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A New Physics Scale from Rare B Decays

b ! s “q SM amplitude is

—ﬁ/a, ot 1ng e ViVip loop suppressed and
w W/\4.< CKM suppressed

b X 1 Generic NP
wr ~ e not necessarily
w NP suppressed

» O(1) non-standard effects in Iy 6.2
rare B decays correspond to Anp ~ W il
new physics in reach | s Vol
of a 100 TeV collider

~ 10 TeV
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“The B — K*u "~ Anomaly”

LHCb Collaboration, Phys. Rev. Lett. 111, 191801 (2013)
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3.7¢0 discrepancy
in the 4.3 < ¢° < 8.68 GeV? bin
with respect to a SM prediction
(Descotes-Genon, Hurth, Matias, Virto '13)
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B Physics Anomalies and a 100 TeV Collider

» statistical fluctuation?
(update at Moriond?)

» underestimated SM
uncertainties?
(see Khodjamirian et al. '10;
Jager, Martin Camalich ’12,’14;
Lyon, Zwicky '14;
Descotes-Genon et al. "14;
WA, Straub '14; ... )

» New Physics?

can anomaly be explained
model independently?

can anomaly be explained in
concrete NP models?
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New Physics in b — s Decays

4GF 92 i
e = 2Ty S (GOt o)
V2 1672 £
magnetic dipole operators semileptonic operators
br(1) by(r) HL(R)
) Q@A Cslo
SL(R) SL(R) HL(R)
x1/ q o 1
Cr, C§ Co, Cs,a Cio, C;o neglecting tensor operators
B — (xs7 K*) ~ * (secretly dimension 8)
B — (Xs, K, K*) ptp~ * * * neglecting scalar operators
Bs = ¢ utu~ * * * (strongly constrained by
Bs — ptu~
Bs — utu~ * s )
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Global Fit: C7 - C; Plane

04+ -
O (80, Payb) F*
02+ ‘ ] flavor violating dipole
5
< 00 5 » NP contributions to C; and C,
(7 Mr=33 - are strongly constrained by the
_02l ] b — sv transition
‘ ] » only insignificant improvement
—04r ] of the fit

-04 -02 0.0 02 04
Re(Cr'H)

WA, Straub 1411.3161
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Global Fit: Cyo - Cj, Plane

ot ] 04 o (874 Pu(a)b) (7" vs1)
muonic axial-vector current
» strong constraints from

BR(B — Ku'p~) and
BR(Bs — p"p7)

-2t 1 » only very mild improvement
of the fit

e N BTt
Re (Ch)

WA, Straub 1411.3161
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Global Fit: Cg - C§ Plane

3_‘ ]
2 ] 0V (3, Puimb) ("
/ s o< (87 P b) (" 1)
1 - 1 muonic vector current
@ |
E 0 NG » NP contributions to Gy give
best description of the data

—1f :
> (NP with Cg = —C10 works
almost equally well)

» best fit result

52 0 1 2 s
Re (CYP) Cy" = —-1.4+04
Co=+0.7+06

WA, Straub 1411.3161
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Implications for the New Physics Scale

1 o - v
generic tree /\TNP(S’YVPLb)(M’y H’) Anp ~ 35 TeV x (Cglp)_1/2
Vi Vis (37, P, .
MFV tree Aﬁ,P i Vis (S PLD) (1" 1) Ao = 7 TeV x (CIF) 172
(I R
generic loop ATNP@(S% L b)(fy" 1) Awp =~ 3 TeV x (CYP)~1/2
1 1

MFV loop = VioVis 37 Pb)(in"p)  Anp ~ 0.6 TeV x (C37) /2

p 167

(assumes New Physics has O(1) coupling to muons)
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Z' Explanations
of the Anomalies
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Models with Flavor Changing Z’

parametrization of generic Z’ couplings  (Buras et al. "12/13)
Fl f/'? flfj !
Loty AP+ B PR 12

b

SL
n

; ; YNy N )
want vectorial coupling to muons: A" = A = ZAY

_AILJSA/‘I/N V_2 4_7_‘_2N_A1L75A/\///1 (5 Tev)z
VoV, V2 €~ VpVi 2

Vs

NP _
Cy =
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Constraints from Bg Mixing

bL bL

ZI
S St

» flavor changing Z’ contributes also to Bs mixing at tree level

—1
M b
_M132M —1 M2 (A S) (16 2(th ) SO)
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Constraints from Bg Mixing

bL bL

ZI
SL SL

» flavor changing Z’ contributes also to Bs mixing at tree level

—1
M b
M1S2M -1= M2 (A S) (16 2(Vfb ) SO)

» constraint on the Z’ mass and the flavor changing coupling
(allowing for 10% NP in Bs mixing)

Mf’ > 244 Tev ~ 1018V Te:/
|A7®] | Vio Vsl
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Constraints from LEP

» assume the couplings of the Z’ are
lepton flavor universal

» LEP bounds on four lepton contact
interactions

4 ,_ -
L="% (evue)(re)
+
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Constraints from LEP

LEP: e'e” = I

» assume the couplings of the Z’ are
lepton flavor universal

» LEP bounds on four lepton contact
interactions

4 ,_ -
L="% (evue)(re)
+

» constraint on the Z’ mass and the Vo S B
vector coupling to leptons A0
M B
> 3.5 TeV
\A | ~ 20 -10 0 10 20
A A, [Tev]
(can be improved at a CepC/FCC-ee/TLEP) LEP Electroweak Working Group
1302.3415
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Maximally Allowed Effect in Cq

combining constraints from Bg mixing and lepton contact interactions
gives a strong upper bound on the Z’ contribution to Cg
in the case of lepton flavor universality

Abs A/( 2 4 2
Mz Mz VpVi €2

(compare to the best fit value C)P ~ —1.4)
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Constraints from Neutrino Tridents

» LEP bounds are avoided if the Z’ does not
couple to electrons

» “irreducible” constraint from neutrino tridents

» the Z’ contributes to the trident cross section
(WA, Gori, Pospelov, Yavin, 1403.1269 and 1406.2332)

2
o 1 VZ(AMM)Z
B S N 14482, + ———V 7
oon 1+ (114552 [ +< W e,
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Constraints from Neutrino Tridents

» LEP bounds are avoided if the Z’ does not
couple to electrons

» “irreducible” constraint from neutrino tridents

» the Z’ contributes to the trident cross section
(WA, Gori, Pospelov, Yavin, 1403.1269 and 1406.2332)

2
o 1 VZ(AMM)Z
B S N 14482, + ———V 7
oon 1+ (114552 [ +< W e,

experimental measurement

o/osm =0.82+£0.28  (CCFR, PRL66 (1991) 3117)

IZ%I >027TeV = |CF] <93
v
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Constraints from LHC

10()

Z' couplings to first
generation quarks are 107
strongly constrained
by LHC results from
direct Z’ searches 107
and searches for
quark-lepton

contact interactions 0510 IS 20 25 30 35 40 45 50

My [TeV]

q4q
A

WA, Straub arXiv:1411.3161
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Z' gauge boson with

sizable vector couplings to muons
small flavor changing b — s coupling

suppressed couplings to
electrons and 1st generation quarks

'.}m‘numrmm -,

\
)Llﬂlﬁh

~=eh




Gauging L, — L;

muon number - tau number is anomaly free in the Standard Model

gauging it leads to the wanted vector couplings with muons

L= _%(Z/)aﬂ(zl)aﬁ +(Da®)"(D7®) + V(®)

+g (77 1= AT + 9y Py — 04 PLvs) Z,,

Z' gets its mass from the vev of a additional scalar o,
charged under U(1) =L, — L-

mz = g/<¢>
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A Simple Model for the Quark Couplings

introduce heavy vector-like quarks by
that are charged under the U(1)’ and ) »
that mix with the SM quarks g YobYépS(@
2m
Q

Lmix = ¢O( Yarbr + YosSt + YQddL) + ...
SL

contributions to b — sy~ are independent of the
U(1)’ gauge coupling and the Z’ mass

they are set by the heavy quark masses and the mixing Yukawas

Co ~ YanYas Cl~ _ Yo Yps
9 — 2 > ) 9 — m2
Q 2 D
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Probing the Z’

Z-1,yy ZI—»ll,w Qy Vi
(g — 2) of the muon 1 5 ]
9 ) /o
tau decays g 7
Z couplings to leptons 3 [/
Z — 4 @ LHC 03F 1
.. 8
Bs mixing
neutrino trident production
0.1 4
; B, mixing i
T S M T

WA, Gori, Pospelov, Yavin 1403.1269
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Probing the Z’
Z-1,yy ZI—»llw Qy Vi

(g9 — 2) of the muon s
9] a3
tau decays 3 7
Z couplings to leptons 3 : 4
Z - 4, @ LHC 03f f _
. 8 - &
Bs mixing = i
. . . £ 3 A v
neutrino trident production A &
- o 7 | |
e ¢ /'/.
Bs mixing leads to an upper bound Yy
on the U(1)’ breaking vev &) TA e ]
neutrino tridents lead to a lower bound Y . A A
3 10 30 102 3x10% 10°
m, (GeV)

540GeV < (o) < 1.8TeV
WA, Gori, Pospelov, Yavin 1403.1269

bound from Z couplings to leptons
can improve at CepC/FCC-ee/TLEP

March 4, 2015
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L, — L, and Lepton Flavor Universality

» the Z’ model based on gauged L,, — L. predicts:

1) opposite effects in the p*p~ and 7+ 7~ final state
2) no effect in the et e final state

— prediction for LFU observables, e.g. ratios of branching ratios:
BR(B = Ku'n )n g

R =
"~ BR(B— Kete g

~0.82+011 (RM~1)
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L, — L, and Lepton Flavor Universality

» the Z’ model based on gauged L,, — L. predicts:

1) opposite effects in the p*p~ and 7+ 7~ final state
2) no effect in the et e final state

— prediction for LFU observables, e.g. ratios of branching ratios:

BR(B — Ku" 1™ )i g

R =
"~ BR(B— Kete g

~0.82+011 (RM~1)

model passed the first test (LHCb Collaboration arXiv:1406.6482)
Rk = 0.7457%5% +0.036
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More Predictions for LFU Ratios

(work in progress with Itay Yavin)

1.2

1.0

RS
(=]
[=-]

0.6

0.4

04 06 08 L0 12
1,61
RK

* 4 —
g _ BRB = Ko )ig g
K> BR(B — K*e+e*)[q127q§]
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More Predictions for LFU Ratios

(work in progress with Itay Yavin)

1.2 15
1.0 L0
0.5
z 0.8 Q=
25 25 00
= ) <
0.6 ~05
-1.0
0.4
. . . _1'8 . . . .
04 08 08 10 12 5 10 15 20 25 30 35
e R
* +, - * 4 —
g _ BRB = KT ) g pst _ A8 2 K g
K BR(B — K*ete ) 8 Ars(B — K*ete™) iz a2
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Probing the Vector Quarks

Yoo Yo
Co ~ gb 205
mq

for CKM-like mixing, i.e.

Yoo Yas ~ Vv Vis ~ 0.04

I
mass of the vector-like quarks is Q
o0 z It
mq ~ 4 TeV N
. . z Iz
pair production at a 100 TeV
collider can lead to spectacular j. b, t P

8 muon final states
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Summary N

current b — st~ data shows discrepancies
both in branching ratios and angular observables

can be consistently addressed by New Physics in the operator
(8. PLb)(zv” 1) at scales as high as 35 TeV

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

explicit example: Z’ of gauged L,, — L, with effective flavor
changing couplings to quarks

CepC/FCC-ee/TLEP:
probe the Z’ through precision Z¢¢ coupling measurements
test the L, — L. structure by measuring b — st transitions

SppC/FCC-hh:
direct production of the vector-like quarks
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Global Fit: Cg - Cyo Plane

3F
2,
R O /10 o¢ (87 PLb) (" /v vs1e)
Z2
S : ! LH quark current
E Ay =131
-1t
» Dbest fit result
-2+
Ll ] C¥F=-13+04
3 2 -1 0 1 2 3 CYy =+40.1+£02

Re(C))

WA, Straub 1411.3161
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Probing the L, — L, Gauge Boson at LBNE

2
=

v
)

SM

trident events / ton of Ar/ 10*° POT

Ll I A L Ll L 1l 0.5 i Il
0.01 0.03 0.1 0.3 1 2 0.01 0.1 1
my (GeV) m, (GeV)

WA, Gori, Pospelov, Yavin 1406.2332
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