopped muons I
collected in 2009-201 | has the best limiton: | =~

BR( U Ve ¥)<5.7x10"'3 @90%C.L. (expected 7.7x10-'3)
PRL 110, 201801 (2013)

l T ll'lllll T T llllll' T IIIIIIII T mrrrrm

A(TeV)

Twice more data available from 2012-201 3.
Final results expected end of 2015? R -

Expects to increase x |0 sensitivity with upgraded -
detector (2016-2019). Difficult to improve with
this technique due to accidental backgrounds, which
should increase with beam intensity.

Nace Rﬁ X AE% x AP, x Ae; X Atey x T,

SINDRUM-II at PSI with O(108) u /sec and time
between pulses <20ns achieved:

R(& SeAu) <7x10"'3 @90% C.L. | EPJ47.2.p337 (200¢)

Mu2e at the booster will use O(10'9) ft/sec and 10°}
time between pulses ~1700ns, and expect to reach

R(u 2eAl) <7x10""7 @90% C.L.

In a similar time scale, and with similar beam - m—
parameters, COMET-II at JPARC’s main ring will 10 10 1
reach similar sensitivities.




CLFV: T Decays

In principle T are more sensitive than [/ since mass typically decreases suppression (>500), and
is sensitive to BSM scalar sector. However, rates at e*e” B-factories are ~2x10° 7 per ab”!. On
the other hand the enormous charm production at the LHC increases the T production rate
(D~ T V) by 10°, but unavoidable with a less efficient analysis.

10° T T T
Best limitson T 2> 1 U M and
T > U Yusing ~1.4x10° T at the B- 1o2f i
factories are O(10®). LHCDb has &
reached similar sensitivities for 104 A&‘ :
T>U U U using2x10' 7. The B O PN
new HFAG average is: 8 0°f A -
- & 4LHCb+B factories
v
BR(TD L 7) <5xI08 @90%CL & 10°f ¢
-8 o o BELLE-II

BR(T > i 1 #)<12x108 @90%C.L. & . . LHCMBELLE_”X

arXiv:1412.7515 10°" @ y— 3e o0 g
BELLE-II expects to increase x50 UN —= eN ® MEG
the statistics, and the LHCb 1072 & 1wy O .

, A T— 3 SINDRUM  sINDRUM I
upgrade x30. Depending on how the o
bkg will scale: i X MEGCS'E‘”“
Mu3e Phase |

BR(T > i 7)<(1-7)x10"? from BELLE-II 107 | | | Mu3e Phase Il
BR(T > u 1 ¢)<(1-10)x10"° from LHCb+BELLE-II 1940 1960 1980 2000 ComEt/MU2€2020

Year
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Conclusions




Messages to take home

Interest in precision flavour measurements is stronger than ever. In some sense it would
have been very “unnatural” to find NP at the LHC RUN-I from direct searches with the

same SM CKM flavour structure. I'm afraid this also applies for RUN-II.

There are few interesting anomalies to be followed up, but in general the agreement
with the SM is excellent = large NP contributions, O(SM), ruled out in most of quark
flavour transitions. This is not the case for lepton flavour violation processes.

There is a priory as many good reasons to find NP by measuring precisely the couplings
of the new scalar boson, as by precision measurements in the flavour sector!

The search has just started. In the next decade, the LHCb upgrade plans to collect
~50 fb-! with a factor ~2 increase in bb and cc cross-section. ATLAS/CMS plan to
collect ~300 fb-' and Belle-Il plans to collect ~50 ab'. NA62 and KOTO have started
taking data. Very interesting results in CLFV specific experiments (MEG, MuZ2e,
COMET, Mu3e,...) in the next decade or so.

We don’t know yet what is the scale of NP> cast a wide net!
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Don’t give up yet!







(Parenthesis) Quark confinement in the SM

Veolume 6, sumber 3 PHYSICS LETTERS 1 Fervary 1964 841 9/TH. 41 2

- 21 February 1964
A SCHEMATIC MODEL OF BARYONS AND MESONS "

AN SU3 MODEL PCR STRONG INTERACTION SYMMETRY AND ITS BREAKING
M.GELL-MANN Iy *)
California Institute of Techrology, Pasadena, Californta -

Received 4 Jaguary 1964 G, Gweig
-t CERN~-Geneva
A simpler and more elegant scheme can be
constructed if we allow non-integral values for the ") ) - B . -
charges. We can dispense entlrely with the basic ergion I 1s CERN preprint B182/TH.401, Jan. 17, 1964.
baryon b if we assign to the triplet t the followmg -
properties: spin 3, z = -§, and ba.ryon number } -
We then refer to the members u% d- 3‘ and s-¥ of &)

In genersl, we weuld expect that baryons are built not only from the product

"quarks" 6 - — —
the tr]plet as q ks ) q and the members of the of three aces, AAA, but aleo from AAAAM, AAAMAAA, etc,, vhere A

ti-quarks q. Baryons can now be

q“uks by using the combinations denotes an anti-ace, Similarly, mesons could be forsed from IA, oy
(QQQ), (qqqqq) etc., while mesons are made out ctce For the low mesa mesona and baryona we will asaume the simplest
of (qd), (@gqaq),| etc. It is assuming that the lowest possibilities, AA snd AAA, that is, "dsuces and treys",

tion (ggqq) gives just the represen-

tations 1, 8, and 10 that have been observed, while

Several observations of charmonium and bottomonium like states compatible with
tetraquarks. For example, the Z(4430) is a c cbar d ubar state observed by Belle in 2007 and
confirmed by LHCb in 2014 in B® 2 3’'rK".

T Y Y T Y Y Y | Y ¥ Y T Y Y 2 T Y Y

-

LHCb o

s My e :

~=total fit

|§
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| A B
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2
T

Candidates / ( 0.2 GeV™)
*,
-
=
= o
-
f
S
L)
-

16 I8 20 22 41 I ‘ ’

-0.6 -0.4 -0.2 0 0.2
PRL 112,222002 (2014 AL
002 (2014) PRL 112,222002 (2014) | Re A




(Parenthesis) What about Pentaquarks?

Eniee) ¥R | —
An unexpected structure inm,y, p
.‘gg
% .Egé
— I
> mz, [GGeVZ] (A9W§Sl)/8w%'\3 ¢ F
A(1520) and other A”s —» p K-
~— 3000 I
: b LHC%;}W
= - b w
S A‘Q{U . :
gzow;_ d%é,}x Unexp’ected narrow peak in
- 15005- +d?a mJ/l//p -
- -— phase space
1000}~
5005

M P P P T
1.4 1.6 1.8 2.0 2.2

2.4
PRL 115, 072001 (2015) my, [GeV]




(Parenthesis) What about Pentaquarks?

< 2200 —a— cata o 800
= 2000 t —e— total fit S
> * ] -i3e- A(1520) ﬁeoo
s °%F & | Without Pc |~ aeco 5
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PRL 115,072001 (2015)
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(Parenthesis) What about Pentaquarks?

. . OVt ) L) LA LA LAl AR LAY AR AL LA "L RARAL KRN RARAN RALAN RARRY RARE
Overwhelming evidence for < of E:
£ o
resonant states that cannot be = oost
explained by interferences from of
existing resonances. o5
-0.1-
Full amplitude analysis,i.e.not only %
an invariant mass « bump ». M ,
-0.25 i +
. ' LHCb + E
Nature of these states is unknown. ST T TN T VTt OVt PR VIV PP SVOTT VOOTL POVt OO VOV T VOV OO OOOY
SOSC k: '0:?8.35 -0.3 0.26 0.2 -015 -01 -0.05 0 0.05 0.1 0.156 -0.1 -005 0 0.05 01 0156 0.2 025 0.3 0.36
More sensitive studies are needed. Re A? Re AP

—{ PRL 115,072001 (2015)

hydro-

“plain” charmonium diquarks molecular triquark
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