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Motivation: b — s anomalies
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SM hadronic effects?

2.6 o discrepancy with the SM
See talk by Ayan Paul

anomalies
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Motivation: explanations to the b — s anomalies

Model independent analyses
Altmannshofer, Straub, Paradisi '11; Bobeth, Hiller, van
Dyk, Wacker '11; Altmannshofer, Straub '13/'14; Beau-
jean, Bobeth, van Dyk, Wacker '12; Descotes-Genon, Ma-
tias, Virto '13/'14; Beaujean, Bobeth, van Dyk '13; Hurth,
Mahmoudi '13; Ghosh, Nardecchia, Renner '14; Hurth,

Mahmoudi, Neshatpour '14; Jager, Martin Camalich '14...

Leptoquark models

Hiller, Schmaltz '14; Gripaios, Nardecchia, Renner '14;
Buras et al. '14; Varzielas, Hiller '15; Niehoff, Stangl,

Straub '15; Becirevic, Fajfer, Kosnik '15...

Javier Fuentes-Martin (IFIC)

Composite Higgs models
Altmannshofer, Straub '13; Straub '13; Buras et al. '14; Gri-

paios, Nardecchia, Renner '14; Niehoff, Stangl, Straub '15...

See talk by Peter Stangl

Z’ models
b IS
ZI
s s

Altmannshofer, Straub '13/'14; Gauld, Goertz, Haisch '14;
Altmannshofer, Gori, Pospelov, Yavin '14; Buras, Girrbach '13;
Buras, De Fazio, Girrbach '14; Glashow, Guadagnoli, Lane '14;
Crivellin, D'Ambrosio, Heeck '15; Crivellin et al. '15; Sierra,

Staub, Vicente '15; Celis, JF, Jung, Serédio '15...
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Z' model building
G =8U(3), ®5U(2), ® U(1)y ® U(1)’

b =
>AAAZ/AAf /
S \ Tas
Flavor violating couplings to quarks

e Often necessary:

» Two Higgs doublets to accommodate quark masses and mixing angles
» A scalar singlet to give mass to the Z’

o Wish list:

» Minimal particle content (i.e. SM fermions only)
» Flavor-violating couplings exactly related to CKM matrix elements
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Branco—Grimus—Lavoura 2HDM (BGL)

—Ly=Q° [r?GL &y + 56t cbz] d9 + Q7 [AIBGL &y + ASCH 52] ug +h.c.

x x 0 0 0O

Up Yukawas: ABCL =[x x 0 ASCE =10 0 ©

0 0 O 0 0 x

X X X 0 0 O

Down Yukawas: rlBGL =|x x X rEGL =0 0 O

0 0 O X X X
° YukaWa textures |mposed by a [Branco, Grimus, Lavoura '96]

e FCNGCs only in the down-quark sector:

H J,dj X \/3*, ng My (V = CKM matrix)

e Unique implementation in 2HDM (rereira, sitva '11; sersdio 13]
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The model: gauging U(1)gg.

Matter content

SU(3),®SU(2), @ U(1)y ® U(1)ser » SM fermions
» Two Higgs doublets
vs > v Mz > g'vs | Xs| » Scalar SM singlet (S)

4

Symmetry constraints
SU(3), ® SU(2), ® U()y ymmery

e Controlled Z’-mediated FCNCs
e U(1)ggL is chiral = All charges

Y fixed by anomaly cancellation
conditions:
A
» Only two free parameters for
SU(3). @ U(L)em Z' observables: g’, Mz

» Extension to the lepton sector
completely determined
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Charged-lepton Yukawas in the gauged U(1)gg,

_£$Jiptons = E M; ®;er + h.c.
with

M =

o O X

0
0
0

o X o
3
N
Il

o oo

o oo

X © o

e Non-universal lepton charges...

e But no FCNCs in the lepton sector
= This is a counterexample to the general arguments given by

Glashow, Guadagnoli, Lane '14

[Bhattacharya et al. '14; Boucenna, Valle, Vicente '15]

e Six model variations, related to permutations in the lepton sector

Javier Fuentes-Martin (IFIC) EPS-HEP 2015 July 23, 2015

7/16



Gauged U(1)gg: Z' couplings

f
Z/
— gl (A{ P, + AL PR>

f

Z' couplings completely determined by anomaly cancellation conditions:
e No FCNCs in the up-quark and charge-lepton sectors
e Non-universal lepton couplings
e Controlled FCNCs for left-handed down-type quarks only
oo [Vl —g Vil
A = 2 ViaVie Vs = % Vin Vi
VisVi,  [Val® = §
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Experimental constraints?
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Low-energy constraints
B, — B, mixing
b b
Z/

e Up to 20% corrections to Amg
possible at 95% CL

[FLAG '14; CKMfitter Collaboration '14]

Neutrino trident production

Yy

e Vector current dominates
[Altmannshofer, Gori, Pospelov, Yavin '14]

[CHARM-I1I '90, CCFR '91, NuTeV '00]

Bs mixing: Mz /g’ >

16 TeV (95% CL)

e Atomic Parity Violation, EDMs, anomalous magnetic moments...

Javier Fuentes-Martin (IFIC)
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Collider constraints: LHC and LEP

Direct searches LEP contact interactions
et s
pu
z' e~ =
ot Single operator analysis
\\

Mz /g’ > 16 TeV (95% CL)

[CERN-PH-EP-2013-022]

CMS model independent analysis based
on the narrow width approximation Collider flavor ratios

olpp — Z' — U0)
olpp — 2/ — 0'0")

Mz >3—4TeV (95% CL)

[CMS-EX0-12-061]

Hejor =
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Collider constraints: LHC and LEP

Direct searches LEP contact interactions
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pu
z' e~ =
ot Single operator analysis
\\

Mz /g’ > 16 TeV (95% CL)

[CERN-PH-EP-2013-022]

CMS model independent analysis based
on the narrow width approximation Collider flavor ratios

Mz 23 —4TeV (95% CL) oy = PP 2= 1)
olpp = Z' = 0'0')

[CMS-EX0-12-061]

Precise correlations in our model!
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What about the b — s/ ¢~
anomalies?
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Effective Hamiltonian for b — s/ ¢~

Hefr = — \G; ViV S (cfof + c,.'fo;f)

where
[ O§ = (57.PLb) (t++0) 04 = (57,Prb) (t4*0)
{ Ofp = (37uPLb) ((y*75t)  Ofg = (57.Prb) (£ 75()
e { 0% = m,,(ngb)(Z_e) 0% = mb(sPLb)(liK)
0% = mp(3Prb)(Pysl) O = mp(SPLb)(Iys0)

bs _
e AP =0= Cg 10~
e Z'-mediated Wilson coefficients, CJ ,, are correlated in our models

e C¢ and Cp suppressed by ms/my
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Z' contributions: ratios and double ratios
_ Br(B — Mutp™)

Ry=——"— M e {K,K*, Xs, Ko(1430), ...
* ™= ByB = Mete) { o Ko(1430), -}
1 Model P (10) P (20)
(1.2,3) - [-2.92,-0.61]

(3.1,2) | [-0.93,-0.43] | [~1.16,—0.17]
(32,1) | [-1.20,—0.53] | [~1.54,—0.20]

1

B, mixing (95 % CL)

Good for B — K*utu~ \/

RN EE NS R VI W S
0.00 0.01 002 003 004 0.05 0.06 0.07

g'/Mz(TeV™"]
[arXiv:1505.03079]
R Rk~ expected to be measured by
> M
elnourmodels Ry = —=1 LHCb soon
K

[Hiller, Schmaltz "15]
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000 0.01 '0.02 .08 004 0605 006 0.07
g/Mz(TeV™"]
[arXiv:1505.03079]

P Rk~ expected to be measured by
e In our models Ry = —4 =1 LHCb soon
K
[Hiler, Schmatcz 15] Smoking gun test of the model!
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LHC limits on the Z' and perturbativity bounds
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Conclusions

v/ Controlled FCNCs in the down quark sector related in a exact way to
the CKM matrix. No FCNCs in the up-quark sector

v/ Anomaly cancellation conditions give lepton universality violation
without lepton flavor violation

> In progress: this persists even after adding right-handed neutrinos or
triplets
v/ All the Z’ observables are determined by only two parameters
v/ Three out of six model variations are able to accommodate the
b — s¢t¢~ LHCb anomalies

v Characteristic predictions to discriminate from other models:

» Equal B — M{T{~ ratios: Rk = Rk~ = Rx, = ...

» Precise values for the i/, and p. /. collider ratios for each model
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Thank you for listening!
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Z' collider prospects

Z' reach [TeV]

Javier Fuentes-Martin (IFIC)

Z’ exclusion reach v. lumi
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Scalar sector in the top-BGL model

f f yA:,'&
H H N A Y v
,,,,,,, yh=_2M A N
v vi=—i~2
7 7 v
Iyt V2
HE Y v o
_ Y;li:éNd
i v

(Ng); = 2 diag(ma, ms, my)j — (2 + ﬂ) (Viam)is(Vern)sj diag(ma, ms, m);

Vi V2

Ny = 2 diag(mu, mc,0) — {1 diag(0, 0, m;)

e We have a My = My~ Ma ~ Mys ~ O(TeV) (unless
Poincaré protection is invoked) [root, Kobakhidze, McDonald, Volkas '14]

o S0 couplings to fermions suppressed, Y2' ~ O (v/vs), and Mgo ~ O(TeV)
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Z' charges in the gauged U(1)gg,

0 ix? 0
YT = et

Only one class of models (with X¢, and Xyg free parameters)

X/ = diag ( , ,1) Xg = diag ( , ,1)

xg=11

9 21 9 15
0 3 7 -~ e _ i z _
X, = diag (4, 1 3) Xp = diag (2, x 3)

9
X® = di -2.0
1ag( 4, )

e Xyr = 1, unphysical normalization. But it also normalizes g’!
e X4, = 0 to avoid large Z — Z’ mass mixing (for large t3)

e Six possible model variations (e, u, 7) = (i, j, k)
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Z' mass and Z — Z' mixing

A scalar singlet, S, gives mass to the Z’ through the Higgs mechanism
(I(S) = vs = O(TeV))

Lz > Z,Z'" +|D, S+ V(S)

Kinetic mixing Mass mixing

Two abelian groups in the model A (v, ) Zl'WZ’“’ L ExA

Xz B
2 For X¢, = 0, A only depends on v;
*x7#0 Oe v\ 2
[Babu, Kolda, March-Russell '97] g/g ~ — (g 1>
—— 0 8CWSW MZ’
1. Gauge unification so £ < 1 for large tg

2. Negligible running
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Landau poles in the gauged U(1)gg,

U(1)'s gauge couplings cannot be too large

1
/\LP ~ MZ’ exp l:m]

with

[ foLR+ (2ZX¢,+X5)

For Mz ~ 4 TeV:
e Landau pole at the Planck scale for g’ < 0.12
e Maybe some other NP appear at higher scales...

» g’ < 0.13 for the Grand Unification scale
> for the see-saw scale
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Correlations among the effective operators (’)9 10

Model NPu/ NP C(_')\lpe/C;\IPM NPe/ CcNPu K
(1,2,3) 3/17 9/17 3/17 —1.235
(1,3,2) 0 —9/8 —3/8 0.581
(2,1,3) 1/3 17/9 1/3 —0.654
(2,3,1) 0 —17/8 -3/8 0.581
(3,1,2) 1/3 —8/9 0 —0.654
(3.2,1) 3/17 —8/17 0 —1.235
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Bs.a — ptp decays (Cp", Co, CpH)

Br(Bs — pt i~ )®
Br(Bs — ptp—)SM

Br(By — ptp)o®
Br(By — ptp=)SM

0.20
= 07615715 =378

[CMS and LHCb Collaborations '14]

e Br(Bs — ptp~)/Br(By — ptp~) =1 in our model
e O(1%) contribution from the Z’

e Up to a 10% suppression of B; — 1t~ from the scalar sector
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CMS model-independent bounds

ch ~g'? (X3 + XZR)Br(Z' — ff)

1

o= & [CZW,_, (s, M%/) + Cng (s, M%’)] Cg ~g'? (X3L +Xd2R) Br (Z’ — f?)

[CMS-EXO-12-061]
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CMS model-independent bounds

7= 48s

T [c,fwu (s, M%) + chwy (s, M%/)]

_ CMs 206" (8TeV, uy) + 197 fb" (8 TeV, ee)

4000 GeV
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