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LHCb: flavor powerhouse since LHC turn-on (trailed by CMS)

I. Beauty and the BEACH — whither the LHC

B, & B, > pu” 2013, 2014
* Qg 2013, 2014
o P 2013, 20
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B. Search for exclusive B ° decays
into two charged leptons

Our search for the 7+ 7~ final state is not sensitive to
the mass of the final-state particles, provided that they are
light, since the mass enters only in the energy constraint.

the lepton identification capabilities of the CLEO detec-
tor."* For the decay B °—u*pu~, we improve our limit by
requiring that both muons penetrate the iron and produce
signals in drift chambers. We find no such events. After
correcting for detection efficiency (33%), we set an upper

limit of 0.02% at 90% confidence for this decay. We im- |
—
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Therefore, the upper limit of 0.05% applies for any final- 10 . o i
state particles with a pion mass or less. When the final- N N T TR s B
state particles are leptons the limits are improved by using pxg 2011 2012 2013 2014
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Full CMS + LHCb combmcmon ‘rook > a year S
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Candidates / (44 MeV/c?)

PRL 111 (2013) 101804
(S+B) Weighted Events / ( 0.04 GeV)
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S - LHCb Full Run 1
1411.4413 > Nature this wk
CMSandLHCb (LHCrnb 16.20 (7.40 expected)l

60 —¢— Data
— Signal and background Channel Branching fraction
50 ] Bg_’ W
B’ pfw”
40 - ComF)inator_iaI bkg. (2 8 _0 6 )X 10-°
----- Semileptonic bkg.

= == Peaking bkg.

The uncertainties for both

channels are reduced
!' 5 W dramatically with the

5600 5800 combined fit!
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CMS + LHCb: Full Run -
1411.4413 > Nature this wk

CMS and LHCb (LHC run |)
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-) [1077] B(B” - pu*p) [10°7]

~ 3.7 x SM

MFYV: Minimal Flavor Violation (only CKM as source) But: Peaking BG
hep-ph/0007085; hep-ph/0207036; 0807.5039 eftc.
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2014 — 2016? — 2017/18?

. 25 ® 3 fb™! ~ 100 ® 8 fb~! (?
‘ CMS &LHCb
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0 RSc 10 20 30 40
10 x BR(Bs — putp™)

“Challenge to Mimura san”: find a model where B, — p'p is 3x SM/
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Disappointment: No New Physics L\ [¥)
the sind. destroyer-of-hope ... "
Sheldon Stone @ ICHEP2012
=¥
i T - 0l
[.‘)n\'id.Slrnul), Rencontres de Moriond EW, La Thuile (20]2)
2 ) //
S =3 SM4 “walks” with a

cannon ball hole thru ...

10

/

() LS 10 20 30 10
10" x BR(B, = p* ™)

But, it can d

125 GeV Higgs observations Kills off 4"
generation NiOUSIs as the-production cross-section §

ICHEP, Melbourne, July 9, 2012

WSH, Kohda, Xu, PRD 2013
Enhanced By - 11~ 7 George W.S. Hou (NTU)  15/5/2013, LHCP2013 @ Barcelona 5
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‘ WSH, Kohda, Xu, PRD 2013 s
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- “Mimura Mode|”! l

(he took the challenge @?"'«w o/

New antisymmetric Yukawas Dutta-Mimura, 1501.02044
vyt _Oa ‘(’)’ _Cb 0?* _g _bc* Can be realized with 45 of SU(H)
b —c¢ 0 b 0 or 120 of SO(10) SUSY-GUTs
lal? + |b]? —bc* —ac* = Can have 12 & 23 small
= ~b*c  |a+]c*  —ab* leaving 13|
—a*c —a*b 62 + |c|? ——— SEC—
6.X]04w_ L T — T — —
5.X1070 F
4.x1071 |
i3 |
+ ,
:Tt 3.x1071
s
m 2x1070F )
, < 50’(“5{@ |
l.XlO*w:‘ ] | |
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| Moral from @ \ ¥/}
J/WKTK™ sk J/bmT T
PRL2012, 0.37 fb™! PLB2012, 1 fb™!
b, = 0.15 = 0.18(stat) = 0.06(syst)  ¢s = —0.019+0-173+0.004

¢ 4

b, = 0.07 = 0.09(stat) * 0.01(syst) b, = —0.14"017 + 0,01

! .

2013, 1 fb™! 0@~ 2013, 1fb!

] T g

=
0.00 £ 0.07 PDG’14
-0.058 = 0.049 + 0.006 0.070 £ 0.068 = 0.008
10/2014, 3 fb™! [@ LHcb Implications WOrkshop]p( 5/2014,3 fb'
1411.3104
-0.010 = 0.039 SM ~ -0.04!
SM sensitivity @

“Double Somersault”! = @  Really Is Small ...
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C. Langenbruch @ Moriond EW [LHCb-CONF-2015-002]
i wy l_ 1 1 1 1 ' 1 1 1 1 I 1 1 1 1 I 1 1 1 |
_ LHCb 3fb™' ]
0.5 preliminary ]
— SM from DHMV -
B [1407.8526] i
P AC 1 o ] a fluctuation among
T e i +[ many measurables?
heavy Z i -
0.5 —{— -
e.g. 1307.5683; 1308.1501; B _I TL
1310.2478; 1310.3877; - _ ” A R § B
1310.1082; 1311.6729 ... B n
_1- T B e ST B | L J . ]
0 5 10 15
2 2/ .4
Not Good, Not Bad ... Not Too Good ...  ¢°[GeV7/c]

Tension seen in PZ in [PRL 111, 191801 (2013)] confirmed
4.0.6.0] and [6.0,8.0] GeV?/c* show deviations of 2.90 each

Naive combination results in a significance o

ﬁ Compatible with 1fb™! measurement 3.70




WSH, PRD’93
H+
_I_
W+ T
B-I-
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0.25 — ]
- | o.s
E 0.20 :— —: 07
1 . BaBar WA (early 2012) ] Bos
m °* - = 0.5 .
E C . 0.4 2
@ or- Belle 7 Hos
oos F- CKM fit 1 B2 | R e
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Whither 2HDM-II (MSSM) )

Bt = v compared with B - D™ty

3‘ N
Belle, B—'TV E  |_LPRL 109. 101802 2012)] @&

2- 95% C.L. excluded l “ ﬁ
1_\ preferred / N - .

y \/ ] from SM |

: 03
0 0.3 i preferred
ta"B’"‘H[GeV“C21 0 02 04 06 08 1.0
X tanB / mu [GeV-1c?]

. BaBar, BoTv e Bt 5 7%y, D71tv,, & D* 71v, prefer

different regions of tan #/my

stay tuned for Belle’s updatd on
B—D%rp

0 = — - - Y @_Is Type-II disfavored? ..>
tan B'm, (GeV™') We'll need Turther studies.

Y. Kwon (Yonsei Univ.) Study of B decays with missing-E at B-factories BEAUTY 2014, July 14, 2014
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~ Vub from inclusive b—u
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B — D*lrv “BaBar anomaly” W[z

e LHCb people do not "believe” this (since they cannot touch
1)

_— -- —— ---
- L I ——— -,

o Bellx working on it:  Summer 2014? Winter 2015?

heightened interest if concur with BaBar
(m,/m;)? X B — 1v

WSH @ FPCP2012 12Q7. 7275

Mt v,)/Tiotal ~ (0.3-0.4) x 1076 28/l
VALUE (units 10'6) CL% DOCUMENT ID TECN COMMENT
468 M\ | <10 90 1 AUBERT 09v BABR ete™ — T(45) untagged
e o ¢ We do not use the following data for averages, fits, limits, etc. e o @
<11 90 1 AUBERT 10e BABR eTe™ — T(45)
< 56 90 1 AUBERT 0BAD BABR eTe™ — T(45) full-recon.
277 M | < 17 90 1saToYAMA (07) BELL ete™ — T(4S) untagged

B — uv can “sense” the H* enhancement, with indep. syst.

and Belle 2 early data (2018?)
Flavor->NP “Run 2” George W.S. Hou (NTU PPP11, TKU, 5/12/2015




ITT. Top & Higgs: the New Flavor Frontier

Tzeng, 8/2014

Recon. du Viet.

Model

Interaction

Charged B(t—Wb

Result

Q
A8

Current Bt Wo) > 0.955 \oj'@b&f Phys. Lett. B 736 (2014) 33 (CMS)
| t—gc(u) < 1.6x104 (3.1x1 0—5)0‘2;;’:"7\ ATLAS CONF-2013-063
toycl) | <0.182% (0.0161 %)\qf«é CMS PAS-TOP-14-003
t20 <0.05% - R R
t—Hc(q) < 0.56% (0. 79% & * A s e
('E)—r’tt))(l:.l 5) <0.15% ,9'@2;\@ Physics Lette(rg :57)31 (2014) 173
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Pro found if Found

FCNH: ver'\bo’ren in SM
& 2HBMTZIT_

BaBar Glashow-Weinberg 1977

-

Non-mass-giving
doublet in general
has FC Yukawa's

per cos(B — ) éth? + h.c.

Yuk.®@Higgs-mix

\
C
Physics Letters B 296 (1992) 179-184  UN\_____. }0
Tree level t—ch® or h°-t¢ decays {
Wei-Shu Hou !

Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

In aCthird type of two Higgs model) where neutral scalar bosons possess flavor changing u,uh® couplings proportional to
Vm, low encrgy comstraints are evaded. With the top as the heaviest fermion, tree level flavor changing t—ch® or h®—1¢ decays
may be competitive with, if not dominant over, the corresponding t—+bW* or h°-bb decays. The CDF limit of m,> 91 GeV may
be evaded by the t—ch® mode if myo < m, < My, while the h®-1¢ mode may be useful for the study of intermediate mass Higgs
bosons at hadronic supercolliders. The scenario can be distinguished from the existence of exotic quarks since flavor changing Z

couplings are absent.
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ﬁ Pro found if Found

Chen, WSH, Kao, Kohda, PLB’13 FCNH: verboten in SM
TABLE I. Light Higgs h" properties in 2HDM-III with pe: ~ & 2HB WAL

1. Widths are in MeV units, with ['70" ~ 4.55 MeV. BaBar __Glashow-Weinberg 1977
B[SV T Com aly” | 2HDM III?

WWw= 21.5% 098 hard to change sin(f —a) ~ 1 Det COS(B _ Oé) Etho + h.c.
27" 2.7% 0.12  hard to change sin(f—a) ~1 - -
0% 0.24% 0.011 hard to change  W-loop jm/ YUk-®_QQ_H| S-mix

bb  59.4% 2.70  hard to change b— sy
TT S0 WIt I T2 direc

2.6% 0.12 up to~ Iy not pasureds. | 00000 Hemm-a- h()
7.7% 0.35 up to fac. 2/ pﬁ ~ 1 t
—
/// Stringent B Physics
f & H — Tt Constraints
p p/ New Sector
Upshot: i to be probed 1y
Pie> Prt at the LHC Decouple from
BaBar “Anomaly” (!)
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Interaction Model Result

el

3
< 1.6x10* (3.1x10-5)°5;%’\° ATLAS CONF-2013-063

<0.182% (0.0161%)s" <'| CMis PAS-TOP-14-003

AP Phys. Rev. Lett. 112 (2014)
171802 (CMS)

a CMS PAS-HIG-13-034
(ATLAS JHEP06(2014)008 )

ATLAS: H — vy
CMS: multi-t

T >Hc(a) < 0.56% (0.79%
Other

Further dedicated studies ongoing

0 40 ~ | I Sub-7% a year
H", A" — tc+tc after discovery!

to appear, Altunkaynak, WSH Kohda, Mccoy )

| Flavor—> I\ Run Z aeorge w.o. nou (nNiv) PPP11, IKU, >/12/Z2U1l> |




S TCNH: h — ut B ()

2.Dbo excess

CMS PAS HIG-14-005

CMS preliminary 19.7 fb' Vs =8 TeV CMS preliminary 19.7 fb' Vs =8 TeV
ll:lllllllllllllllll I llllllllllllll:llllllllllllllllllllllll
uT 0 Jets uT, . 0 Jets
T | 2=%ee) - ¢ Ofserved 072 k% *
h-: 2.04% (ObS.) X Expected | T | p—
it 1 Jet
3.< + had - Expected + H rhad’ 1 Jet
2.10% (exp.) 0.03 =197 9 Y
2.11% (obs.) |:| Expected+ 25 | B0 B _
uT 2 Jets uT, 2 Jets
1.85% (exp.) -. 1.24 *10% o ¢
3.20% (obs.) TR
ut,, 0 Jets ut , 0 Jets
1.32% (exp.) . e .
R A . +0 85
0 2.04% (obs.) 0.87 Q&2 %
| < ut_, 1 Jet ut_, 1Jet
3— 1%6% (exp.) . " ¢
. . +0585
2.38% (obs.) 081 5%
ut,, 2 Jets ut, 2 Jets
e -
3.84% (obs.) 005 o5 %
h—urt h—ut .
0.75% (exp.) l ® 0.80 P
1.57%(0b5.) ,.:,..I...llllllllllll ‘ s Illlllllllllll:llllllllllllllllllllllll

0 2 4 6 8 10
95% CL Limit on Br(h—ut), %

-15-1-050 05 1 15 2 25
Best Fit to Br(h—ut), %

(0.8970:39) %
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Caution: h-H mixing suppressed 2. Do excess CMS PAS HIG-14-005
19.7 fb", (s =8 TeV

CMS preliminary

1
, _
mMmT/ V l&
u - CMS bound much better
than all previous measures !
HO _____
T
Y Yie
Yo Y 2
10 3 5
Motivated by 107 10 ’ 10’2 10° 1
Y |

Harnik, Kopp, Zupan, JHEP’13 ut
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‘ “Challenge to Mimura san” #2: find a model where t — ¢Z > 1074/ ‘

Some motivation from Py (w/ VLQ) t— cZ'?
1403.1269

Altmannshofer et al.,

Interaction Model Result

Q
Charged B(t—Wb {\’\/\GA
Current Bt >WQ) > 0.955 ,9@% : Phys. Lett. B 736 (2014) 33 (CMS) Agashe, Perez,
| s Soni, PRD'07
t—gc(u) < 1.6x10* (3.1x109)> &% | ATLAS goNE2019:009
@?&; WS UICHRAS iy e gtl eximy il o on,
t—yc(u) <0.182% (0.0161 %)\o;:%&@ cMs PAS O 0e-iiineun be 'er:.u byigdd
$ SHEAINTROIRLHE JL.lJ.[
. o3 :
1—/Q < 0.0% *»‘A 171802 (QMS) HEAVACT: G SN E eV [9].

<3r 3@:“\04\

A CMS PAS-HIG-13-034
< 0.56% (0.79%) nf\“« ( ATLAS JHEP06(2014)008 )

@ ' Physics Letters B 731 (2014) 173
LUA5% qf"b«é e ons)
©

700\ ° Top
BR(t — cZ) < l[49C/ornposh‘eness
VL I

Azatov, Panico, Perez, Soreq, JHEP2014
| Flavor->NP “Run2” ~ George W.S. Hou (NTU)  PPP11, TKU, 5/12/2015 |




P’S—mo;(wa‘red Z' induces t > cZ' also ({

_ Ygoqua

i - Yyque
ALTMANN| 0Qq = Voo 0

“a = \/§mu

recast the branching ratio as

((1 =, C)- PHYSICAL REVIEW D 89, 095033 (2014)

Fuyuto
WSH
Kohdhp, 1412.4397

2
- myy

2 .
m;

Z' > ptu

=> Should Search for t > cZ' > cptp- BR ~ 1/3!

LN\

Flavor SN “Run 2 Seoroe W.S. Hou PPP11, TKU, 5/12/2015




IV. Kaon: the Oldest Frontier

+ + 0
Kf = a*vv vs K —atvy

\ possible KOTO surprise

and more ...

Fuyoto, WSH, Kohda, 1412.4397
. Flavor->NP “Run2” ~ George W.S. Hou (NTU)  PPP11, TKU, 5/12/2015 |
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Linking Leptonic Z' ’ro@on g E @/

.

2
2
22a

>

| gauged L, - Lti

1406.2332
. . (14 N N N 2
Altmannshofer, Gori, Pospelov, Yavin [PRD = PRL] Neutrino Trident PmdUCTI'\O"d_
‘ “ . . y " T . WEEK ending
PRL 113, 091801 (2014) PHYSICAL REVIEW LETTERS 29 AUGUST 2014
VE corm ZsipoLnC E
C ' 0.01 d
0.1 g
/ 3x107 1
¢ | 8
001 | > CHARM-II
: =~/ 10 & y
- 39S CCFR ~1
— 0? g mEEL
e? ol 3 (g=2pu=2o " 1
10 5 5\ - B¢
] S5 .
o X107 et I .
: C | f 11l | J. Lt . n
= k 1 i 1 ‘ 11k 1 1 ————— T LU I] bUT nOT hM 00] 00:‘ O] 0} 1 31
001 0.1 I 10 102 10° m, (GeV)

Muon g — 2 related Z° < 400 MeV <Mk ? | (ew Physics from Light Particle!?

Flavor->NP “Run 2" George W.S. Hou (NTU PPP11, TKU, 5/12/2015




Linking Leptonic Z' touong-2 | ({1
| gauged L, - L, |

b

Sr. N <()> SR

- Tune away by Z, ﬁ)

d (s) SM-assisted loop
s>dZ'' b > sZ

Fuyoto, WSH, Kohda, 1412.4397

s (b)

Muon g — 2 related Z° < 400 MeV <! | ew Physics from Light Particle!?

Flavor->NP “Run 2" George W.S. Hou PPP11, TKU, 5/12/2015




K+ — ntt“n% Loophole vs K, — n°Z'

wnﬁz _ Window basically Same The KOTO Expt at J-PARC

as E787/949 @ BNL can discover K, — nt?X° abov

@ CERN  Kinematic exclusion: the Grossman-Nir Bound |
- A A - A A
- exclude 0.01 - 0.025 GeVA2 [(100)72 - (160)A2 MeVA2] llB(I\L - W) 13 x B oo
S[E KT < 1.4 x107%  (GN JWound)
S0t [ &—
- —1 K* oo .
oL | 0y e “Blind man blessed by senses.”
— T " m
F - A Surprise! “Trivial”
10 E g A K — 70 experiment, however, cannot do kine-
- A< matic reconstruction: besides detecting two photons (as-
10° - b it b= sumed as V), it measures “nothing to nothing”. The K,
= N\K |" 2 and “7°” momenta are not known. The approach is thus
10° — = e ol and to learn while pushing down the
= L) g Regionll |[+| ® sensitivity. Howev er, the v being the target, one cannot
. - 4 L &k :ﬂ( veto weakly interacting light particles (WILP). Thus, for
107 e, s il BN K — 7XY where X is any WILP that falls into the miss-
- %¢ | ing mass window, the A’ experiment would be oblivious,
gorbl o Lo VU WL LML D e Ky, experiment can have a blunt feel! Although
-0.04 -0.02 0 q.02 0.04 0.06 008| ! the GN relation of Eq. (4) i lated.
8 L. is in no way violated, the-per-
| ee-pred—GN—lmnd-et—E@f—Q-} does not apply. This is the
! ¢ | main and rather simple point of this Letter, independent
Z Z of model discussion. The X need not be the leptonic

Flavor>NP “Run 2” Georae W.S. force, as it simply goes undetected. Fyyoto, WSH, Kohda
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dE
10 FO Littenberg f P
0| \AO" ' WHY,
f e N2 -
pip o EC, - TRy
q I / N Phe KOTO Expt at J-PARC
0§ N : 00
0 R / Co\j@ can discover K, — m°X" above
0 . ¢ leVie'ey O\° the Grossman-Nir Bound !
) s:r-(.— iy - H= = —1 lKOTO achieved nearly the same sensitivity as KEK E391a
| o Tetnisal =10 e lexperiment with only 100 hours of data CKM2014/|
mﬂ.o;’ 1145 Fuyoto, WSH, Kohda, PRL’15 ',
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V. Final Comments: env(-top): Origin of Flavor / BAU
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9. Summary CMS Collaboration / Physics Letters B731 (2014) 173-196

Data recorded by the CMS detector have been used to search for
baryon number violation in top-quark decays. The data correspond
to an integrated luminosity of 19.52 + 0.49 fh~! at Vs =8 TeV.
No significant excess is observed over the SM expectation for
events with one isolated lepton (either a muon ~_ an electron),
at least five jets of which at least one is b * ."m\)@' low missing
transverse energy. These results ~_ Co™ "an upper limit of
0.0016 (0.0017) at 95% ~ o\,\\d Bo,\. on the branching fraction
of a hypothetic~’ (‘C\“ S Ler violating top-quark decay into a
muon (electrc . < Jets. The combination of the two channels
under the assumption of lepton universality yields an upper limit
of 0.0015. These limits on baryon number violation are the first
that have been obtained for a process involving the top quark.

WSH, Nagashima, Soddu, PRD'05: less than 10727 (proton decay constraint)

Dong, Durieux, Gérard, Han, Maltoni, PRD'12: could have cancellation mech.
. Flavor->NP “Run2” ~ George W.S. Hou (NTU) @ PPP11, TKU, 5/12/2015 |




The “God” Particle: the Origin of Mass = ()
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Sakharov Conditions & EW Miracle \
EW Theory KM3
KM4
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Flavor violating Higgs decays [@)

Roni Harnik® Joachim Kopp®? Jure Zupan® also Blankenburg, Ellis, Isidori, 1202.5704
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Figure 12. 2-loop diagrams contributing to 7 — .
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Linking Z,,_, to K — X’ ()

BV. The E949 limit of B(#’ — v#) <27 X 1077 at
90% C.L. [60] can be combined with the world average

value of B(K* — 7t 7Y) [24] to set a 90% C.L. limit of
B(K' — 7" X) <56X 108 for My =M_, with X

PHYSICAL REVIEW D 79, 092004 (2009) stable
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FIG. 18. The solid lines represent lhc;ZW‘c C.L. upper limit on
B(K™ — 77 X) as a function of the ffdss of X assuming X is

Flavor>NP “Run 2’ George W.S. Hou (NTU) PP11, TKU, 5/12/2015 |




BaBar: mild hint in B* — K*vv \ ¥l7)

- 0 0
SEARCH FOR B — K™ v AND ... BaBar'13 (471M BB(bar)) N.B. B(B — Kn’) << B(K — n’)
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Fuyoto, WSH, Kohda, 1412.4397

Gaussian significance of about 1.4 . Therefore, this excess
is not considered significant.
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Low g° Spike Search in B* = Ktutu: ()
Fuyoto, WSH, Kohda, 1412.4397

LHCb should do the extra work for lowest g2
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The Z,_, Landscape
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Y. & Yy should be reasonable in strength

George W.S. Hou (NTU

Fuyoto, WSH, Kohda, 1412.4397
PPP11, TKU, 5/12/2015
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Very Light Z' Pair Production thru «it's Higgs” {\[%]/.
~ 0.3 GeV Fuyoto, WSH, Kohda, 141‘2'“’4397

* Z' mass from “exotic” {(¢> = U, light because g' < 10~.
=> my ~ Weak Scale

* ¢ has Yukawa coupling to top! (suppressed by vector-like quark mass)
=)> ¢ Production via gg-fusion = ¢ = Z'Z" > [un][uw]
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“Sideband” Study ONE Double uu ~0.2-0.3 GeV evt ...

CMS PAS HIG-13-010: h - 2a > 4u
eorge W.S. Hou (NTL PPP11, TKU, 5/12/2015
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Light “g-2” Z' decay is prompt,
even when highly boosted.
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