Flavor Physics
Beyond the Standard Model

Wolfgang Altmannshofer
waltmannshofer@perimeterinstitute.ca

ST PERIMETER
INSTITUTE

Frontiers in Particle Physics:
From Dark Matter to the LHC and Beyond

Aspen Center for Physics

January 18 - 24, 2014

Flavor and BSM

January 21, 2014

1/25



Sensitivity to Very Short Distances

Example: CP Violation in Kaon mixing

4 SM amplitude is
- 9~ (VaVi)
K K ~ 1672 M2 (Vi Vis) loop suppressed and
w CKM suppressed
s t d
d s
X Generic NP
_ 1 .
K K ave not necessarily
NP suppressed
s d
» CP Violation in Ka_on Mixing can Anp ~ My X 4_72r 1 . 10° Tev
probe extremely high scales 92 [V V|

far beyond the LHC reach
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The New Physics Flavor Puzzle

meson mixing observables probe
generic New Physics at very high scales

c.
Herr = Hay' + > 220
i

Operator Bounds on A [TeV] (C =1) | Bounds on C (A =1TeV) Observables
Re Im Re Im

(5y"dr)? 9.8 x 102 1.6 x 10? 9.0x1077  34x107° Amp; ex
(5rdr)(5rdr) | 1.8 x 10* 3.2 x 10° 6.9x107%  2.6x 107! Ampc; ex

(e ur)? 1.2 x 10° 2.9 x 10° 56 x 1077 1.0x 1077 | Amp; |q/p|,¢p
(rur)(@Lur) | 6.2 x 103 1.5 x 10* 57x107%  1.1x10"% | Amp; |q/p|,¢p

(bpy*dy)? 5.1 x 102 9.3 x 102 3.3x107%  1.0x10°¢ Amp,; Syks
(brdr)(brdr) | 1.9 x 103 3.6 x 10° 56 x1077  1.7x 1077 Amp,; Suks

(bry"s)? 1.1 x 10? 2.2 x 102 76x107°  1.7x10°° Amp,; Sy
(brsr)(brsgr) | 3.7 x 10 7.4 x 102 1.3x 107  3.0x 1076 Amp,; Sy

Isidori, Nir, Perez '10
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Many Highly Sensitive Probes
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Some Anomalies?

» sizable direct CP Violation in
charm decays (LHCb)
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Some Anomalies?

» sizable direct CP Violation in
charm decays (LHCb)

» anomalous like-sign dimuon
charge asymmetry (D0O)

[ Do«

{11 BaBar Preliminary &)
FEEEEN AL(P ) BE% CL.
-0.04 [ AP ) 88% GL
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Some Anomalies?

» sizable direct CP Violation in
charm decays (LHCb)

» anomalous like-sign dimuon
charge asymmetry (D0O)

R(D*)

» excess of B — D rv decays
(BaBar)
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Some Anomalies?

» sizable direct CP Violation in
charm decays (LHCb)

o 08— LHCb | SMPreldiclions I_

» anomalous like-sign dimuon 3f;+. o ops i
charge asymmetry (D0O) 02| |

| _

» excess of B — D®*)7u decays 02 _+— .
(BaBar) ol _+_ ]
-0.8 —e— + -

» the B — K*uTu~ anomaly X s o 15 P
(LHCb) q2 [GeV?/ct]
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Outline of the Talk N

Part |

flavor observables probe New Physics at high scales

example: mini-split SUSY scenario

Part Il

addressing anomalies with New Physics

example: the B — K*u ™~ anomaly
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Low Energy Probes
of PeV Scale Sfermions

@ WA, Roni Harnik, Jure Zupan
JHEP 1311, 202 (2013) [arXiv:1308.3653 [hep-ph]]
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A “Simply Unnatural” SUSY Spectrum

mass [TeV] 1
a Lsg D E /d40(xTX)(¢T¢+ HuHq)
aibi M3/2 Mgz =~ 4

1 1 5 NN - GG+/d O(HuHq)
| == g, HO A

10% 1 » scalar masses of the order

—— .6 Fx /M. Z Fx/Mp ~ M3/,
i » gaugino masses from anomaly mediation,
+ i 1-loop factor below the gravitino mass
L —— B o
w » 125 GeV Higgs is “effortless”

» heavy sfermions open up possibilities to
generate fermion mass hierarchies

Hall, Nomura ; Arvanitaki et al. ; radiatively

Kane etal.; Yanagidaetal.; Wells;
Arkani-Hamed et al. ;
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New Sources of Flavor and CP Violation

» mini-split SUSY philosophy:
no model building effort

— generic flavor mixing for squarks and sleptons

» parametrization in terms of
mass insertions

M

d=mia ) i “a

Mg = m%(:ﬂ_—i—(g/) ..... P wnniinnns Poennnn

» for TeV scale sfermions: SUSY flavor problem
excessive contributions to many low energy flavor observables

» for 1000 TeV sfermions: flavor opportunity!
a broad class of low energy processes can be sensitive to sfermions far
beyond the reach of LHC
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ints in a Slice of Parameter Space

Imgl=Imy|=3TeV, Img|=10TeV

WA, Harnik, Zupan 1308.3653

mixing

neutron

EDM mixing

» PeV squarks already probed by CP violation in

Kaon mixing

» CP violation in charm mixing and the neutron EDM >

reach up to O(100 TeV)

Wolfgang Altmannshofer (PI)

10?

L L
10° 10* 10°

mg =my = |ul (TeV)

Flavor and BSM

v

assumptions for the plot:

all relevant phases sin ¢; = 1

all relevant flavor mixing |d;j| = 0.3

» no large cancellations between the

various contributions

January 21, 2014
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Current Constraints in a Slice of Parameter Space

WA, Harnik, Zupan 1308.3653

Imgl=Imy|=3TeV, Img|=10TeV

30+

neutron Kaon
EDM mixing

--------------------- = 125.5+1 Gev

charm
mixing

| | |
10 10% 108 104 10°
Mg =m; = |u| (TeV)

» PeV squarks already probed by CP violation in g

Kaon mixing Ur uL
» CP violation in charm mixing and the neutron EDM ) Ur O

reach up to O(100 TeV) * kU 7¢

Bad

» EDMs particularly interesting: mt)(

enhanced by m- /me (de) or m¢/my (dn) LLLLLL

79

(see also McKeen, Pospelov, Ritz 1303.1172)
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WA, Harnik, Zupan 1308.3653

Imgl =Imyl=3TeV, Img| =10TeV

30 ] S "/ neutron
EDM
10
Q. Kaon
% . mixing
A e
1= I I I I I
10 10? 108 104 10°
Mg =m;=|u| (TeV)
» neutron EDM (in gen. EDMs of hadronic systems) () expected improvements

probe squarks at O(PeV)

» electron EDM and ;. — e conversion » CPVin D mixing : factor 10

probe sleptons above 100 TeV » dp: factor 300
» SUSY flavor structure is unknown > de : factor 90
— important to reach the PeV scale » . — econv.: factor 10*

with as many observables as possible
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New Physics in
B— K*utu ?

@ WA, David Straub
Eur.Phys.J.C 73, 2646 (2013) [arXiv:1308.1501 [hep-ph]]
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The B — K*u = “Anomaly”

latest B — K*u™ ™ results
from LHCb (with 1fb~1) 1308.1707

— talk by Alexander Shires » statistical fluctuation?

1 . . . : (update with full 7+8 TeV data
& ogl LHCb S B hopefully soon)

0.6— -

0.4 Data —

0_2jL + i » underestimated SM

I ] uncertainties?

0.2 —+— E (see Jager, Martin Camalich
04— 1 1212.2263)

06~ +—+— . — talk by Sebastian Jager
-0.8 ——

"o 5 10 15

o

q? [Gevz,z,_g.] » New Physics:
can anomaly be explained
3.70 discrepancy model independently?
in the 4.3 < g° < 8.68 GeV? hin
with respect to a SM prediction
from Descotes-Genon, Hurth, Matias, Virto
1303.5794

can anomaly be explained in
concrete NP models?
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New Physics in B — K*u™u~

e = — 20 vvg S Z(c.o.+c0)

\/z tbVis T~ 5 16 2
magnetic dipole operators semileptonic operators
br) \\ bL(r) \ / HL(R)
’
c QMW co
SL(R) SL(R) HL(R)
‘ Cz,Ch ‘ Co, Cg ‘ Ci0, Cf neglecting tensor operators

B— (Xs’ K ) v * neglecting scalar operators
B — (Xs,K,K*) pFp~ * * * (strongly constrained by
Bs — putp~ * Bs = u'u7)
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C7 - C/ plane

Ogl) X (§Uuy PR(L)b)F w

» new physics in C; and C/
strongly constrained by data on
and B — K™y
» best fit values

cM = _0.06 +0.04

Re(Cy)

C;=-01+01

improve the tension only slightly

-0.6L

-06 -04 -02 0.0 0.2 0.4 0.6
NP
Re(C5)

WA, Straub 1308.1501

(see also: Descotes-Genon, Matias, Virto 1307.5683 and Beaujean, Bobeth, van Dyk 1310.2478

Hurth, Mahmoudi 1312.5267)
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Cio - Cy, plane

0 & (57,Py(ryb) (i Ys1)

» NP contribution to C;, ~ +1.5 could
explain the anomaly in P (~ Ss)

» would worsen a small tension in F_

» strong constraints from Bs — " p~
and B — Kpu ™

— no improvement compared to SM

“—3”—2”—1‘ ‘0””1”‘2 3

Re(CN)

WA, Straub 1308.1501

(see also: Descotes-Genon, Matias, Virto 1307.5683 and Beaujean, Bobeth, van Dyk 1310.2478
Hurth, Mahmoudi 1312.5267)
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Cy - C{ plane

0 o (57uPLw)b) (E7" 1)

—‘3”—‘2” —‘1 ‘0 H‘l 2“ 3
Re(CY™)

WA, Straub 1308.1501

NP contribution to C§* ~ —1.5 would
give the best fit to P¢ (~ Ss)
(compare C3™ ~ 4.1)

the tension in F_ pullsin
the same direction

Arg gives important constraint

C{ ~ —CL" helpsto
avoid constraints from B — K™

best fit result
c¥¥=-10+03

Co=+1.0+05

(see also: Descotes-Genon, Matias, Virto 1307.5683 and Beaujean, Bobeth, van Dyk 1310.2478

Hurth, Mahmoudi 1312.5267)
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Implications for the NP Scale

1 _

. 5 (57 PLb)(7y" 1

generic tree /\ﬁp( 0)( ) p ~ 35 TeV
A VoV (37 Pub) (")
MFV tree NP Anp = 7 TeV
1 1
Sy, PLb

generic loop p 167 2( W PU) (A" 1) Anp ~ 3 TeV

1 b
MFV loop 16 1oz VioVis (57 Pub) (A" u) Anp ~ 0.6 TeV

(assumes NP has O(1) coupling to muons)
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Cy and Cg in the MSSM

contributions to Cq and Cg at the loop level
(Z penguins, photon penguins, boxes)

» . L,
. / \ SL bLr FSbor By SLR
tp S~ FE T~

Y
14 I 1 g iz
(a) () (e)
~ 2 4
b F PR br by B s
L Gl i
W= W W
Iz é ' Iz " ‘ I
_____ S R o
(d) (e)

taking into account bounds from direct searches
1Y ~ 1 cannot be achieved in the MSSM

Wolfgang Altmannshofer (PI) Flavor and BSM
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Cy and Cg in Models with Partial Compositeness

contributions to Cy and Cg already at tree level
ut b wt b put
M M
s [T e
(D) (e}
contributions are suppressed by either

the small vector coupling of the SM Z to muons
or by the small amount of compositness of the muons

|C9(,’)| ~ 1 cannot be achieved in models with partial compositness
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Models with Flavor Changing Z'
parametrization of generic Z’ couplings

Lo 2?:_3/ [§7”(QIBSPL + giPR)D + l_W”(g;\f + 759;6)“} z,

e’ M2 [ |V RV AL AA R AA
167 2(Vtsvtb){c CQvClO ’Clo} Zm%/{gbsgu’gbsgu’gbsg,u’gbsgu}

(see also: Descotes-Genon, Matias, Virto 1307.5683; Buras, Girrbach 1309.2466
Gauld, Goertz, Haisch 1308.1959; 1310.1082)
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Constraint from Bg Mixing

the Z’ contributes also to Bs mixing at tree-level

hadronic uncertainties in the SM prediction allow for
0(10-15%) new physics contributions

s

Miz mZro ol R )2 L \(qR 95 2 -
e 1 1 [(oh)7 + (017 — 9700k (02| (7 (Vv

— particularly strong constraints if both LH and RH b — s couplings
are present simultaneously
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Upper Bound on the Z' Mass

3.0

2.5‘1"\

N combined fitto B — K )y~
T and Bs mixing data

! ;mv constraint from Bs mixing leads to
upper bound on the Z’ mass

0.5

Mz < g, x 800 GeV (Cq and C§)

1

! Mz < g, x 2TeV (only Co)

' L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

gl x 100 = —g® % 100

WA, Straub 1308.1501

— di-lepton resonance searches at LHC generically lead to strong constraints
on the coupling of the Z’ to 1st generation quarks
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A Simple Viable Model

Wanted: light 2’
with sizable vector coupling to muons
and small couplings to quarks
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A Simple Viable Model

Identify U (1)’ with
muon number - tau number

. H /
Wanted:  light Z — automatically anomaly free

with sizable vector coupling to muons
and small couplings to quarks LD g (vt p —"7)Z,,
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A Simple Viable Model

Identify U (1)’ with
muon number - tau number

. H /
Wanted:  light Z — automatically anomaly free

with sizable vector coupling to muons
and small couplings to quarks LD g (vt p —"7)Z,,

couple to quarks only indirectly,
by mixing with heavy vector-like fermions
charged under U(1)’
(see also Fox, Liu, Tucker-Smith, Weiner
1104.4127)
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A Simple Viable Model

Identify U(1)" with
muon number - tau number

. H /
Wanted:  light Z — automatically anomaly free

with sizable vector coupling to muons
and small couplings to quarks LD g (vt p —"7)Z,,

couple to quarks only indirectly,

by mixing with heavy vector-like fermions » contributionsto B — K*u*u~ are
charged under U (1)’ independent of the U (1)’ gauge coupling
(see also Fox, Liu, Tucker-Smith, Weiner and the Z’ mass
1104.4127) c YQbYQs o YooY
9~ ’ 9 " 2
mg m2

» bounds from Bs mixing constrain
the size of the U(1)’ breaking vev

Y Y 2 ¢ 2

(YapYgs)“(#) N

4
Mg

Mo o<

(work in progress with Stefania Gori, Maxim Pospelov, and ltay Yavin)
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Summary N

low energy observables can probe NP at very high scales
Example: Mini-Split SUSY
— CP Violation in Kaon mixing already probes squarks at the PeV scale

— several other observables (charm mixing, EDMs, . — e in Al)
can reach sensitivity to scales of 100 - 1000 TeV in the future

recent flavor anomalies might already be hinting at NP

» Example: the B — K*utp~ anomaly

— consistent NP explanation points to the operators (Sv,PL/r0) (77" 1)
with a generic scale of ~ 35 TeV

— models with a flavor changing Z’ at (or below) the TeV scale are
natural candidates to explain the anomaly

Flavor and BSM January 21, 2014



Flavor and BSM January 21, 2014




e 1CDF =i ACDF
i +Belle 1Belle
TR | EggBaBar e EggBaBar
—— 1LHCb —— JLHCb
—_— 1CMS 1CMS
—_— 1ATLAS —— 1ATLAS
—— Hour average —_— Jour average
—6.8 —6.6 —6.4 —6.2 0‘0 012 —6.4 —6.2 0.‘0 0.‘2 0.‘4 016 08
{ArB)(1.6] (FL) (1,61

WA, Straub 1308.1501
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More B — K*u™p~ Fits

Scenario cxr cl [o/n (@ (ohis iy AyE(SM)
(7) —0.07£0.04 3.4
(9) —0.840.3 4.3
(77") —0.06x004  —0.1x0.1 4.7
(97) —0.05£0.04 —0.6+0.3 6.0
(97") —0.1401 —0.7+0.3 5.5
(99) —L0+0s +1.0z05 8.3
(910") —1.0+0.3 —0.4+0.2 7.0
Real —0.03 —0.11 —0.9 +0.7 —=0.1 —0.2 10.8
Complex o Cosi Fizi Hiva o e 14.1

WA, Straub 1308.1501

the Cy - C{ scenario works best
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Intriguing Support for New Physics in Cg'

1.2

T T T T
BO K*nll+ﬂ_
1.0 b

0.8
0.6

0.4

dB/dg? (1077 GeV~?)

0.2

L
0.0 15 16 17 18 19 OfF

1.2

T T T T
BY = outu
1.0F ’ e B

0.8 = “
(2

Horgan, Liu, Meinel, Wingate 1310.3887
Cy¥P=-114+05, C{=+1.1+09

0.6
0.4
0.2

dB/dg* (1077 GeV~?)

— » mainly driven by B — K*utu~ and
Bs — ¢utp~ BRs at high g2
2 (CeV?) s = ot ghq

0.0
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Intriguing Support for New Physics in Cg'

r
9

Re(Cy") cyF
WA, Straub 1308.1501 Horgan, Liu, Meinel, Wingate 1310.3887
C)P =-1.04+03, Cj=+1.0+05 C)P=-11405, Cf=+41.14+0.9
» mainly driven by P{ / Ss at low g2 » mainly driven by B — K* .t~ and

Bs — ¢utp~ BRs at high g2

complementary set of observables but same conclusion!
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